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Abstract

The high-power density, low maintenance expense, and high efficiency of
the PMSM drives have contributed to their widespread use in electrified
transportation systems. Direct torque control (DTC) is widely adopted in
PMSM drives to meet the torque control requirements of these systems. It
uses two hysteresis regulators and a switching table to directly manipulate
the switching states of the power converter, providing a fast dynamic re-
sponse, simple structure, and high robustness. However, it is hard to pro-
vide adequate steady-state torque performance under different operating
speeds because the hysteresis regulator cannot recognize the torque error
magnitude, and the switching table cannot ensure the optimal switching

transition.

Therefore, this dissertation has investigated the impact of the con-
verter voltage vectors on the torque and flux performances under different
operating conditions to identify the best option at each state in the switch-
ing table. Based on this investigation, the torque performance improve-
ment is guaranteed through three main stages. First, a flexible switching
table (FST)-based DTC strategy has been proposed, the structure of which
changes according to the operating condition to minimize the torque rip-
ple without the need for the hysteresis regulator. Then, a multiobjective

duty-ratio regulator is employed to achieve further torque ripple reduction



and eliminate the steady-state torque error based on a virtual-reference
signal. This improved-torque performance has not been provided only by
applying double voltage vectors at each control interval but also by giving
the highest priority to the voltage vectors that provide the lowest torque
deviation during steady-state operation. Finally, a model predictive con-
trol (MPC)-based solution with low complexity is presented to guarantee
the optimal voltage vector selection. In this solution, the unnecessary pre-
dictions are avoided, reducing the computational efforts, and the control
objectives are considered separately, eliminating the need for a weighting
factor. The feasibility and effectiveness of the proposed DTC strategies
have been verified through comparative evaluations with existing schemes
in the literature using a finite-element (FE)-based simulation system and

an experimental setup of PMSM drive.
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Chapter 1

Introduction

This work focuses on torque control techniques of permanent magnet syn-
chronous motor (PMSM) drives for electrified transportation systems. In
this chapter, the research background, motivations, and scope of this thesis
are introduced. Additionally, the novelties indexed to the following chap-

ters are summarized.

1.1 Transportation-Systems Electrification

Because of the dependence on fossil fuel, transportation is one of the world’s
fastest-growing sources of carbon dioxide emissions, accounting for about
one-fifth of global emissions in the past four years [1]. These emissions
are the major contributor to climatic change and public health issues. As
a result, standards and regulations have been implemented over the years
in many countries to limit transportation-related emissions. For example,
more than 20 countries had declared restrictions on the sales of conventional
vehicles or constrained all new sales to be zero-emission vehicles by the end

of 2020 [2]. Transportation electrification is considered one of the promising
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solutions to commit to these policies, especially in countries that depend
on renewables or nuclear to generate their electricity needs. The electric
vehicles (EVs) market reflects a clear picture of the growth rate of the
electrified transportation systems demand. In 2020, the global EV stock hit
the 10 million mark, increasing by 43% compared to 2019. China achieved
the highest annual sales volume of 3.5 million EV units in 2021, with a

yearly production volume of around 4.1 million EVs [2].

1.1.1 Advantages Compared with Traditional Systems

In all forms of transportation, the motion is generated through the me-
chanical forces/moments produced by mechanical devices (effectors) such
as tires, propellers, jets, fins, and rudders. The direction and magnitude
of these forces are controlled using power transfer systems (actuators) [3].
In conventional transportation systems, the actuators can be hydraulic or
pneumatic, where the motion is respectively generated based on pressur-
ized oil or air [4]. Transportation electrification refers to the replacement
of the conventional power transfer systems with more efficient and clean
electrical systems to drive both propulsion and non-propulsion loads. The
electrical drive systems can achieve the following advantages compared to

the others:

e They are easier to be monitored and communicated than the others,
reducing failure rates and increasing the productivity. Additionally,
they can be controlled to achieve optimal efficiency and dynamic per-

formance [5].

e They enhance the steps towards automated and smart vehicles that
can improve the efficiency of transportation methods and boost the

countries economy [6].
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e They require simple power wiring, avoiding the arrangements needed
in other systems for pressurization network and the corresponding
audible noise, safety issues (such as leakages and fire hazards), and

need for installation space and regular maintenance [4].

e They allow the regenerative-braking operation mode, recovering some
of the mechanical energy that usually wasted in conventional vehicles
by friction during deceleration. This contributes to improve the urban

fuel economy [5].

Therefore, the efforts of transportation electrification translate to a demand

for higher power density and more efficient electric drive systems.

1.1.2 Torque-Driven Applications

In electrified transportation systems, many applications use the torque pro-
duced by an electric motor to control the effector and satisfy their motion
control objectives. Examples of these applications are the dynamically-
positioned vessels [7], the propulsion-controlled aircraft [8], and independent-
drive EVs [9]. The common aspect of them is the distribution of several
effectors in the system, aiming at performance improvement in steady-state
and transient conditions. The control structure employed in these applica-
tions is often hierarchical with three levels, as shown in Fig. 1.1 [3]. The

upper-level controller generates a vector of control efforts (i.e., forces or
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Figure 1.1: Overall control structure of electrified transportation system.
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moments) according to the overall motion control objectives and the driver
demands. Then, a middle-level controller allocates the total commanded
forces and moments to each effector according to the allocation algorithm
considering performance requirements, such as energy efficiency maximiza-
tion and tear-and-wear minimization [3]. Finally, a lower-level controller is
designed to control the torque of each actuator to achieve the demanded
magnitude and direction of forces using the effector. The realization of
this controller is typically implemented using a closed-loop control tech-
nique, shown in Fig. 1.2, where the motor torque is measured or estimated
for comparison with the reference torque and, in response to the error,
the power fed to the motor is accordingly adjusted using power-electronic
devices [10]. Hence, the reliability, efficiency, and power density of the
electric motor along with the performance achieved by the torque control
algorithm are of undoubted importance to accurately satisfy the motion

control objectives of the transportation application.

1.2 Electric Machines in Electrified Trans-

portation

The electric motors play essential roles for the energy conversion in the elec-

trified transportation. They provide much higher efficiencies than the inter-
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nal combustion engines utilized in conventional transportation, consuming
less energy. Also, they are faster in response time, and the matching be-
tween their torque-speed characteristics and the application requirements

can be considered during the preliminary design process [11].

The commonly considered electric motors in electrified transporta-
tion are direct current (DC) motors, induction motors (IMs), switched
reluctance motors (SRMs), and permanent magnet synchronous motors
(PMSMs) [12]. The advantages and disadvantages of each type are sum-
marized in Table 1.1. Among these motors, PMSMs possess many features
favorable in the transportation industry. Unlike DC motors, PMSMs do not
use brushes or mechanical commutators. As a result, they have a longer
lifetime, smaller size, and better reliability as almost no maintenance is
needed. Compared with IMs, both PMSM and SRM provides higher ef-
ficiency, as their rotor structure includes neither squirrel cage nor copper
winding (i.e., no ohmic losses by the rotor). However, the former depends
on permanent magnets to produce the rotor magnetic field, achieving much
higher power density than IMs and SRMs [6]. Hence, PMSMs are more
suitable for transportation applications where the installation space for the
electric drive is limited. Due to these advantages, PMSMs are extensively
adopted in various transportation applications, ranging from electric scoot-

ers [13] to aircraft [14].

As shown in Fig. 1.3, PMSMs adopted in electrified transportation
can be classified into two main types according to the arrangement of the
permanent magnets: surface-mounted PMSMs (SPMSMs) with magnets
attached to the rotor core surface and interior PMSMs (IPMSMs) with
magnets buried inside the rotor core. Table 1.2 summarizes the main fea-
tures of SPMSM and IPMSM. In both motors, electromagnetic torque is

imparted on the rotor due to the interaction between the magnetic flux of
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Table 1.1: Advantages and disadvantages of different electric motors.

Motors Advantages Disadvantages

e Bulky construction.

e High starting torque. e Brushes cause malfunctions.
DC motor
e Simple speed control. e Require regular maintenance.

e Low efficiency.

e Universal availability.
e Low efficiency.
e Simple and rugged structure.
M e Poor power factor.
e Low noise and torque ripple.
e High starting current.
e Low maintenance cost.

e Simple and robust structure. e Low efficiency at low speed.
SRM e Low cost. e High torque ripple, noise, and

e High efficiency at high speeds. vibration.

e High efficiency.

e High power density. e High initial cost due to magnets.
PMSM e Silent operation. e Magnets are sensitive to high

e Maintenance-free operation. temperature.

e Allow high-torque operation.

Stator

Rotor

Permanent
Magnets

Slots for winding
placement

(a) (b)

Figure 1.3: Axial view of the typical PMSM types. (a) SPMSM. (b) IPMSM.

the permanent magnets and the current following through the stator wind-
ing placed in the stator core slots [15]. IPMSM can produce an additional
torque component (reluctance torque) due to the rotor saliency that repre-
sents the ratio between the highest and lowest magnetic permeabilities of
the magnetic path [4], providing higher torque to volume ratio compared to

SPMSMs (if they use similar magnets size). Also, IPMSM allows higher op-
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Table 1.2: Main features of SPMSM and IPMSM.

IPMSM SPMSM

e Higher torque density. e Simpler structure.

e Wider constant-power range. e Better torque quality.

e Allow higher operating speeds. e Allow larger tolerances.

e Better flux weakening capability. e Simpler modeling and control.

erating speeds because the magnets are well protected inside the rotor core
from mechanical shock, centrifugal forces, or vibrations. Under high-speed
operation, the back electromotive force (EMF) of the stator winding can
exceed the terminal voltage. Hence, the excitation current angle should be
adjusted such that the stator flux partially opposes the permanent magnet
effect (i.e., flux weakening). Despite the resulting reduction of the electro-
magnetic torque, in that case, the additional reluctance torque of IPMSM
allows an extended speed range compared to SPMSM [11]. For these rea-
sons, IPMSM is preferred for traction systems where a wide-constant power

operation region is crucial [16].

On the other hand, the rotor geometry of IPMSM is more complex
than that of SPMSM, which means that the time and cost involved in
manufacturing are higher for the former. Furthermore, SPMSM allows
larger design tolerances, which can be desired in a direct drive motor where
vibrations can cause excessive friction between the stator and rotor cores
[17]. The effective air gap in SPMSM is uniform and relatively larger
than that in IPMSM because the permeability of both magnets and air
is approximately similar. Consequently, the stator winding inductance of
SPMSM can be considered independent of the angular position of the rotor,
and the magnetic saturation is less significant [18]. These results in simpler
modeling and control techniques of SPMSM. Moreover, if SPMSM has

similar dimensions as those of IPMSM, it offers lower inertia and faster

7
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dynamic response with better torque quality [19]. Thus, SPMSMs are
widely adopted in many applications, such as high-precision actuators [20]

and direct-drive appliances [17].

1.3 The Need for High-Performance Torque

Controller

The electromagnetic torque of a motor is the fundamental control target of
motor drive systems, as it can provide a precise control for the position or
speed of driven loads. To achieve that, the torque control technique obtains
the necessary voltage adjustment on the motor terminals by governing a

power converter.

As mentioned in 1.1.2, the reference torque is decided based on higher-
level controllers and the driver command to achieve the motion control
objectives of the transportation system, which needs to be tracked by the

electric drive with the following requirements:

e Fast and accurate tracking of the reference torque during transient
conditions can improve the transportation system maneuverability

and guarantee stability [21, 22].

e Torque tracking with minimum steady-state ripple can avoid both
acoustic noise and vibration that reduce ride comfort and cause wear
and tear of the mechanical components (such as the shaft, bearings,

and loads) [23, 24].

e Power consumption and losses minimization can improve the overall
system efficiency and reduce the need for cooling setup (i.e., cost

reduction) [21].
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e Reduced number of sensors required for measurement can improve

the reliability and reduce the control complexity and cost [25].

e Low complexity of the control algorithm to reduce the price of control

hardware and allow short sampling intervals [26].

To meet the torque performance requirements, field-oriented control (FOC)
and direct torque control (DTC) have become the most commonly adopted
control schemes since they were first introduced around 1970 [27] and 1990
(28], respectively. In FOC, the torque is indirectly controlled by separat-
ing the stator current vector into two components in a rotating reference
frame synchronized with the rotor flux vector. Then, two current control
loops are employed to obtain the stator voltage components. This voltage
is synthesized on the motor terminals using the power converter with pulse
width modulation (PWM) technique [29]. Thus, accurate information of
the rotor angular position is necessary in FOC for the reference frame syn-
chronization, which can usually be measured using an encoder or resolver

mounted on the rotor shaft.

On the other hand, the torque is directly controlled in DTC through
the angular position of the stator flux vector relative to the rotor flux vector
without the need for rotating-frame transformation. Therefore, the DTC is
inherently a sensorless control technique. Also, DTC employs two hystere-
sis regulators and a switching table to directly decide the switching states
of the power devices of the converter and adjust the stator terminal voltage
without the need for current control loops or a particular PWM strategy.
As a result, the DTC can guarantee faster torque dynamic performance
with lower switching frequency and an uncomplicated control structure
than the FOC [30]. However, it suffers from higher torque/stator-flux rip-

ples and steady-state torque error. These performance issues are undesired
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in electric drives, as they cause mechanical vibration, acoustic noise, and
weak torque tracking capability. Consequently, many extensions have been
presented in the literature for DTC of PMSM, such as on-line tuned hystere-
sis regulator [31, 24], duty ratio regulator [32-37], space vector modulation
[38, 39], and model predictive control [40-47], as will be detailed in the fol-
lowing chapter (Section 2.3). However, these extensions either complicate
the control implementation (by introducing additional control parameters
or increasing the computational efforts), increase the switching frequency,
or improve one of the torque performance indices while degrading the other
(for example, achieving torque ripple reduction with increased steady-state

torque error).

1.4 Objectives and Novelties of the Thesis

The main goal of this research is to improve the torque performance of
DTC without degrading its fast dynamic response or complicating the con-
trol implementation. To achieve this, the following objectives have been

considered:

e Investigation of the DTC principle for PMSM drives and analyzing

the sources of the torque ripple and steady-state error.

e Generalized theoretical analysis for the impact of each switching state

of the power converter on the torque and flux responses of the PMSM.

e Assessment of switching tables with different structures from the per-
spective of that theoretical analysis to select the switching states ac-

cording to the operating condition.

e Investigation of torque ripple minimization in both rotation directions

using a flexible switching table without hysteresis regulators.

10
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e Evaluation of the conventional and flexible switching tables in both

simulations and experiments.

e Investigation of an advanced duty ratio regulator for DTC, aiming
at achieving further torque ripple reduction while eliminating the

steady-state error.

e Experimental evaluation of the advanced DTC with duty ratio regu-

lator compared to relevant methods existing in the literature.

e Investigation of a computationally efficient model predictive solution
for DTC to guarantee the optimal switching state while avoiding the
unnecessary weighted evaluation of all the possible switching options

of the power converter.

e Simulation and experimental evaluation of both the classical and sim-

plified solutions.

According to these objectives, the contributions of this thesis can be sum-

marized as follows:

e A performance-improved DTC strategy has been proposed, which
employs a flexible switching table that changes its structure according
to the operating conditions. Compared to the conventional schemes,
the proposed strategy achieves the lowest torque ripple with reduced
flux ripple and average switching frequency. Also, it further simplifies

the control implementation by removing the hysteresis regulators.

e An enhanced duty-ratio regulation method has been developed to
provide further torque-performance improvement for DTC of PMSM.
In this method, a duty ratio regulator is utilized not only to control
the switching instants of the power converter but also to restrict the

switching states that cause high torque pulsations during steady-state

11
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operation. Moreover, a virtual reference generator is used to eliminate
the steady-state torque error and optimize the duty ratio calculation.
Therefore, further torque ripple reduction is achieved with the min-
imum steady-state torque error while maintaining the fast dynamic

response of the conventional DTC.

A low-complexity model predictive solution for DTC of PMSM has
been developed to guarantee the selection of the optimal switching
states and the corresponding switching instant. First, it preselects
two candidate switching states based on the torque error to avoid the
unnecessary torque and flux predictions, reducing the computational
efforts. Then, the switching instant of each candidate is determined
considering the torque ripple minimization, and the optimal option
is chosen based on the flux error. Therefore, the need for a weighting
factor in the classical cost function is omitted, simplifying the control

implementation.

1.5 Outlines of the Thesis

The rest of the thesis chapters is organized as follows:

Chapter 2 presents the literature review of the direct torque con-

trolled PMSM drives, including main components, challenges, and attempts

to address the performance issues.

Chapter 3 describes the simulation model of PMSM drive system

and the experimental setup used to investigate and verify the torque per-

formance under different control strategies.

Chapter 4 introduces a generalized investigation on how the torque

12
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and flux responses are affected by the different switching states of the
power converter. Then, a flexible switching table-based DTC strategy is
proposed to enhance the steady-state performance of the PMSM drive.
Simulation and experimental evaluation for both the classical methods and

the proposed strategy are also presented.

Chapter 5 presents the advanced duty ratio regulation-based DTC
with further reduced torque ripple and steady-state error. The feasibility
and effectiveness of the proposed strategy are verified through a detailed
comparative assessment with three conventional DTC schemes using ex-
perimental results obtained from the laboratory setup of a 0.75-kW PMSM

drive.

Chapter 6 proposes a modulated model predictive control technique
for DTC of PMSM with reduced complexity. First, the control set is ana-
lyzed to artificially omit the unnecessary switching states from the predic-
tion stage. Then, the control objectives are separately satisfied based on
duty ratio modulation and cost function evaluation to eliminate the need
for a weighting factor. Finally, the effectiveness of the proposed control
scheme is verified through a comparative assessment with the conventional

methods by means of simulation and experimental results.

Chapter 7 summaries the key conclusion of this thesis and the rec-
ommendations for some potential research work that can be addressed in

the future.

The story line of this thesis can be illustrated by Fig. 1.4.

13
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Chapter 2

Literature Review

2.1 Chapter Overview

The torque control technique plays a major rule for high-performance oper-
ation of motor drive systems, as it can precisely control the position or speed
of the driven loads. It governs the power converter to satisfy the necessary
voltage adjustment on the motor terminals, in order to force the torque
to smoothly and accurately follow a predefined command depending on
the application. With the recent massive development of micro-processors,
semiconductor devices, and modeling techniques [15, 16, 48, 49], a consider-
able efforts have been dedicated to accomplish that aim. In this chapter, an
introduction to the state-of-the-art torque control methodologies for PMSM
drive systems is provided. Specifically, the operating principles of various
classes of the direct torque control schemes are discussed along with their
merits and demerits. The attempts to overcome the performance issues
of these techniques are also revisited and discussed. The improved torque
control methods are compared with the conventional control schemes, and

important observations are summarized.
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2.2 Overview of Direct Torque Control

Since direct torque control (DTC) was first implemented on PMSM drives
by Zhong et al [50] in 1997, its analysis and development have become
an ongoing research topic. The key idea of this control scheme is to di-
rectly manipulate the torque through control of the amplitude and angular
position of the stator flux vector relative to the rotor flux vector [51]. Ac-
cordingly, the voltage vector applied to the machine winding needs to be
adjusted to force the torque and stator flux amplitude to follow their ref-
erence values (T7¢ and ¢"¢/). As shown in Fig. 2.1, the core of DTC can

be divided into four main steps:

1. Estimation of the torque and stator flux vector.
2. Identification of the reference stator flux amplitude.
3. Selection of the reference stator voltage vector.

4. Generation of the switching signals to synthesize the reference voltage

vector.

The switching table-based DTC (ST-DTC) is the classical control scheme

where the stator flux vector (,5) can be estimated using either the volt-
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Figure 2.1: Block diagram of the DTC core.
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age or current model of PMSM, which is then employed to estimate the
torque (7.) based on the measured stator current [52, 53|, as shown in
Fig. 2.2. Compared with the current model-based estimation, the voltage-
based model is less parameter dependent (depends on the stator winding
resistance only) and allows the position sensorless DTC if the starting ro-
tor position is known to determine the initial stator flux [51]. Moreover,
two hysteresis regulators and a look-up table are used to directly select the
switching states to maintain the torque and stator flux amplitude within
hysteresis bounds around their corresponding reference signals. This direct
setting of the switching devices of the inverter eases the control implemen-
tation, while providing almost the theoretical maximum dynamic torque
response. Also, it omits the need for a particular pulse width modulator
(carrier-based or space-vector PWM), reducing the switching frequency
and losses [54]. Therefore, ST-DTC has been increasingly popular control

scheme in various high-performance PMSM drives [55, 56].

However, various issues associated with the ST-DTC components have

been reported in the literature along with remedial strategies and exten-
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Figure 2.2: Block diagram of the ST-DTC structure.
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sions to enhance the control performance and the system efficiency. The
problems of the stator flux estimator are studied in [57], which can be

summarized as follows:

e Model-machine mismatch. The voltage model used to estimate the
stator flux vector is sensitive to the stator resistance that varies with
the temperature. The model-machine mismatch deviates the stator
flux modulus from its reference value, causing torque and speed os-
cillations [58]. To overcome this issue, the stator resistance is on-line
tuned using either PI regulator [59, 57], fuzzy controller [60, 61],
sliding-mode observer [62], recursive least square method [63], or an-
alytical strategy [58]. A detailed comparison between these methods

can be found in [64].

o Sensitivity to DC offset. In the voltage model-based flux estimation,
the difference between the stator voltage and the voltage drop of the
stator resistance needs to be integrated. This integration accumulates
any DC offset in the measured DC-link voltage or stator currents,
which causes instability. To avoid that, low-pass filter (LPF)-based
solutions have been presented in [65-67] and comparatively evalu-
ated in [68], [69] and [70]. To avoid stability issues of these solutions
at low operating speeds, an accurate estimation of the stator fre-
quency is needed to program the cut-off frequency of the LPF, which
complicates the DTC implementation. Alternatively, adaptive flux
observers have been proposed in [71-74], where the current model is

used to correct the voltage model-based flux estimation.

e [Initial rotor position estimation. Since the voltage model requires
the rotor position information only during motor start, it is uneco-
nomical to employ a position sensor for that purpose. Instead, initial

position estimators have been presented in [75-78], which are based
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on concepts, such as magnetic saliency, high-frequency signal injec-
tion, Kalman filters, and inductance identification [25]. Inaccurate
estimation of the initial rotor position may cause instability or start

the motor in the wrong rotation direction [57].

Because the sensorless control of PMSM drives is not the main objective of
this work, the voltage model-based flux estimation and its corresponding
extensions are not further discussed. Also, to avoid the implementation
complexity and the stability issues of these estimators, a current model can
be considered as a feasible choice for flux estimation of a PMSM laboratory
prototype with a position sensor, assuming that the parameters are known

and constant for the operating range of interest [30, 32, 33].

As for the reference stator flux amplitude in the ST-DTC, a constant
value based on the permanent magnet flux is used [50], ignoring important
control aspects, such as optimizing the drive system efficiency [62, 79, 80]
and widening the operating-speed range [81]. The copper losses is mini-
mized using a maximum torque per ampere (MTPA) strategy where the
relationship between the reference torque and the reference stator flux am-
plitude obtained using either a look-up table [62] or a machine model [79].
The parameter dependence of these strategies can be avoided by deriv-
ing the torque-flux relationship in a different reference frame system [82]
or using extremum-seeking control [83]. In [80], the reference stator flux
amplitude is calculated based on the optimum flux- and torque-producing

current components to minimize both the iron and copper losses.

The voltage vector selection based on hysteresis regulators and switch-
ing table causes high torque ripple and steady-state error. These issues are
undesired in electric drives, as they produce mechanical vibration, acous-

tic noise, and weakens the torque tracking capability [23, 24]. The main

19



2.2. OVERVIEW OF DIRECT TORQUE CONTROL

reasons for the torque performance degradation in ST-DTC can be sum-

marized as follows:

e Selection of the optimal voltage vector. The fixed switching table
does not guarantee selection of the voltage vector that minimizes the
torque ripple. Although there are many modified switching tables
that have been presented in [84-86] to reduce the torque ripple, the
dynamic performance can be negatively affected. Hence, model pre-
dictive control-based solutions have been used in [87, 88], where all
the possible voltage vectors are evaluated at every control cycle using

a cost function, ensuring the optimal voltage vector selection.

o Sampling frequency. The selected voltage vector is applied for the en-
tire control period, which is unnecessary in many cases. As a result,
the sampling frequency needs to be high to reduce the torque rip-
ple, imposing high requirements of the digital signal processor used
for DTC implementation [89]. As a solution, duty ratio regulators
(DRRs) are utilized in [32-36] where two or more voltage vectors are

applied every control cycle.

e Hysteresis boundaries tuning. Because the hysteresis regulators can-
not recognize the magnitude of the torque error, resulting in operating-
condition-dependent switching frequency and inevitable steady-state
torque error [90]. The torque boundaries can be adjusted using an
external control loop to reduce the torque error [31, 24] and keep

constant switching frequency [91].

e Unitary implementation delay. Ideally, the current measured at the
sampling instant k is employed for torque and flux estimation, and
the selected voltage vector is also applied at the sample k. However,
due to digital implementation, these estimations need time, and the

voltage vector will rather be applied at the start of the future control
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sample (k + 1) [92]. Because the torque and flux at the (k + 1)th
sample turn into different values from those estimated at the kth
sample, the DTC performance degrades if this delay is ignored. As a
compensation, single-step prediction for the torque and flux is needed

to select the proper voltage vector at the sampling instant (k+1) [93].

The selection and synthesization techniques of the reference voltage
vector play a major role to satisfy the desired torque performance in DTC
of PMSM. The attempts of improving these techniques are further discussed

in following section.

2.3 Improvements in Torque Performance of

DTC

Various methodologies have been used to improve torque performance of
DTC for PMSM drives, which can be categorized into three main classes:
modification of the torque regulator and switching table, incorporation of
multiple voltage vectors, and optimization of the voltage vector selection.
These methodologies vary from each other in the sense of how the reference
voltage vector is determined and synthesized, which are briefly outlined, as

shown in Fig. 2.3.

2.3.1 Modifying the Torque Regulator and Switching
Table

Many research works attempt to improve torque performance of DTC by

modifying the torque regulator and the switching table, retaining the ease
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of implementation of the conventional scheme. The modification of the
torque regulator focuses on providing a dynamic hysteresis boundaries to
eliminate the steady-state torque error [31, 24] or achieving constant switch-
ing frequency with torque ripple reduction [91]. As for the switching table,
the structure is modified in terms of the included voltage vectors and the
number of table states, in order to reduce the torque ripple [50, 52, 84, 85].
Other studies replaced the hysteresis regulators and switching table with
artificial intelligent-based strategies, including fuzzy logic control (FLC)
(94, 95] and artificial neural networks (ANNs) [96, 97]. These methods
maintain the robustness of the conventional scheme as there are no precise
inputs needed, but they depend on the designer experience and complicate

the control implementation [37].

2.3.1.1 On-line-tuned hysteresis regulators

Based on the idea that the average torque changes positively with the po-
sition of the hysteresis band relative to the reference torque, on-line tuned
hysteresis torque regulators have been proposed in [31, 24]. In [31], both the
upper- and lower-hysteresis boundaries of the torque regulator are shifted
by a distance depending on the average error between the reference and
estimated torque signals. For this purpose, a PI controller is employed to
obtain the shifting distance. On the other hand, a composite torque regu-
lator is used in [24], which incorporates two dynamic hysteresis boundaries
to the original boundaries. The dynamic hysteresis boundaries are adjusted
using two separate PI controllers and an indicator for the average values
of the positive and negative torque errors. Although employing either the
shifted- and composite-hysteresis-based torque regulators can eliminate the
steady-state torque error in DTC, the latter can provide a slightly higher

torque-ripple reduction. However, both methods have no consideration for
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the high torque ripple caused by the application of only one voltage vector

for the entire control cycle.

2.3.1.2 Modified switching tables

Different switching tables have been proposed in [50, 52, 84, 85|, which vary
according to the number of levels of the torque hysteresis controller, the
inclusion of the zero voltage vectors (ZVVs), and sector boundaries. The
switching table used with the conventional DTC [50] requires a two-level
(2L) hysteresis torque controller and employs only the six active voltage
vectors (AVVs) provided by the two-level voltage source inverter (2L-VSI).
In [52], the role of ZVVs in DTC systems of PMSM has been investigated,
and a DTC strategy has been proposed using a three-level (3L) hysteresis
torque comparator and a switching table similar to the basic one proposed
in [28] for IMs. It is revealed in [52] that the torque ripple of the DTC
system can be reduced using ZVVs, because they cause torque reduction

with a lower rate than that of the AVVs.

A modified version of the basic switching table has been presented in
[84] by redefining the boundaries of the sectors where the stator flux vector
is located. The main control objective of this modification is the torque
ripple reduction; however, it causes a higher stator flux ripple. The effect
of using ZVVs at only one state of the switching table has been studied
in [85], and the simulation results show that it can be beneficial for the
steady-state performance and the average switching frequency. However,
the dynamic response of the torque is not considered. In addition, according
to the analysis of the ZVVs’ effect on the DTC of the PMSM presented in
[52], it is supposed to deteriorate when a torque reduction is commanded.

Moreover, from a practical point of view, the control algorithm has to
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be insensitive to the direction of rotation, but the switching table in [85]
will not allow the motor speed reversal, as it employs ZVVs to reduce the
torque and the stator flux. These switching tables are further discussed

and compared in 4.4.

2.3.2 Incorporating Multiple Voltage Vectors

The limited number of admissible voltage vectors (with constant amplitude
and angle) and the application of a single voltage vector for the entire
control cycle can be considered as the principle causes of torque ripple
in DTC. Hence, several investigations have been performed to solve this
issue through allowing the control system to synthesize a higher number
of voltage vectors than those utilized in the conventional DTC. In order
to apply this principle, two or more voltage vectors are incorporated in
each control cycle using a space-vector modulator (SVM) or a duty ratio

regulator (DRR).

2.3.2.1 Space vector modulation-based DTC (SVM-DTC)

As shown in Fig. 2.4, SVM-DTC selects the reference voltage vector by
using a PI controller and a model-based calculator instead of the hysteresis
regulators and switching table [38, 39]. The PI controller generates the
desired variation in the load angle AJ (i.e., the variation in the angular
position of the stator flux vector relative to the rotor flux vector) based
on the instantaneous torque error. The desired variation in the load angle
is utilized to calculate the reference angular position of the stator flux
vector. Then, the machine model employs the reference stator flux vector

to calculate the reference voltage vector that is then synthesized using SVM.
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Figure 2.4: Block diagram of SVM-DTC.

Although this method can achieve lower torque ripple than the conventional
scheme under the same sampling frequency, the PI controller can slow down

the dynamic response if it is not properly tuned.

Instead, deadbeat (DB) controllers are utilized in [74, 98, 99] to im-
prove both the steady-state and transient performances by a direct deriva-
tion of the desired deviation in the load angle from the demanded torque
change using the machine model. However, this derivation causes other
issues, such as the computation complexity and the reduced robustness
against the parameters variation. In [100], simplified derivations are di-
rectly employed for reference voltage vector calculation based on the torque
error without the need to obtain the load angle first. To enhance the ro-
bustness against parameters variation, an on-line parameter identification
strategy can be integrated with the DB control system [101]. As an alter-
native solution, a sliding mode controller (SMC) is employed in [102, 103],
which can handle the unknown disturbances and modeling inaccuracies,

notwithstanding the high-frequency chattering in torque and flux [104].

The control issues associated with integrating either PI, DB, or SMC
with SVM-DTC can be avoided by replacing the SVM with its discrete ver-
sion (DSVM) that allows generating new candidate voltage vectors from

the basic voltage vectors admitted in the classical DTC [105, 106]. These
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candidate voltage vectors are sorted in a switching table, and the most
appropriate voltage vector among them is selected using multi-level hys-
teresis regulators. The DSVM synthesizes the selected voltage vector by
employing a number of basic voltage vectors for prefixed time periods at
every control cycle. Thus, the higher the number of candidate voltage vec-
tors is, the better steady-state torque performance will be. However, this
higher the number of candidates requires a more complex switching table
which cannot guarantee the selection of the optimal voltage vector. The
DSVM-based DTC strategy can be considered as a compromise between
the robustness and ease of implementation of the classical DTC, and the
improved steady-state performance of the SVM-DTC. Nevertheless, the
utilization of SVM or DSVM to synthesize the reference voltage vector re-
sults in higher switching frequency, which is undesirable in medium- and

high-voltage drives [54].

2.3.2.2 Duty ratio regulator-based DTC (DRR-DTC)

The concept of duty ratio (D) regulation is introduced in the DTC to
adjust the amplitude of the AVV selected from the switching table, aiming
at reducing the torque ripple without increasing the sampling frequency.
Thus, the reference voltage vector is synthesized in DRR-DTC by applying
one AVV and one ZVV at every control period. Fig. 2.5 shows the basic
control diagram of the DRR-DTC scheme.

Several DRR-DTC strategies have been presented in the literature [32—
37], which vary in the sense of how the duty ratio is decided. In [32], the
duty ratio is obtained such that it achieves a certain control objective, such
as minimizing the torque error at the end of each control cycle or the root-

mean-square (RMS) value of the torque ripple [107]. For this purpose, the
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Figure 2.5: Block diagram of DRR-DTC.

impact of the selected voltage vector on the electromagnetic torque needs
to be predicted using the machine model, which increases the calculation
complexity and the reliance on the machine parameters. Consequently,
a robust DRR has been proposed in [35], which calculates the duty cycle
based on the weighted errors of torque and stator-flux amplitude. However,
this method neglects the impact of the operating speed and load torque on
the torque response, resulting in a considerable steady-state torque error

compared to the classical DTC method.

On the other hand, the operating speed is considered while calculating
the duty ratio in [34], reducing the steady-state torque error at the cost of
higher torque ripple compared to the method presented in [35]. However,
both methods in [35] and [34] include control parameters with no solution
to get their optimal values. In [37], the duty ratio is calculated based on the
deviation rates of the stator currents in the rotating reference frame instead
of using that of the electromagnetic torque, introducing a weighting factor
that can be set to reduce the flux ripple of the DRR-DTC strategy. For
higher reliability, a PI controller is employed in [33] to determine the duty
cycle depending on the torque error and the operating speed. These DRR-
based methods are further discussed in 5.5. In addition to the duty ratio

regulation, Foo and Zhang [91] maintained the switching frequency con-
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stant by comparing the output of the PI regulator with a triangular-wave
carrier signal. Because the PI regulator deteriorates the torque dynamic
response in [91], a modified switching table has been proposed to replace
the traditional table during system dynamics that can be indicated from
the saturation state of the triangular-wave carrier-based comparator. Al-
though the DRR-DTC strategies can achieve lower torque ripple compared
to the conventional DTC scheme under the same sampling frequency, they
cannot ensure the optimal torque performance because the dependence on

switching table and hysteresis regulators to select the active voltage vector.

2.3.3 Optimizing the Voltage Vector Selection

To guarantee the optimal voltage vector selection, model predictive torque
and flux control (MPTFC) has been introduced in many studies as an ef-
fective alternative to different forms of DTC. MPTFC uses the dynamics
model of the PMSM under control to predict the trajectories of the con-
trolled variables (i.e., torque and flux) for a certain prediction horizon.
Then, a cost function is employed to obtain the optimal voltage vector
that achieves predefined control objectives. Fig. 2.6 illustrates the basic
idea of the optimal voltage vector selection in MPTFC when the predic-

tion horizon is one sample. MPTFC can be divided into two families,

Past sample YA Future sample
— Reference signal (Yey)
y’r‘e i

L Predicted trajectories

of controlled variable

—— Optimal trajectory of
controlled variable (V)

< » time

Figure 2.6: Sketch to illustrate the basic idea of the optimal voltage vector selection in
MPTFC.
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Figure 2.7: Block diagram of MPTFC.

namely, continuous-set (CS-MPTFC) and finite-set (FS-MPTFC) [108].
CS-MPTFC solves an online-optimization problem to find a continuous
optimal voltage vector, hence a SVM is needed [109]. On the other hand,
FS-MPTFC selects the optimal voltage vector among the finite control set
admitted by the power converter, i.e., direct manipulation of the switching
transitions [110]. Therefore, the FS-MPTFC can achieve faster dynamic re-
sponse and lower switching losses [109, 111], and it will be further discussed

in the following subsections.

2.3.3.1 Model predictive torque and flux control

Fig. 2.7 shows the block diagram of MPTFC. Compared with ST-DTC and
DRR-DTC, MPTFC achieves better steady-state performance regarding
the torque and flux ripples by ensuring selection of the optimal voltage
vector at every control cycle [112, 87]. There are two main drawbacks in
the conventional MPTFC, which are undesired in practical implementation.
First, the cost function includes different control objectives, such as the
trajectory error in torque and flux. As a result, a weighting factor with
complex tuning procedures is required [113, 114]. Moreover, it needs a
high sampling rate for further torque ripple reduction, requiring intensive

computations for the prediction stage [115].
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To solve the first problem, various investigations attempt to omit the
weighting factor using either sequential or parallel optimization strategy
[40-44]. In these strategies, a cost function is defined for each control
objective instead of the weighted multiobjective cost function, as shown
in Fig. 2.8. From the point of view of each cost function, the admissible
voltage vectors are ranked in a group of predefined number of candidates
from which the optimal option can be selected. As shown in Fig. 2.8(a),
the sequential MPTFC [40, 41] indicates the best two or three voltage vec-
tors depending on the torque control objective, then selects the optimal
candidate according to the flux control target. On the other hand, the
parallel MPTFC [42, 43|, shown in Fig. 2.8(b), evaluates the entire set of
voltage vectors by an independent consideration for the control objectives.
Based on these evaluations, the voltage vectors are sorted in two groups
to indicate the best three candidates in each group. Then, the optimal
voltage vector can be selected based on different criteria, such as common
vector [44] and minimum cross error [43]. As a result, the parallel MPTFC
provides better balance between the torque and flux control performances
compared with the sequential technique. Despite the elimination of the
need for a weighting factor by these methods, they need intensive compu-
tation because of the required predictions of torque and flux trajectories

under all the possible voltage vectors of the inverter.

Therefore, other studies [45, 46] investigated simplifying the MPTFC
scheme by using artificial preselection of a smaller number of candidate volt-
age vectors before the prediction stage. In [45], three voltage vectors are
preselected from a modified switching table according to the torque error
sign and the angular position of the stator flux vector. In [46], four candi-
date vectors are decided at every control cycle depending on the optimal

voltage vector chosen in the past sample. These strategies can effectively
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Figure 2.8: Block diagram of MPTFC without weighting factor. (a) Sequential MPTFC.
(b) Parallel MPTFC

reduce the computation burden at the cost of a slight degradation of steady-
state performance. The simplified methods presented in [40-46] does not
consider the second issue, i.e., the need for high sampling frequency to

achieve further torque ripple reduction.

2.3.3.2 Modulated model predictive torque and flux control

The second issue can be addressed by incorporating the duty-ratio modula-
tion concept into MPTFC, as can be called modulated MPTFC (M2PTFC).
In [116] and [117], after selecting the optimal voltage vector, its duty cycle
is regulated based on different control targets, following the same concept

adopted in DRR-DTC methods [32] (shown in Fig. 2.5). Although this
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Figure 2.9: Block diagram of M2PTFC method.

duty regulation can provide lower torque ripple compared to the classical
MPTFC, the resulting voltage vector from combining the optimal voltage
vector with a ZVV cannot achieve the optimal torque performance because
of ignoring the duty ratio during the cost function evaluation stage. Alter-
natively, the conventional M2PTFC presented in [47] optimizes the duty
cycle for the admissible set of voltage vectors first to guarantee torque
ripple reduction over a wide speed range. Then, the voltage vectors with
their corresponding duties are simultaneously evaluated by a cost function
to select the optimal solution that minimizes the torque and flux errors.

Fig. 2.9 shows the block diagram of the M2PTFC scheme.

The flexibility of the conventional M2PTFC strategy has been en-
hanced in [118] and [119] to provide further torque ripple reduction. In
[118], the total working duration of AVV and ZVV is derestricted from
being equal to the control period, while in [119], the second voltage vector
is exempted from being a ZVV. Zhou et al. [120] and Wang et al. [121]
attempt to achieve more precise torque tracking behavior by extending
the control set with additional virtual voltage vectors. Since the methods
introduced in [47, 118-121] increase the number of admissible voltage com-
binations compared to those of MPTFC scheme, the computation burden
is high, especially when the prediction horizon is higher than one [122].

These solutions are theoretically compared in 6.4.
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2.4 Chapter Summary

This chapter has presented an overview of the classical DTC techniques, in-
cluding the basic working principle, the control features, and the main rea-
sons that cause torque performance issues. The remedial strategies for these
issues have been briefly described. The review of the voltage vector selec-
tion criteria in different DTC methods has been provided in details. These
include ST-DTC with modified switching table and on-line tuned hystere-
sis regulator, duty-ratio regulator-based DTC (DRR-DTC), space-vector
modulation-based DTC (SVM-DTC), model predictive torque and flux con-
trol (MPTFC), and modulated model predictive control (M2PTFC). These
methods are summarized in Table 2.1, accounting for the voltage vector se-
lection technique, the considered torque control issue, and features of each

control strategy.

From perspectives of both the steady-state and dynamic control behav-
ior, DRR-DTC and M2PTFC are recommended because they can directly
manipulate the converter switching transitions and apply a combination of
two or more voltage vectors at every control cycle. Therefore, they provide
fast dynamic response and good steady-state control performance without
the need for high sampling and switching frequencies. However, an appro-
priate solution is desired to guarantee selection of the best voltage vector in
DDR-DTC to further improve the steady-state torque performance in terms
of ripple and steady-state error and omit the need for dynamic hysteresis
boundaries. As for the M2PTFC, despite its ability of optimal voltage
vector selection, the control implementation needs to be simplified by elim-
inating the need for a weighting factor, and the computation complexity

can be reduced by avoiding the unnecessary torque and flux predictions.
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Chapter 3

PMSM Drive Modeling and
Experimental Setup

Description

3.1 Chapter Overview

This chapter describes the simulation model of PMSM drive system and the
experimental setup used to investigate and verify the torque performance

under different control strategies.

First, the mathematical model of the two-level voltage source inverter
(2L-VSI) is introduced. Then, the simplified model of PMSM in both
stationary and rotating reference frames is presented, which is utilized for
the theoretical analysis of DTC in the following chapters. Since this model
ignores non-ideal machine characteristics, such as the saturation and spacial
harmonics effects, a high-accuracy model is then introduced for an 80-

kW IPMSM prototype to validate the generality of the analysis results in
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3.2. MODELING OF PMSM DRIVE SYSTEM

Chapters 4 and 6. It is built in Matlab/Simulink by extracting the torque
and stator-flux linkage data from the finite element analysis (FEA) and
storing them in advance using lookup tables. This accurate model is also
employed for a case study to suppress the torque ripple of IPMSM based
on predictive control technique in Chapter 6. Finally, the test rig of PMSM

drive used for experimental verification in Chapters 4, 5, and 6 is described.

3.2 Modeling of PMSM Drive System

3.2.1 Mathematical Model of 2L-VSI

Fig. 3.1 depicts the simplified circuit of a 2L-VSI that includes two switches
for each of its three poles. The switching states of the three poles (57, Ss,
and S3) defines the on-and off-state of the upper switches as 1 and 0,
respectively, while those of the lower switches must be the complements

(51, Sy, and 53) to avoid the shoot-through situation.

Based on these switching states and the DC-link voltage (V;.), the volt-
age applied to the PMSM terminals can be changed to control the output

torque and flux, as will be further explained in 4.2. The terminal voltage

8 ' K} . 2 K} 53@4 K} PMSM

Figure 3.1: Schematic diagram of a 2L-VSI-fed PMSM.
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3.2. MODELING OF PMSM DRIVE SYSTEM

(to the neutral of the machine winding) can be modeled as a function of
S1, Sa, S3, and Vg, using (3.1), assuming that the winding are balanced

star connected with a floating neutral [29].

Vg = Vgc (281 — SQ — Sg)

Vp = Vgc (252 — Sg — Sl) (31)

Ve = Vgc (253 -5 — SQ)

3.2.2 Simplified Models of PMSM

The electrical dynamic behavior of the motor can be mainly represented by
the voltage and torque equations in either the stationary coordinates (abc or

af3) or the rotating coordinates (dq), considering the following assumptions:

1. The stator-phase windings are identical and their spacial distribution

is sinusoidal.
2. The thermal impact on the stator-winding resistance is neglected.
3. The saturation effect on the stator inductances are ignored.
4. The core losses are negligible.
These assumptions simplify the machine model significantly because they

allow ignoring the stator flux linkage harmonics and the saturation effects

on the machine parameters [4].

3.2.2.1 PMSM model in stationary coordinates

The stator voltage depends on the voltage drop of the stator-winding re-

sistance Rs and the voltage induced by the stator-flux-linkage variation,
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3.2. MODELING OF PMSM DRIVE SYSTEM

which can be expressed in af3 coordinates as

d"wbaﬁ
dt ’

Vaﬁ = Rgiaﬁ + (32)

where Vg = (Vo +Jvs), lap = (ia +jig), and ¥, 5 = (Yo + j1bg) denote the
space vectors of the stator voltage, current, and flux linkages, respectively,

which are defined using the Clarke’s transformation (see Appendix A) as,
2 ‘2m A
faﬁzg fa+fb€j3 _'_fcej3 ) (33)

where f,, fp, and f. are the instantaneous values of the three-phase stator
voltages (vq, vy, and v.), currents (i4, i, and i.), or flux linkages (v, ¥,

and 1,.).

The stator flux-linkage vector 1,5 depends on the stator currents and

the permanent magnet flux v,,,, according to the following expression:

Vo = Loia + Lopls + Ypm cos O,
! (3.4)

wﬁ = Laﬁia + Lgig + iﬂpm sind, |
where 0, represents the angular position of the rotor, L,, Lg, and L,g are

the equivalent self and mutual inductances that can be represented as,

LatLy | La—L
L, = =425 4 2420 05 20),

Lg = # — % cos 20, (3.5)

Ly—Lg
2

Log = — sin 26, .

\

where Ly and L, are the stator-winding inductances in dq axis.

The electromagnetic torque (7.) developed by the machine can be

obtained from the cross product of the stator-flux-linkage and -current
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3.2. MODELING OF PMSM DRIVE SYSTEM

vectors, as follows:
_ 3

T,=2
2

(Vaip — Ppia) , (3.6)

where p denotes the number of pole pairs.

3.2.2.2 PMSM model in rotating coordinates

In the rotating coordinates, if the stator-voltage, -current, and -flux-linkage

vectors (vag = (Va+Jvg), lag = (ia+Jiq), and ¥4, = (Ya+jib,), respectively)
are denoted as fy,, they can be determined from (3.3) by employing Park’s

transform (see Appendix A) as,

£, = a5 €777, (3.7)

Substituting into (3.2) and (3.4) yields

qvbdq
dt

Vdag = Rsidq + + jwr’l,bdq , (38)

and

Ya = Lgiq + Ypm
(3.9)

Vg = Lqiq
where (w, = d6,./dt) is the rotor angular speed. Also, the torque equation

given in (3.6) can be rewritten as,

T = % (Waiy — toia) (3.10)

As can be noticed from (3.9), the rotor-position-dependent terms of
the stator flux linkage are eliminated in dq axis, resulting in a further sim-

plification of PMSM modeling. This model can satisfy acceptable accuracy
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3.2. MODELING OF PMSM DRIVE SYSTEM

of performance prediction for SPMSM due to two reasons [16]:

1. The relatively large air gap between the stator and rotor cores results

in insignificant saturation effects.

2. The non-salient rotor allows considering the winding inductances in-

dependent of rotor angular position.

Therefore, using SPMSM to analyse the torque control performance in

Chapter 4 can be relatively simpler than IPMSM.

However, the simplified model fails in accurate representation of the
IPMSM behavior because of the rotor saliency that not only introduces
nonlinear torque-current characteristics but also causes a rotor position-
dependent variation in the magnetic energy, leading to flux harmonics [18].
Furthermore, this saliency produces cogging torque resulting from the in-
teraction between the rotor magnets and stator slots, which causes torque
ripple that cannot be neglected [125]. Hence, an accurate model of an

IPMSM prototype is presented in the following section.

3.2.3 High-Accuracy PMSM Model Based on FEA

Of the competing high-accuracy modeling techniques of IPMSM [126-131],
the FE-based model in dq coordinates is potentially of the highest compu-
tational efficiency while taking into consideration non-ideal physical effects
such as the non-sinusoidal flux distribution, cogging torque, and magnetic
saturation [18]. The high accuracy of this model is guaranteed by extract-
ing the flux linkage and electromagnetic torque data from FEA at different
stator currents and rotor angular positions. Meanwhile, the low compu-

tation cost is ensured by sorting the extracted FEA data in advance via
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3.2. MODELING OF PMSM DRIVE SYSTEM

either lookup tables or curve fitting as,

Vg = fi(ig,iq,0r)
(3.11)

wq = fQ(idy iqa 97")

Te = f3(id7 iq7 91") (312)

Hence, (3.11) and (3.12) can be respectively used instead of (3.9) and (3.10)
to represent the stator voltage (3.8) and the electromagnetic torque in the
FE-based model. However, to avoid the flux differentiation in (3.8), it is

rewritten using Laplace transform as,

Ya = L(va — Ryig + wytdy)

(3.13)
Yq = %(Uq — Ryig — wy¢a),
where 74 and 4, is obtained by inversing the flux maps (3.11), as
Z.d - fl_l(wda Q;an ‘97")
(3.14)

Z'q - f{l(wquaer)-

According to (3.12)-(3.14), the schematic diagram of the FE-based PMSM
model can be represented, as shown in Fig. 3.2. It should be noted that if
the angular position 6, is set to zero, the model can capture only the effects

of magnetic saturation while ignoring that of the spacial harmonics.

The FE-based model is demonstrated for an 80-kW IPMSM prototype
with the specifications listed in Table 3.1. This machine has 48 slots and
4 pole pairs with N42UH magnets. Fig. 3.3 shows a complete view of the

machine and its cross section.
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&
)\

fl_l('(/)da d)qa 97“)

Py

f;l(wdv ¢q, 07)

f3(id7 iqa 97’)

Figure 3.2: Block diagram of the FE-based IPMSM model.

Table 3.1: Specifications of the IPMSM prototype.

Electrical Parameters Symbols Values Units
Stator-phase resistance R, 7.5e—3 Q
Nominal power Proted 80 kW
Nominal torque Trated 400 N-m
Base speed Wrn 3000 r/min
Peak current Ipeak 400 A
DC-link voltage Vie 540 A\
Inertia coefficient J 0.16526  kg-m?
Permanent-magnet flux Vpm 0.1875 Wb
Mechanical Parameters Symbols Values Units
Number of pole pairs P 4 -
Number of slots - 48 -
Number of turns per coil - 12 -
Stator outer diameter - 290 mm
Rotor outer diameter - 193 mm
Axial length - 200 mm
Air gap length - 1 mm
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(a) (b)

Figure 3.3: The IPMSM prototype: (a) cross section; (b) complete view.

3.2.3.1 Matlab/Simulink implementation of FE-based IPMSM

model

First, the FEA is used to determine the dg-flux linkages and electromagnetic
torque at different operating points by varying ¢4, i, and 6, in the ranges
of [—400, 400] A, and [0, 30] mechanical degrees with steps of 40 A, and
1 degree, respectively. The raw data determined by the FEA is processed
using Matlab to generate lookup tables for the d- and g-axis flux linkage

and the torque, as shown in Fig. 3.4.

The inverse solution of the flux-linkage maps is obtained using the
surface fitting function (Gridfit) in Matlab [132]. This function can esti-
mate the surfaces of i4(14, 1) and i4(10q,1,) based on the scattered data
of 14(iq,i,) and 1,(ig,i,) at each rotor position 6,. Because it requires
the data nodes, as arguments, with the complete span, the minimum and
maximum values of 14 and 1), are obtained, and the intervals are arbitrar-
ily subdivided into 50 divisions. Although increasing the number of divi-
sions improves the accuracy of the flux-maps inversion, the storage memory
needed for the estimated data increases considerably. The inversed maps

of d- and g¢-axis current versus flux linkages are depicted in Fig. 3.5.
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3.2. MODELING OF PMSM DRIVE SYSTEM

Once the inversion of the flux-linkage maps has been accomplished, a
validation is carried out by selecting different sets of i4, 7,, and 6, and use
the original flux linkage maps to compute 14 and v, that are employed to

calculate new sets of iy and 7, using the inversed maps. Fig. 3.6 shows the

SSSoeas

2224

6, [Wh]

400

200

0 0
, -200 i
ia [A] -400 100 2% iq [A]

(¢)

Figure 3.4: Flux linkage and torque maps versus dg-current components. (a) d-axis flux
linkage. (b) g-axis flux linkage. (c) torque.
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Figure 3.5: Current maps versus d- and g-axis flux linkages. (a) d-axis current. (b) g-axis

current.
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1% Exror of 4,
I % Error of ig

% Error

Figure 3.6: Percentage error in ¢, prediction due to flux maps inversion at iq= —100 A
and different rotor positions.

percentage error in d- and g-axis currents at ¢y = —100 A and different
rotor positions. It can be noticed that the maximum current error is 0.7%.
The error at different values of iy were also checked, and they show similar

magnitudes, verifying the flux maps inversion.

3.2.3.2 Verification of the FE-based simulation model

For verification, the FE-based model of the IPMSM prototype is imple-
mented in Matlab/Simulink, and verified by experimental results. The
IPMSM prototype is driven by a dynamometer, and the no-load test is
performed to capture the back-EMF waveforms. Fig. 3.7 compares the
Simulink-, FEA-, and experiment- line-to-line back EMF at an operating
speed of 3000 r/min.

In Fig. 3.7, it can be noticed that the predicted back EMF using the
Simulink model matches that of the FEA results, but the measured back
EMF has a lower ripple because the rotor of the real machine prototype is
skewed to reduce the interaction between the magnets and the stator teeth.
The rotor skewing is ignored in the simulation to illustrate how the control
method can eliminate the torque ripples caused by these interactions, as

will be discussed in a case study of Chapter 6.
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—e— Simulink Experiment
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Figure 3.7: Simulink-, FEA-, and measured line-to-line back EMF waveforms at 3000
r/min.
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Figure 3.8: Simulink- and FEA-torque waveforms at (a) iq = 0 A, i, = 0 A, and
(b) ig = —300 A, iy = 200 A.

Besides, to verify the torque prediction at different operating points,
the currents (i = 0 A, i, = 0 A) and (ig = —300 A, i, = 200 A) are
given to FEA, and the resulting d- and g¢-axis flux linkages are then fed
to the Simulink model to extract the torque waveforms that are com-

pared in Fig. 3.8. It can be noticed that the torque waveforms coincide
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at zero currents, while the difference at the other operating point can be
neglected. These results validates the Simulink implementation of the FE-

based IPMSM model.

3.2.4 Model of Motor-Driven Load

When the electromagnetic torque developed by the motor is applied to the
driven load, the load variables, such as rotational speed and position, will
be changed. The dynamic behavior of these variables can be mathemati-
cally represented by the well-known rotational analogue of the equation of

motion expressed as [29]

dw,

dt

J + Fw, = p(T. — T)), (3.15)

where J denotes the total moment of inertia (assumed constant), F' is the
coefficient of friction, and 7; represents the load torque. By neglecting
the coefficient of friction F' in (3.15), it can be implied that the load will
accelerate when T, > T;, and it will decelerate if T, < T;. When T, = T,

the speed will remain constant.

During acceleration and constant-speed operation, the motor operates
in forward or backward motoring mode, where the direction of the electro-
magnetic torque is the same as that of the rotational speed. On the other
hand, braking is achieved by forcing the motor to develop a torque that
opposes the direction of rotation. In this case, the motor operates in regen-
erative braking mode (acting as a generator), where the mechanical energy
of the load is converted into electrical energy that can be supplied back to
the energy source. These operation modes are summarized in Fig. 3.9 for

both directions of rotation.
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@ Power flow Wr Power flow
< A —>
T, wr T,
Load Load
| Forward regenerative-braking mode | | Forward motoring mode |
- > 1.
@ Power flow @ Power flow
T, wr T T, wr T
Load Load
| Backward motoring mode | v | Backward regenerative-braking mode

Figure 3.9: Operating modes of the electric drive system.

3.3 Simulation System Configuration

A simulation system of 2L-VSI-fed IPMSM drive has been built based
on the FE-based model using Matlab/Simulink to test the torque control
algorithms under the non-ideal machine characteristics. In this system,
the IPMSM is driven in torque control mode where the operating speed
is controlled via a virtual dynamometer, and the rotor angular position 6,

can be indicated based on that speed.

As shown in Fig. 3.10, the machine states (e.g., flux and torque) are
given to the control system to decide the stator voltage that forces them
to follow a predefined reference signals (i.e., 77 and ¥"¢/). According
to (3.1), the dg-components of the stator voltage can be obtained by suc-
cessively substituting into (3.3) and (3.7). This voltage is given to the

FE-based model to determine the machine states.

The simulation system shown in Fig. 3.10 is utilized to verify the feasi-
bility and effectiveness of the torque control strategies in Chapters 4 and 6

for IPMSM-based drive.

51



3.4. EXPERIMENTAL SYSTEM DESCRIPTION
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Figure 3.10: Simulation system of IPMSM drive system.

3.4 Experimental System Description

This section describes the experimental system used to investigate the
torque control strategies of 2L.-VSI-fed PMSM. Fig. 3.11 shows the block
diagram of the experimental platform and its corresponding test bench

structure.

The hardware of this test bench includes an 0.75-kW SPMSM, with
the parameters listed in Table 3.2, that is fed by a 2L-VSI using the
SiC-MOSFET power module (CCS050M12CM2) and its gate driver board
(CGD15FB45P1). The DC side of the inverter is supplied from a pro-
grammable DC pwer source (DSP1050-42WE) and 200 uF voltage stabiliz-
ing capacitors (MKP1848S1010JY). A dSPACE DS1202 associated with a
host PC is used as a control platform to implement the control algorithms
and accomplish the corresponding sampling tasks for the measured states
of the drive system. The stator-winding currents and the DC-side voltage
are measured by LEM HAIS50-P and LV25-P sensors, respectively, while
the rotor angular position is obtained using an incremental encoder with

a resolution of 2500 pulse per revolution. Two interface boards are used
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Figure 3.11: Experimental setup of PMSM drive system. (a) Block diagram. (b) Photo
of the test bench.
between dSPACE controller and gate driver for signal isolation. The motor
shaft is mechanically coupled to an electromagnetic brake supplied by an

0/24-V variable DC power source to control the load torque.

On the other hand, two softwares are employed to realize the exper-
imental implementation of the control strategies. Before the experiment,

Matlab/Simulink is used to establish a model for the control algorithm un-
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Table 3.2: List of the SPMSM parameters.

Parameters Symbols Values Units

Stator-phase resistance R, 0.901 Q

dg-axis inductances Lg=1L, 6.552 mH

Nominal power Proted 0.75 kW
Nominal torque Trated 2.4 N-m
Base speed Wrn 3000 r/min
Rated current Lrated 4.2 A
DC-link voltage Ve 220 Vv
Moment of Inertia Im 1.2e—4 kgm?

Permanent-magnet flux YVpm 0.09427 Wb

der test and perform the necessary compilation to generate the correspond-
ing control code. Then, dSPACE ControlDesk is utilized to create a visual
interface for users to download the code to the controller processing unit
and directly change the reference signals and control parameters through
the host PC. It can also be used to capture the experimental results for
post processing, analysis, and drawing using Matlab. The captured results
are used to assess the control performance using indices, such as torque
ripple (T7%), flux ripple ("), steady-state torque error (T,.), average
switching frequency (fs), and total harmonic distortion of stator current
(THDy), as defined in Appendix B. In the following chapters, the experi-
mental verification of the relevant control strategies for PMSM drive has

utilized such setup, but will not be detailed again.

3.5 Chapter Summary

This chapter has introduced the mathematical modeling for both 2L-VSI

and PMSM of the drive system. Both the simplified and high-accuracy
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models of PMSM have been discussed. The high-accuracy model of an
80-kW IPMSM prototype is implemented in Matlab/Simulink and verified
through comparisons with the data extracted from FEA. The simulation
system configuration that depends on the FE-based model has also been
depicted. The lab-constructed test bench and the control algorithm imple-

mentation environment has been briefly described.
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Chapter 4

Performance Analysis and
Enhancement for ST-DTC of
PMSM Drives

4.1 Chapter Overview

In the DTC schemes of two-level inverter-fed PMSM drives, the number of
admissible voltage vectors is limited (only eight voltage vectors). Hence,
the proper selection of the voltage vectors plays a significant role in the
drive’s ability to accurately follow the demanded torque and flux under
different operating conditions. This chapter discusses and evaluates the
voltage-selection strategy of the conventional ST-DTC implemented by us-
ing hysteresis regulators and a switching table. First, the mathematical
models of PMSM and inverter, presented in Chapter 3, are used to analyze
the impact of each voltage vector on torque and stator flux amplitude to
assess the influence of different switching tables on the ST-DTC perfor-

mance. Then, based on this analysis, the most appropriate voltage vector
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at each state of the switching table is identified for both steady-state and
dynamic conditions. Finally, an enhanced ST-DTC strategy with a flexible
switching table (FST) is proposed, which can change the table structure ac-
cording to the system operating state to reduce the torque and flux ripples
and the average switching frequency while maintaining the main advan-
tages of the conventional ST-DTC, such as the rapid dynamic response. It
also eliminates the need for hysteresis regulators, simplifying the control

implementation.

Since the theoretical analysis presented in this chapter is based on the
simplified PMSM model, ignoring the non-ideal characteristics, the analysis
results are validated using a high-accuracy simulation model that is built
based on FEA (see Section 3.3). Moreover, the effectiveness and feasibility
of the proposed FST are verified through a comparative evaluation with
the existing switching tables using experimental results obtained from the

0.75-kW PMSM-drive system.

4.2 Principle of ST-DTC

As mentioned in 3.2.2, the dynamic performance of the PMSM can be
represented in different coordinate systems. If the stationary coordinates
are adopted with the assumption that L; = L, = Ly, (3.4) can be rewritten
as follows,

Vo5 = Liiag + Ypme’”. (4.1)

Substituting (4.1) into the torque equation (3.6) results,

_ 3ps¥om

Te
2L,

sin (0, — 6,) (4.2)
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where 1), and 0, are the amplitude and angular position of the stator-flux

vector, respectively, which can be expressed as,

_ 2 2
ws — wa + 1/16 (43)
0, = arctan (%) )

Equation (4.2) implies that the motor torque depends on the phase shift
between the stator-and rotor-flux vectors (0s—6,.), assuming that the stator-
flux amplitude is constant. This angle can be changed by manipulating the
stator-flux vector because the electrical time constant of the machine is
normally much smaller than the mechanical time constant [50]. According
to the voltage equation (3.2), if the resistance is neglected, the stator-
flux vector moves in the direction of the stator-voltage vector. Thus, the
torque and the stator-flux amplitude can be controlled by selecting a proper

voltage vector among those the two-level inverter admits.

The two-level inverter admits eight voltage vectors (illustrated by

Fig. 4.1), the space vectors of which can be represented as [133]

2

\'2 (51 ] + Soli]e?F + Ss [i]d‘“?”) , (4.4)

where i is the voltage-vector index and i € {0, 1.., 7}. S1, S, and S3 are
switching states, which are defined in Fig. 4.1(a) for each V;. Two of these
voltage vectors are zero voltage vectors (ZVVs), i.e., i € {0,7}, while the

others are active voltage vectors (AVVs).

The effect of the AVVs on the deviation direction (i.e., increase 1 or
decrease |) of the torque T, and stator-flux amplitude ¢, depends on the
position of the stator flux vector 1,4 in af-plane that is divided into six

sectors, as shown in Fig. 4.1(a). It can be said that 1,4 is located in the
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Figure 4.1: (a) Space-vector representation of the inverter voltage vectors with an exam-
ple of their impact on the torque and stator-flux amplitude. (b) Schematic of ST-DTC
for two-level inverter-fed PMSM.
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xth sector, if 6, satisfies the following condition:

(2x — 3)m <0, < (2x — 1)m

. . (4.5)

where z is the sector number and x € {1,2,..,6}.

As illustrated by Fig. 4.1(a), when 1,4 is situated in the 2nd sector
/6 < 0 < 31/6), V3 increases both torque and stator flux, V; decreases
torque and increases stator flux, V, increases torque and decreases stator
flux, and Vg decreases both the torque and the stator flux. Generally, if
¥, 18 located in the xth sector, similar control actions can be achieved by
Vi1, Vays, Vaio, and V. 4.! respectively. On the other hand, ZVVs are

considered to have a negligible effect on the torque.

Consequently, the basic switching table (BST), presented in Table 4.1,
is employed to select the voltage vector depending on the sector number
() and the output states of the torque-and flux-hysteresis regulators (er
and €y), as shown in Fig. 4.1(b). The output of the hysteresis regulators
indicate the required deviation direction in the estimated torque 7. and
stator-flux amplitude ¢, to track predefined reference signals (77¢/ and
Yrel), such that 1, 0, and —1 respectively represent increasing, maintaining,
and decreasing the value of either T, or ¢,. BST employs a two-level
flux-hysteresis regulator and a three-level torque-hysteresis regulator. As

depicted in Fig. 4.2, the output of the flux hysteresis regulator changes

f the voltage index (x + n) > 6, then (z +n) = (z +n — 6).

Table 4.1: The basic switching table (BST).

T * ETZI ETZO €T=—1
Eyp = 1 Vz+1 ZVV Vm+5
Ep = -1 Vz+2 ZVV VI+4

* The sector index x is detected by using (4.5).
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Ps

Uil + hy
v

Ui — hy

Figure 4.2: Hysteresis regulators’ output with changing torque and flux. (a) Flux regu-
lator. (b) Toruge regulator.

only when v, crosses the flux-hysteresis limits (¢7¢ £ hy), while that of
the torque regulator changes when T, hits either the reference T'¢/ or the

torque-hysteresis limits (77¢/ + hy) [28].

4.3 Analysis of Torque and Flux Responses

To identify the factors that affect the torque and flux responses, expressions
for the torque and flux deviations are first introduced. The torque can be

obtained from the cross product of the stator-flux and -current vectors as,

T = (3 % i), (4.6)

and the stator-current vector can be determined from (3.4) as,

1
iaﬂ - L_ (waﬁ - wr> ) (47)

S

where (1), = 1,,e7%) denotes the rotor-flux vector. Substituting (4.7) into

(4.6), the time derivative of the torque can be written as,

dt 2L, dt

dT.  3p ( dep s
P, X —
r dt

P,p X d1,br) . (4.8)
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Based on (3.2) and (4.7), the stator-flux time derivative (de,/dt) in (4.8)
can be replaced by (vas — Ry (o5 — ,) /L), yielding

dT. 3 Ry .
dt = 2_;; [¢r X Vapg — L_s (’(pr X ’(/)aﬁ) - ¢a6 X jwr¢r] : (49)

By discretizing (4.9), the torque deviation (AT.) in one sampling period

(Ts) can be represented as,

_ 3pVpm T

AT,
2L,

Ry .
[vg cos 6, — v, sin b, — 1, (L— sin d + w, cos (5” , (4.10)
where (0 = 65 — 0,.) represents the load angle.

On the other hand, the variation rate of the stator-flux-vector ampli-

tude can be written as,

dl/}s - i . d¢o¢,8
&= <¢aﬁ - ) (4.11)

Substituting (3.2) and (4.7) into (4.11), results

da, 1 Ry
ol LTI Bl (SR ML) PR CRE)

By discretizing (4.12), the flux deviation (A;) in one sampling period can

be expressed as,

R,T,

T, s
A% = (ana + Uﬂwﬁ) + I

¥s

(pm cos 0 — 1g) . (4.13)

It is revealed by (4.10) and (4.13) that the torque and flux-amplitude de-

viations depend on:

1. The applied stator voltage v,5 and its corresponding duty ratio.

2. The operating-speed and loading conditions (i.e., w, and §).
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3. The angular position of the stator-flux vector 6.

The applied stator voltage (Va3 = vo + jvg) is the voltage vector selected
from the switching table, which depends on the DC-link voltage (Vj.), as
shown in Table 4.2. Since the AVVs are shifted from each other by an
angle of 7/3 rad, their impact on the torque and stator flux repeats when
0s changes by that angle value. For example, if ; = 27/3 rad, the vectors
V4, V5, and Vg will produce similar torque and flux-amplitude deviations
to those generated by V5, Vg, and Vy, respectively, when 6, = 7 rad.
Hence, the AVV index can be expressed according to the sector identifier

(x), as follows:

V,; = , ne{0,1,..,5} (4.14)
V.in_, otherwise

Accordingly, the torque and flux deviations produced by each voltage vector
(if applied for the entire sampling period) are calculated for the machine
under test at different loading conditions and operating speeds when 6

varies within the spatial range of sector z, as shown in Figs. 4.3 and 4.4.

Table 4.2: The feasible voltage vectors of the 2L-VSI.

v, Switching states Voltage vector
S1 Sa S3 Vag = Vo + jUg
TVVs Vo 0 0 0 0
Vs 1 1 1 0
Vv, 1 0 0 2Vae/3
Vs 1 1 0 Vie/3 + jV/3Vae/3
AVVs V3 0 1 0 ~Viae/3 + jV/3Vae/3
V4 0 1 1 —2V4./3
\'E 0o o0 1 ~Viae/3 — jV/3Vac/3
Vi 10 1 Vae/3 = jV/3Vac/3
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For these calculations, the sampling period is arbitrarily set to 50 us, and
the SPMSM parameters (given in Table 3.2) are substituted into (4.10)
and (4.13). In these equations, the stator-flux amplitude s can be ob-
tained based on the torque demand using the maximum torque per ampere

(MTPA) principle as,

2L T, \?
s = \/@Z)pmz + (W) , (4.15)

while the load angle 0 is determined using (4.2), as follows:

2L,T,
§ = arcsin (#) : 4.16
3pYpm s (416)
From (4.16), the rotor angle 6, can be calculated as,
0, =6, —¢. (4.17)

In Figs. 4.3, the values of torque deviation are illustrated by different colors.
It can be noticed that the operating speed has a great impact on the torque

deviations compared to that of the load torque.

From Figs. 4.3(a) and 4.3(b), it can be noted that V.41 and V, 5
produce reversed torque deviations. V,.; always gives positive torque
deviations that weaken and strengthen with the increase of positive and
negative speed, respectively. Conversely, V, 5 always produces negative
torque deviations that increase and decay with the rise of positive and neg-
ative velocity, respectively. The same can be stated for V, o and V4,
but their torque deviations change the direction under high-speed and load-
ing conditions, as shown in Figs. 4.3(c) and 4.3(d). The vectors V, and
V.13 have ambiguous impact on the torque within each sector, as can be

seen in Figs. 4.3(e) and 4.3(f). Consequently, they are not employed in the
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Figure 4.3: Percentage torque deviations produced by each voltage vector at different
operating conditions and sampling period of 50 pus when 6 is varied by the spatial range

of sector z. (a) Vgy1. (b) Vugs. (¢) Veyo. (d) Vaga. (e) Vg (f) Vais. (g) ZVV.
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Ay %]

(22 — 3)7/6 (x—1)m/3 (22 —1)7/6
0, [rad]

Figure 4.4: Percentage stator-flux deviations produced by each voltage vector at different
loading conditions and sampling period of 50 ps when 65 is varied by the spatial range
of sector z. [solid line: no load; dashed line: full load].

conventional switching table (Table 4.1). On the other hand, as shown in
Fig. 4.3(g), the ZVVs always decrease the absolute value of the torque with

lower rates than those produced by V,.4 and V5 for positive speed and

V.11 and V5 for negative speed.

Because the stator-flux deviation is independent of the operating speed,
according to (4.13), Fig. 4.4 illustrates how it is affected by the applied
voltage vectors under different loading conditions. It can be noticed that
increasing the load torque hardly changes the flux deviations for all voltage
vectors. According to the previous discussion, the impact of the voltage
vector selection strategies of different switching tables on the ST-DTC per-
formance will be assessed in the following section to reveal the pros and

cons of each switching table.

4.4 Switching Tables Assessment

4.4.1 Description of Modified Switching Tables

Different switching tables are utilized in ST-DTC of PMSM, which vary in

terms of the definition of the sector boundaries, the number of levels of the
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Table 4.3: The modified basic switching table (MBST).

J}T €T:1 ETZO ET:—l
gy =1 A\ ZVV V.
Eyp = -1 Vz+3 ZVV VI+4

T The sector index x is detected by (4.18).

torque hysteresis controller, and the inclusion of ZVVs.

For the aim of torque-ripple reduction, the modified basic switching
table (MBST), presented in Table 4.3, was developed in [84]. It follows
the same conditions of BST, but the AVVs are selected based on modified
sector boundaries that become on the six AVVs themselves, instead of the
traditional boundaries shown in Fig. 4.1(a). The modified sectors can be

defined as,
(2x —2)7
6

2
Sector x : <0 < % (4.18)

Hence, the voltage vectors V.5 and V.5 used in BST at the table states
“ey =1, e = =17 and “gy, = —1, er = 17 are replaced in MBST by V,
and V.3, respectively, to avoid their ambiguous effect on the stator-flux

amplitude.

Other studies, such as [50], show that ST-DTC of PMSM can work well
only when the ZVVs are removed from the switching table by replacing the
three-level hysteresis torque regulator with a two-level regulator, resulting
in the switching table AST that only includes the AVVs, as presented in
Table 4.4. The reason for that is the reduction of ¢, due to the stator
resistance drop when a ZVV is applied, according to (3.2). As a result, the
stator flux will behave in a way that contradicts what is practically needed

at the state “ep =0, 4 = 17 of either BST or MBST.

In contrast to the previous viewpoint, the rule of ZVVs in ST-DTC of
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Table 4.4: The switching table with AVVs only (AST).

xt er =1 er = —1
Eyp = 1 Verl Vm+5
Eyp = -1 V$+2 Vm+4

i The sector index z is detected by (4.5).

Table 4.5: The switching table with a ZVV (ZST).

€T A ET = 1 ET = —1
gp =1 Vet Vais
ey =—1 Vo ZVV

4 The sector index x is detected by (4.5).

PMSM has been investigated in [52], showing that the inclusion of ZVVs
in the switching table can improve the steady-state control performance.
Consequently, the switching table ZST (Table 4.5) was proposed in [85],
where the torque needs a two-level hysteresis controller, and a ZVV is
employed when both the torque and stator-flux amplitude are required to

decrease (i.e., ey = —1 and g4 = —1).

Owing to the inconsistent viewpoints for the voltage-vector selection
employed in above mentioned switching tables, a comparative evaluation

for them can be useful to identify their main features and drawbacks.

4.4.2 Evaluation of Voltage-Vector Selection Criteria

Because the selected voltage vector is applied for the entire control period
in ST-DTC, the lower the torque and stator flux deviations produced by
the selected voltage vector, the better the steady-state behavior and the
slower the dynamic response that the system can achieve and vice versa.
To assess the voltage-vector selection of each switching table, the values

of the torque and stator-flux deviations within the sector x (presented in
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Figure 4.5: Average torque and stator flux deviations, in percentage of the rated val-
ues, produced by each voltage vector at different operating conditions, forward-rotation
direction, and sampling period of 50 ps. (a) with the traditional sector boundaries.
(b) with the modified boundaries.

Figs. 4.3 and 4.4) for each voltage vector are averaged at four different
operating conditions, as illustrated by Fig. 4.5. Fig. 4.5(a) represents the
averaged deviations within the traditional sector defined by (4.5), while

Fig. 4.5(b) depicts them for the modified sector definition (4.18) utilized

in MBST.

It can be observed in Fig. 4.5(a) that V,,; and V.o are the only
available options to increase the torque in sector x under all operating
conditions. Therefore, employing V.4, for the state “ep = 1, g4 = 17
and V.o for the state “ep = 1, €4, = —1” are the optimal solutions for

BST, AST, and ZST. Moreover, both V, and V.5 can provide negative
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torque deviation and positive stator-flux variation, but the latter is a better
choice because of the conflicting torque behavior caused by V,, especially
at low-speed and high-loading conditions. Thus, selecting V.5 for the

state “ep = —1, €4, =17 in BST, AST, and ZST is a feasible option.

Because ZVVs produce negligible deviations in the stator flux, they
are acceptable to be used at the states where e = 0 in BST and MBST.
However, they are more efficiently employed in ZST for the state “er =
—1, ey = —1” because of their negative torque deviations. Additionally,
utilizing ZVVs at this state, instead of V44 (utilized in BST and AST),
can reduce the steady-state ripples, because ZVVs cause lower torque and
stator flux deviations than V, 4, as shown in Fig. 4.5(a). On the other
hand, for the same reason, this will impair the dynamic response when
ZST is employed in ST-DTC if a torque decrease is demanded. Further-
more, during speed reversal, the torque-deviation rate of ZVVs becomes
positive, as discussed in Section 4.3. Thus, selecting a ZVV when e = —1
in ZST while reversing the direction of rotation will cause system instabil-
ity. Instead, ZVV and V,,4 are superior choices to be employed during
speed reversal at the states “ep = 1, €y, =17 and “ep = —1, gy = —17,

respectively.

With the modified sector boundaries, it can be noted from Fig. 4.5(b)
that all AVVs employed in MBST, i.e., V11, V,, V.3, and V.4, provide
lower torque deviations and higher stator-flux deviations compared with
those used in BST, ie., Vi1, V,uis, Veio, and V4, respectively (see
Fig. 4.5(a)). As a result, MBST can provide lower torque ripple at low
speed (300 r/min), and higher stator-flux ripple than BST. Additionally,
both V.3 and V,; fail to increase the torque, especially at high speed
(2400 r/min), which weakens the effectiveness of voltage-vector selection

based on the modified sector boundaries.
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According to the analysis mentioned above, the voltage vectors are
more efficiently selected in ZST for steady-state operation, but it does not
allow reversing the rotational direction. On the other hand, employing AST
will be more efficient during system transients. Hence, a flexible switching
table is proposed in the following section to select the most feasible voltage

vector according to the operating conditions.

4.5 Performance Enhancement of ST-DTC

Based on a Flexible Switching Table

In this section, a flexible-switching table (FST) for DTC of PMSM is pro-
posed to reduce the torque and flux ripples, while maintaining the fast
dynamic response and ease of implementation of the conventional method.
It uses a simple algorithm to adaptively select a proper voltage vector for
different states of the switching table based on the system operating con-
dition. To verify the feasibility and effectiveness of the proposed approach,
the ST-DTC performances using FST and the switching tables analysed in

4.4.2 are compared by means of simulation and experimental results.

4.5.1 Basic Principle of FST

As discussed in 4.3, the voltage vectors included in the switching table
produce different rates of torque and flux deviations that depend not only
on the angular position of the stator-flux vector but also operating condi-
tions, such as the direction of rotation. Hence, selecting the voltage vector
using a switching table that changes the structure flexibly based on these

conditions is a desired feature from the point of view of steady-state and
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dynamic performances.

From the analysis presented in 4.4.2, when the motor speed is positive,
applying a ZVV at the states where “c; = —1” instead of the AVVs (V4
or V,.5) can improve the steady-state performance in terms of the torque

and flux ripples for two reasons:

1. ZV'Vs produce lower negative torque deviations than V,,4 and V5.

2. the impact of ZVVs on the flux is negligible.

When the machine runs in the reverse direction, ZVVs produce positive
deviations in the torque, the values of which is lower than those generated
by V.41 and V2 (see Fig. 4.3). Therefore, to maintain the steady-state-
performance improvement in the backward direction of rotation, ZVVs are
employed at the states where “cr = 1”7 instead of the AVVs (V.1 or
V.12). However, these will cause two issues for the dynamic performance

of ST-DTC, which can be listed as follows:

1. slow torque response when a torque reduction is commanded.

2. instability during speed reversal because the direction of the torque
deviation produced by ZVV depends on the rotation direction, as can

be noticed in Fig. 4.3(g).

To avoid these two issues, the FST employs AVVs at all the table states

(as in AST) during system dynamics.

Table 4.6 presents the proposed FST, where the voltage vectors can

be selected based on the following factors:

e The sign of the error signal of torque and stator-flux amplitude (7,
and ¢err‘>-

e The system operating state (steady state or dynamic).
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Table 4.6: Proposed flexible switching table (FST).

Error Signals of Torque
and Flux Steady State Dynamic
State
Terr Yerr O O
err > 0 A% ZVV A%
Terr > 0 1/} i S
'l/)err < 0 Vm+2 ZVV Vm+2
Terr <0 Yerr 20 ZVV. - Vays Vaois
werr <0 ZVV Vz+4 Vm+4

e The direction of rotation (forward O or backward ).

In the proposed FST, the sign of the error signals (7, and 1) can be used
instead of the hysteresis regulators (7 and ) for voltage-vector selection,
simplifying the control implementation. Additionally, the voltage vector
is artificially selected according to the operating state and the direction of
rotation to guarantee employing the one that produces low torque deviation
during steady state to minimize the torque ripple. Meanwhile, FST allows
selection of the AVV with high torque deviation under system dynamics to

ensure fast transient response.

4.5.2 Reduction of Stator-Flux Ripple and Average

Switching Frequency

According to FST, one of two AVVs will be applied under steady-state
conditions depending on the rotation direction (V1 or V5 for clockwise,

and V.5 or V.., for anticlockwise). From Fig. 4.4, when 6, is in the

(2z—3)7 (2z—3)7

range of [*=5=%, =

+ 75), the absolute flux deviations produced by
V.12 and V.5 are relatively higher than those generated by V,,; and

V14, respectively. Conversely, V.1 and V4 give higher absolute flux
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deviations when 6, is in the range of ((Mgl)w — 155

(ngl)w]. Hence, a voltage-

replacement strategy is proposed to avoid the large flux deviations and

reduce the flux ripple.

In the voltage-replacement strategy, the position of the stator-flux vec-

tor within sector x is first checked using the following subsector definition:

Subsector 1 : @ <0, < (2mg3)7r .
(4.19)

Subsector 11 : @ —o<b, < (2wg1)7r’

where o € [O, %] is the angular range of the subsector. Then, the voltage

vector selected from FST is replaced according to the following conditions:

Replace Vo with V,
If 6, € Subsector 1, then P - o (4.20)

Replace V5 with V4

Replace V1 with V,
If 6, € Subsector 11, then o 2 (4.21)

Replace V4 with V5

For further steady-state performance improvement, the switching fre-
quency can be reduced by carrying out a trade-off between employing V
or V; when a ZVV is selected by the proposed FST. This is fulfilled by
checking the selected voltage vector at the previous sampling instant; if it
is either Vg, Vi, V3 or V5, the ZVV “V” will be employed, while V5
will follow the other voltage vectors to minimize the number of switching

jumps.

In this way, the voltage-vector-selection criteria of the proposed FST
is more flexible than those of the conventional switching tables. In other
words, FST takes changing forms according to the working conditions of

the ST-DTC system. Hence, it can more efficiently exploit the benefits of
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employing both AVVs and ZV Vs in the ST-DTC compared to the switching
tables analyzed in 4.4.2. Additionally, selection of the voltage vector based
on the error signals of torque and flux simplifies the control implementation
by omitting the need for hysteresis regulators and the corresponding tedious

tuning of their boundaries.

4.5.3 Implementation Steps of the FST-based DTC

Method

As shown in Table 4.6, the voltage vectors at different states of FST need
to be flexibly selected depending on the system operating condition and
the direction of rotation. These can be achieved using a simple voltage

selection strategy, the flowchart of which is illustrated in Fig 4.6.

As illustrated by the flowchart in Fig. 4.6, the system operating state
can be detected by the reference torque transition (AT"/[k] = Tre/ —
Tref [k — 1)) to avoid the usage of torque sensor that will increase the sys-
tem cost and complexity. If any change in the demanded torque is detected
(ATreT[k] # 0), AVVs will be activated for all states of the switching table
to achieve fast torque response. This activation has to be kept until the esti-
mated torque crosses the reference signal (i.e., sign(TF. ) # sign(T¥-1)), and
the direction of rotation becomes the same as that of the reference torque
(Tre! - w* > 0) to allow regenerative braking and speed reversal if required.
Thus, maintaining the AVVs activation is ensured via a “flag” that will
reset only when both of the aforementioned conditions are satisfied. On the
other hand, if there is no torque transition detected (AT!/[k] = 0), which
means that the system works under steady state, ZVVs will be activated

at either the states where “T,,.. > 0” or “T,,. < 0” based on the direction

of rotation that can be detected by the position sensor.
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Initialize: k =1, VF~1 =V, and flag =0
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|
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l Voltage-Selection Strategy

Indicate the sector index (x) using (4.5)

Calculate:
Teﬁ“r = Tc:mf - Tf
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U AT = 1 - T 1]
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Apply the selected V¥

End

Figure 4.6: Flowchart of the proposed FST-based DTC method.
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If the selected voltage vector from FST is a ZVV, either V or V;
is applied based on the vector chosen in the previous control cycle to re-
duce the average switching frequency. Otherwise, the selected AVV will be
replaced only if the stator-flux vector is located in one of the subsectors de-
fined by (4.19) to reduce the flux ripple. The effectiveness of the proposed
FST and the voltage-selection strategy will be verified by the simulation

and experimental results in Section 4.6.

4.6 Simulation and Experimental Results

The proposed FST-based DTC strategy has been validated through simu-
lations and experimental tests on an IPMSM and SPMSM, respectively. Its
overall performance has been compared with the conventional ST-DTC ap-
proaches that utilize BST, MBST, AST, and ZST. The control parameters
for ST-DTC tests are given in Table 4.7.

4.6.1 Simulation Results

The steady-state performance of the ST-DTC strategies using different
switching tables is tested and compared under different speed and load
conditions. In Figs. 4.7 and 4.8, the demanded torque is set to 0 N-m and

400 N-m, respectively, and the speed is stepped up every 0.5 s.

Table 4.7: Control parameters of the ST-DTC approaches

Control parameters Values Units

Sampling frequency (fs) 20 kHz
Torque-hysteresis band (hr) +2% of Trqteq N-m
Flux-hysteresis band (hy) +2% of Ypm Wb
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As can be noticed in these figures, the steady-state performance of the
proposed FST-based DTC approach outperforms those of the other strate-
gies in terms of the torque and flux ripples. From Fig. 4.7, AST-based
DTC produces the largest torque ripple because it uses the AVVs only,
showing the importance of the ZVV inclusion in the switching table. On
the other hand, by modifying the sector boundaries, MBST can produce
lower torque ripple than BST at the cost of increased flux ripple. Moreover,
MBST causes unstable operation of the drive system at 3000 r/min speed
due to the failure of both vectors V,,; and V, 3 to increase the torque
at high speeds (see Fig. 4.5). As for ZST-based DTC, the torque ripple is
larger than that produced by BST-based DTC because the ZVV is less fre-
quent used, while the flux ripple is slightly decreased. At rated torque (400
N-m), similar behavior can be noticed, but the ZST-based DTC generates

lower torque ripple compared to BST, as shown in Fig. 4.8.

A detailed quantitative comparison in terms of the torque ripple (7777),
flux ripple (¢7), and average switching frequency ( f,,) is given in Fig. 4.9.
These performance indices presented in Figs. 4.9(a) and 4.9(b) are obtained
from the simulated ST-DTC strategies at 0 N-m and 400 N-m, respectively,

under different operating speeds.

According to Fig. 4.9(a), the proposed FST-DTC approach achieves
the lowest torque ripple that is 17%, 3%, 52%, and 39% less than those
of BST, MBST, AST, and ZST, respectively. Although its torque-ripple
reduction is insignificant compared to MBST, the flux ripple is dramati-
cally reduced by an average of 36% with 15% lower average commutation
frequency. From Fig. 4.9(b), this torque-ripple reduction increases to 38%,
on average, at full load with a significant decrease in the average switch-
ing frequency by an average of 56%. Moreover, compared to BST-, AST-,

and ZST-based DTC methods, the proposed strategy provides the highest
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Figure 4.7: Simulation results of the torque and flux steady-state performances for ST-
DTC strategies under no load and different operating speeds.
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Figure 4.8: Simulation results of the torque and flux steady-state performances for ST-
DTC strategies under full load and different operating speeds.
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reduction in T'7, 4" and f,, with an average of 30%, 18%, and 29%,
respectively. These results verify the effectiveness of the proposed FST-
based approach to improve the steady-state torque and flux performances

of ST-DTC, while reducing the average switching frequency.

Apart from the steady-state performance, the dynamic response of the
ST-DTC strategies is also investigated. Figs. 4.10(a) and 4.10(b) show the
simulation results of the dynamic performance when the demanded torque
is stepped up from 0 to 400 N-m and down from 400 to 0 N-m under

different rotor speeds, 500 r/min and 3000 r/min. When the torque is

|—e—BST —%— MBST AST —&—7ST +FST|
16 . . . , . : 35
14}t 30l
=12} ] —
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Figure 4.9: Quantitative comparison of the steady-state torque and flux performances for
ST-DTC strategies at different operating speeds. (a) No load. (b) Full load. [Simulation
results]
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Figure 4.10: Simulation results of the torque dynamic response of ST-DTC strategies
with 400 N-m step at different operating speeds. (a) 500 r/min. (b) 3000 r/min.

stepped up, it can be noticed that all the switching tables allow similar
torque responses, excluding MBST that causes slower response. As can be
inferred by Fig. 4.5, the reason of this slower response is that the AVVs
employed by MBST to increase the torque (i.e., V.1 and V,,3) produce
lower torque deviation than V,,;; and V.., that are utilized in the other
switching tables. It should be noted that the dynamic response of MBST-
DTC is not depicted in Fig. 4.10(b) because of the unstable operation under
high-speed condition. When the torque is stepped down, the dynamic
response of ZST-DTC degrades significantly because of employing ZVV to
decrease the torque. This issue is overcome in FST thanks to the proposed

voltage-selection strategy that applies AVVs during transient conditions.

Furthermore, from Fig. 4.10, it can be seen that the torque response is

faster during stepping down than that for stepping up as the —ve deviations
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in torque is larger than the +ve deviations when w,. is positive (see Fig. 4.3).
Also, by comparing Fig. 4.10(a) with Fig. 4.10(b), it can be noted that the
rising time increases with the speed increase, while the falling time decays
because the +ve and —ve torque deviations produced by AVVs weaken
and strengthen, respectively, with the speed rise. These simulation results
conform the theoretical assessment of the switching tables presented in
4.4.2 and validates the effectiveness of the proposed FST-based approach

to maintain the fast dynamic response of the conventional ST-DTC.

4.6.2 Experimental Results

Several experiments have been carried out on a laboratory prototype of
a 0.75-kW SPMSM using dSPACE as a control platform (see Section 3.4).
The DC-link voltage is set to 220 V, and the sampling frequency is main-
tained at 20 kHz, for consistency with the theoretical analysis in Section 4.3.
For the sake of accuracy, the one-step delay due to digital implementation is
compensated for all the ST-DTC strategies by selecting the voltage vector

based on the predicted torque and flux (i.e., T**! and **1) [93].

4.6.2.1 Steady-state performance comparison of the ST-DTC

strategies

Figs. 4.11 and 4.12 show the experimental waveforms of electromagnetic
torque, stator-flux amplitude, phase current, and index of the selected volt-
age vector for ST-DTC under different switching tables at 750 r/min and
2250 r/min, respectively. The load torque is set to around 1.8 N-m. The
reference torque is generated using an outer Pl-speed loop with gains of

Kp = 0.006843 and K; = 0.78046 to maintain the speed constant while
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capturing the experimental waveforms by the ControlDesk. The reference
stator-flux amplitude is obtained from the demanded torque based on the

MTPA principle (4.15) to increase the system efficiency [82].

From Figs. 4.11 and 4.12, it can be observed that the application of
BST and AST gives almost the same steady-state performance, and MBST
causes lower torque ripple than them, while its flux ripple is higher. ZST
improves both the torque and flux ripple of BST, AST, and MBST because
of the more frequently employed ZVV, as can be seen in the vector-index
waveform. Compared to ZST, the proposed FST-DTC method provides a
significant torque-ripple reduction because it avoids selecting the AVVs that
produce high torque deviations. Also, it reduces flux ripple by applying the

voltage replacement strategy (i.e., when o = 7/12 rad).

Fig. 4.13 gives quantitative evaluation for the steady-state perfor-
mances of the different ST-DTC strategies in terms of torque ripple, flux
ripple, average switching frequency, and total harmonic distortion of the
phase current. It can be noticed that the proposed FST-DTC method

achieves the best overall steady-state performance.

According to Fig. 4.13, the application of MBST reduces the torque
ripple only at low speed (750 r/min) compared to BST by about 6% with
lower average switching frequency, but the stator flux ripple and the current
distortion increase by 24% and 4%, respectively. The torque ripple of the
proposed method is significantly lower than that of BST, MBST, AST,
and ZST by averages of 46%, 44%, 48%, and 41%, respectively. As can be
seen in Fig. 4.13(b), the proposed FST without voltage replacement can
cause high flux ripple at lower average switching frequency. However, with
the voltage replacement (o = 7/12 rad), the flux ripple can be notably

reduced with further reduction in both the current distortions and the
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Figure 4.13: Quantitative evaluation of the steady-state performances for ST-DTC
strategies under 1.8 N-m-load torque at different operating speeds. (a) Torque rip-

ple. (b) Flux ripple. (¢) Average switching frequency. (d) Total harmonic distortion of
phase stator current. [Experimental results]
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average switching frequency. The proposed FST-DTC achieves the lowest
flux ripple, current distortions, and the average switching frequency that
are respectively reduced by 16%, 19%, and, 37%, on average, compared

with the other methods.

4.6.2.2 Dynamic performance comparison of the ST-DTC strate-

gies

Apart from the steady-state performance experiments, the torque dynamic
performances of the DTC system using the different tables have been also
tested and compared in Fig. 4.14. In this experiment, the load torque is
set to 1.6 Nm and the reference torque was stepped up from 0 to 2 N-m
to test the torque response during start-up. Then, it was stepped down
from 2 to —2 N-m once the speed reaches 1500 r/min to confirm the torque
response at different operation modes, i.e., forward regenerative braking
and backward motoring [see Fig. 3.9]. The corresponding speed response
and phase current of the machine for that test scenario are presented to the
bottom of the torque response. The zoomed zones (I) and (2) in Fig. 4.14

show the rise and fall time of the torque responses.

In Fig. 4.14, it can be seen that there are insignificant diferences be-
tween the torque rising time provided by BST, AST, ZST, and the proposed
FST (about 0.2 ms). However, it is slightly longer in case of MBST (almost
0.27 ms) because the AVVs produce lower torque deviation with the mod-
ified sector boundaries than that with the traditional sector boundaries.
When the reference torque decreased from 2 to —2 N-m, all the switching
tables achieve almost the same torque falling time (0.27 ms) except ZST,
the torque response of which took nearly 0.55 ms to reach the reference

value. Additionally, the DTC that employs ZST causes system instability
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when the speed dropped to zero during speed reversal, as can be noticed

in Fig. 4.14(d), because the torque deviation provided by ZVVs reverses as

mentioned in Section 4.3. Conversely, FST allows faster torque drop with

slight increase in torque ripple during regenerative braking, as it employs
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Figure 4.14: Experimental results of the torque dynamic performance for ST-DTC
strategies when the torque is stepped up from 0 to 2 N-m and down from 2 to —2
N-m. (a) BST. (b) MBST. (¢) AST. (d) ZST. (e) FST. [The waveforms are (from top to
bottom): electromagnetic torque, rotor speed, and phase current. The operation modes:
I) forward motoring, IT) forward regenerative braking, III) backward motoring]
only the AVVs during the dynamic state to ensure smooth speed reversal
(i.e., smooth transition from the forward regenerative braking to the back-
ward motoring mode), as can be seen in Fig. 4.14(e). After speed reversal
(i.e., under backward motoring operation), ZVVs are activated at two state
of FST to achieve a steady-state performance similar to that of the forward
motoring mode. The experimental results confirm that the proposed FST
provides the lowest steady-state ripples in torque and stator flux while re-

ducing the average switching frequency and enhancing the torque response

and system stability during speed reversal.
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4.7 Chapter Summary

This chapter presented a generalized investigation of how the ST-DTC per-
formance of the three-phase PMSM drive system is affected by the torque
and flux deviations produced by each voltage vector that the 2L-VSI ad-
mits. Based on that, different existing switching tables in the literature
are theoretically assessed and compared to identify the best voltage vec-
tor at each table state. Moreover, a flexible switching table (FST)-based
strategy is proposed to improve the overall performance of the ST-DTC for
PMSM. Unlike the conventional switching tables, FST changes its struc-
ture according to the operating conditions, which requires information only
about the reference torque and the rotation direction. In this strategy, the
voltage vectors that produce relatively low deviations in torque and flux
are employed during steady-state operation to minimize the torque and
flux ripples. On the other hand, those of them that give high deviations
are applied during system dynamics to maintain the fast response of the

conventional scheme.

Simulation and experimental results have been presented to verify the
feasibility and effectiveness of the proposed strategy. Compared with the
existing switching tables, the main features achieved by employing FST in

the ST-DTC system of PMSM can be summarized as follows:

1. Reduced torque and flux ripples by averages of 44% and 16%.

2. Reduced average switching frequency by 37%, on average, while im-

proving the current distortion by 19%, approximately.

3. Ease of implementation as the FST-based DTC method does not

require hysteresis regulators.

4. Enhanced torque dynamic performance with smooth speed reversal.
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However, similar to the conventional ST-DTC method, the proposed
strategy cannot guarantee the optimal voltage vector selection and ap-
plies the selected voltage vector for the entire sampling period, limiting
the torque ripple reduction. Also, it cannot recognize the magnitude of
the torque error, resulting in poor torque tracking performance during
steady-state operation. To overcome these problems, the proposed FST
is extended and used in other DTC approaches, such as the DRR-based
DTC for further torque-performance improvement, as will be discussed in

the next chapter.
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Chapter 5

Torque-Performance

Improvement of Direct Torque
Controlled PMSM Based on

Duty-Ratio Regulation

5.1 Chapter Overview

The conventional DTC (CDTC) schemes, discussed in the previous chapter,
neglect the torque-error magnitude and apply the selected voltage vector
for the whole control cycle, which, despite providing a fast dynamic re-
sponse, results in unavoidable steady-state torque error and high torque
ripple if the sampling period is not short enough. Therefore, a new duty-
ratio regulation-based strategy is proposed in this chapter to improve the
torque performance of the DTC for three-phase PMSMs. It employs a
duty-ratio regulator (DRR) to incorporate AVV and ZVV at every control

sample and avoid triggering the AVVs that produce high torque deviations
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during steady-state operation. This DRR considers the contrary change in
the positive and negative torque deviations of the voltage vectors with the
rotational speed variations to minimize the torque ripple and uses a virtual

reference signal to eliminate the steady-state torque error.

The proposed method provides enhanced torque control performance
meanwhile maintaining the main advantages of the CDTC technique, in-
cluding simple structure, fast transient response, and good robustness. The
feasibility and effectiveness of the proposed strategy are verified through a
detailed comparative assessment with the CDTC scheme and two existing
duty regulation-based DTC methods using experimental results obtained

from the 0.75-kW PMSM drive system.

The rest of this chapter is organized as follows. In Section 5.2, the
torque-control performance issues of the CDTC is further discussed. Then,
the proposed method is described in Section 5.3, including an improved
DRR to reduce the torque ripple and compensate for the steady-state
torque error using a virtual reference generator. In Section 5.5, the pro-
posed DTC strategy is theoretically compared with the CDTC and prior
DRR-based strategies. This comparison is experimentally verified in Sec-
tion 5.6 to confirm the feasibility and effectiveness of the proposed strategy.

Finally, the conclusion is drawn in Section 5.7.

5.2 Torque Performance Issues of the ST-

DTC approaches

As discussed in Section 4.3, the AVVs produce a relatively large deviations

in torque when applied for the entire control cycle, resulting in high torque
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Figure 5.1: Percentage torque deviations produced by each voltage vector at different
operating conditions and sampling period of 50 us when 6y is varied by the spatial range
of sector z. (a) at no load (b) at full load. [solid line: at 10% of rated speed; dashed
line: at 80% of rated speed]

ripple. Also, the positive and negative torque deviations varies contradicto-
rily with the variations of operating speed. For better illustration of these
contrasting behaviors, the torque deviations shown in Fig. 4.3 are redrawn

in Fig. 5.1 for each voltage vector, assuming that the motor runs in forward

direction.

As can be noticed from Fig. 5.1, the operating speed has a great impact
on the torque deviations compared to that of the load torque. At low speed,
the positive torque deviations of V,,; and V, 5 are almost the same as
the negative torque deviations of V., and V,.5. With the speed increase,
the positive torque deviations weaken while the negative torque deviations
strengthen, which means that the selected AV Vs can force the motor torque
to increase slowly and decrease rapidly. As this selected AVV is applied
for the entire control cycle, the average torque produced by the machine

is inevitably lower than the reference signal, leading to the steady-state
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Figure 5.2: Illustration of the steady-state torque error due to the difference between
the positive and negative torque deviations produced by the voltage vectors employed
in (a) BST at high speeds, and (b) FST at low speeds.

torque error (Tss), as illustrated by Fig. 5.2(a). This torque error can
be noticed in Fig. 4.14, which is calculated as the difference between the
average value of the estimated torque and the reference signal for the speed
range between 100 and 1500 r/min, as shown in Fig. 5.3. According to
Fig. 5.3, the maximum absolute value of the torque error produced by the
ST-DTC methods is around 20% of the rated torque. This value occurs
at the highest speed in case of employing BST, MBST, and AST, while
it is produced at the lowest speed by utilizing the proposed FST. Thus,
it can be stated that the steady-state torque error can be reduced at high

speeds by increasing the frequency of ZVV selection, as the FST allows.
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Figure 5.3: Steady-state torque error of the ST-DTC strategies obtained from the ex-
perimental results presented in Fig. 4.14 for the positive speed range between 100 and
1500 r/min.

However, this error will increase at low speed because of the high difference

between the torque deviations produced by AVVs and ZVVs, as depicted
in Fig. 5.2(b).

Although the torque performance of the CDTC (using BST) depends
on the hysteresis bounds of torque regulator (i.e., +hr), as it manipulates
the voltage vector selection [134], the steady-state torque error is still an
issue. For instance, making hp very small will cause easy activation for the
state “ep = —1” that requires applying either V.., or V. 5, depending
on the flux regulator state [see Table 4.1]. By increasing the value of
hr, the state “ep = 07 that employs the ZVV, will be triggered more
frequently. As a consequence, a torque ripple reduction can be achieved.
However, excessive hr forces the torque to decay too much to switch from
the state “epr = 0" to “ep = 17, causing large steady-state torque error,

and deteriorates dynamic response when a torque drop is demanded.

According to the aforementioned discussion, the maximum allowable
torque ripple reduction can be achieved in the ST-DTC if zero hysteresis

bounds are used, and the ZVV is applied at either the state where “cp =
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—1” or “epr = 1”7 depending on the rotation direction. However, the AVVs
are better options at these table states during system dynamics, as they
force the torque to change faster than the ZVVs. Hence, information about
the system operating state is required to switch between AVVs and ZVVs,
as presented in Chapter 4. Although this can simplify the implementation
owing to the hysteresis bounds elimination, the torque ripple reduction
is limited, and the steady-state torque error is unavoidable. Hence, the
duty-ratio regulation concept is utilized in this chapter to avoid employing
the AVVs that produce high torque deviation, and inherently increases the

frequency of applying the ZVV for further torque ripple reduction.

5.3 Torque Performance-Enhanced DTC with

Multiobjective DRR

5.3.1 Concept of the Proposed DRR

The proposed DTC strategy uses a DRR to employ one AVV for a working
duration of DTy, where D is the duty ratio, then switches it to a ZVV for
the remaining time of the control cycle. The AVV is selected based on the

error signs of torque and stator flux amplitude, as follows:

Vz+17 if Terr 2 0 and ¢err >0

Vigo, if T, > 0 and ¢, <0
Viin = 2 (5.1)

Vi, if T, < 0 and ¢, < 0

Vi, if T < 0 and e, > 0

The proposed DRR aims to apply that AVV for a duration that only

allows the torque to reach the reference value, as shown in Fig. 5.4. And
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hence, the duty ratio can be determined using the following expression:

Terr

Dac n = AT 7
AT 2+ )

(5.2)

This DRR guarantees that the absolute value of the torque at each sam-
pling instant is always less than or equal to that of the reference signal
during steady-state operation. Consequently, the condition “T,,.,. < 0”7 will
never be satisfied when the machine rotates in the forward direction, which
eliminates the high torque deviations produced by V,.4 and V5. Simi-
larly, when the speed is reversed, the high torque deviations of V,,; and
V..o are eliminated by avoiding triggering the state “I... > 0.” On the
other hand, under dynamic conditions, these AVVs are allowed to be ap-
plied for a duration proportional to the torque error, ensuring a dynamic

response as fast as that of the ST-DTC.

Although this method can reduce the torque ripple considerably, it
makes the system more parameter dependent due to the required calcula-
tion of the torque deviation AT, using (5.2). It also introduces a steady-
state torque error because the average value of the produced torque will be
smaller than the reference torque, as inferred by Fig. 5.4. The compensa-

tion for these issues is presented in the following subsections.

AT,
Terr
DT
——35 5 Loomm oo N
kT, (k+ 1T, kT, (k+1)T,

Figure 5.4: Duty-ratio determination for different operation modes (motoring or regen-
erative braking). (a) Forward, (b) Backward.
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5.3.2 Compensation of Steady-State Torque Error

A virtual-reference generator is proposed to compensate for the steady-
state torque error due to the duty-ratio regulation method. Fig. 5.5 illus-
trates the principle of the proposed steady-state error compensation. It
can be noticed that the DRR constrains the produced torque 7, between
the reference signal (77¢/) and the minimum torque (7") that represents
the estimated torque at every control sample. If the reference torque is
increased to a virtual value (i.e., T¥"/), represented by the red dashed
line in Fig. 5.5, it will not affect the voltage vector selection, and hence,
the slope of the torque remains the same with and without compensation.
Moreover, the selected AVV will be employed for a longer duration (i.e.,
DT, > DTy), according to (5.2). In consequence, the ZVV will decrease the
torque to a smaller absolute value, which means that 7™ will increase, as
depicted by the green dashed line in Fig. 5.5. Thus, it can be assumed that
the steady-state torque error will be eliminated if the following condition

is achieved, i.e.,
Tyl — Tyl =T — T (5.3)

According to (5.3), the virtual reference signal 7"/ can be generated by

adding a correction value () to the original reference torque depending

T. with compensation
1
1

T. without compensation 7%, '
\ == N

Trel

min
T;

DT,
KT, (k+1)T, (k+2)T, (k+3)T, (k +4)T,

Figure 5.5: Principle of the proposed compensation for steady-state torque error.

100



5.3. TORQUE PERFORMANCE-ENHANCED DTC WITH
MULTIOBJECTIVE DRR

Tref
€

min
Te

Figure 5.6: Virtual-reference generator.

on the difference between 77 and T/, as shown in Fig. 5.6. Since this
difference changes randomly every control sample, the reference correction

is obtained using a simple filter, such as the exponential moving average

(EMA) filter [135].

The EMA filter provides a smoother means of averaging compared with
the traditional moving average, especially during sudden changes in the in-
put signal. This smooth averaging is because the EMA applies weights
that decline successively with the age of the input signal samples, while
the other employs equal weights according to the length of a particular
observation window, resulting in undesired pulsations [136]. Given a signal
X to be filtered (i.e., T — T™") then the moving average-filtered out-
put y[k] is obtained using the current input x[k| and the previous output

v[k — 1], according to the following difference equation:
VIR = A xR+ (1= A) vk —1], (5.4)

where A is the smoothing factor that could be in the range 0 < A < 1. The
closer the value of X to 0, the less frequent the filter output changes, and the
smaller the cutoff frequency (f.) will be. Based on (5.4), the relationship
between A and f. can be obtained as [36]

 fs (AP +2) -2
fe= 5 COS ST : (5.5)
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where f; = 1/T; is the sampling frequency. The cutoff frequency of the filter
should be selected in such a way as to achieve a stable reference correction
under steady-state operation and avoid pulsation during transients. Hence,
it should be restricted to a small fraction of the control bandwidth, e.g.,
below 1/20. For the machine under test, the maximum available bandwidth
can be up to around 1/3 of the sampling frequency, as can be inferred by
the torque deviations shown in Fig. 5.1. Therefore, with a sampling period
of 100 us, the filter’s cutoff frequency is chosen as 50 Hz, and the smoothing

factor is calculated as 0.03 using (5.5).

5.3.3 Mitigation of the Parameter Dependence

To improve the robustness of the proposed DRR against parameter varia-
tions, a simple method is proposed to obtain the torque deviation due to
the AVV (AT,). For simplicity, the effect of the load torque on the torque
deviations can be neglected compared to that of the operating speed, as

shown in Fig. 5.1.

From Fig. 5.1, it can be noticed that the torque deviation of the AVV
varies sinusoidally with the angular position 6, of the stator flux vector.
Additionally, it shifts down with a constant value equals to the torque
deviation of the ZVV, depending on the rotational speed. Therefore, the
torque deviation of the AVV that increases the torque (AT > 0), i.e.,

V.11 or V.5 can be approximated as

A ‘sin (65 + %Tx)‘ — %, for V4

AT = (5.6)

A ‘sin (95 + @)‘ — %, for Vo
\
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where A is the absolute value of the maximum torque deviation of the AVV
at zero speed (w, = 0), and B is the absolute value of the torque deviation
of the ZVV at rated speed (w,,). Similarly, the torque deviation of the
AVV that decreases the torque (AT, < 0), i.e., Voyy or V, 5, can be

determined as follows:

—A |sin (6, + 2”—“)‘ — Ber - for Vi

3 Wrn,

AT = (5.7)
A

3 Wrn, !

sin (95 + M) ’ — Ber - for Vyys.

From (5.6) and (5.7), it is obvious that AT," and AT, will have equal
absolute values at zero speed. When the speed increases, the absolute
value of AT, will be larger than that of AT.". Conversely, if the rotation
direction reverses (i.e., w, is negative), the absolute value of AT, will be
less than that of AT,", which conform to the results obtained by (4.10), and
reveal that both (5.6) and (5.7) can be used with both rotation directions.

Thus, the duty ratio represented by (5.2) can be rewritten as

T:Jnef* Te 3 v_re
A—Tj’ if Te f Z Te

-D:E—l-n - (58)

i P v_ref
eATe_, if Te < Te.

From (5.8), if proper positive values are set for A and B, the duty-ratio
calculation will be simplified, and the dependence on the parameters will
be mitigated while considering the operating speed impact on the torque
deviations. According to the definition, A can be determined from (4.10)

using the given parameters with w, = 0 and 7T, = 0, as

_ p Vdc¢pm Ts

A
L

(5.9)
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And an approximate value for B can be obtained with zero voltage, w, =

Wy, and T, = 0, as
- 3pwrn1/}pm2Ts

B
2L,

(5.10)

Although (5.9) and (5.10) are obtained using the machine parameters, ¢,
and L, the torque deviation range will not change much with the parameter
variation whose impact on the overall control performance can be neglected,

as the experimental results will confirm.

5.3.4 Duty-Ratio Optimization

As mentioned in 4.3, the speed increase weakens the torque deviation
produced by AVVs that increase the absolute value of torque, while it
strengths that generated by ZVVs. As a result, the duty cycle saturates
(i.e., Dyyy = 1), especially at high-speed and loading conditions. This sat-
uration causes high torque pulsations due to applying ZVV once the torque
signal hits the virtual reference torque (TY"¢/ = Tr*/ + ~), as illustrated

by the example given in Fig. 5.7 resulting in less effective duty-ratio regu-

Te T T“\f_
el N AN N AN ANVANGD
M N Y \\//v -
Torque
pulsations ;
Vaing -
v T -
Vz+1
»
Dy
L I a—
05f I Y
0 >l

Figure 5.7: An example of the torque pulsation issue caused by the non-optimized duty-
ratio regulation, assuming that the rotor speed is high positive value.
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Figure 5.8: Optimized duty-ratio regulation.

lation. To avoid this issue, the duty ratio D,,, expressed by (5.8) needs

to be further optimized.

To minimize the torque ripple, the duty cycle should be regulated so
that the torque is maintained within the boundaries T/ 4= v, as shown in
Fig. 5.8. Hence, the torque at the end of the sampling period should equal

the lower boundary (17¢ — ~ = T?-"¢/ — 27), such that

TF + Dy n AT [z 4 1) + (1 — Dyry) AT[0] = TP — 2y (5.11)

where AT,[z + n] and AT,[0] are the torque deviations produced by the
AVV and ZVV, respectively, when applied for the entire control cycle. Also,
to guarantee that the torque T, will not exceed the upper boundary (i.e.,
the virtual reference signal 7%/ + ), the relationship between AT,[0] and

v has to satisfy the following condition [137]

AT[0] = C v, (5.12)

where C' = 2(AT.[0] — AT,[x + n])/AT.[x + n] is a speed-dependent vari-
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able that can be obtained by averaging (5.6) and (5.7) as,

B 2v/3Aw,m
2B|w,| — V3Awm ‘

(5.13)

Substituting (5.12) into (5.11), the optimized form of the duty-cycle (5.8)

can be expressed as follows:

Teu,ref_ T. — (24+C)y : v_ref
Aij on R if Te Z Te

27— T, — 240y v_ref
AT, —Cn , it T <Te.

5.3.5 Impact of the Voltage Vector Selection on Flux

Control Performance

According to the discussion in 4.5.2, assuming that the machine runs in
the forward direction, if either the voltage vector V.5 or V4 is triggered
in Subsector 1 or Subsector II, respectively, during the transition of the
stator flux vector from one sector to another, a large deviation in the flux

amplitude occurs, causing high flux ripple and current distortion.

To illustrate, an example is given in Fig. 5.9, where the stator flux
amplitude is initially larger than the reference signal, and the stator flux
position angle is slightly below —30 electrical degrees (i.e., Torr > 0, Yerr <
0, and z = 6). Thus, the voltage vector (V, o2 = V3) is employed with a
small duty cycle, and the stator flux amplitude decays slowly, as shown in
Fig. 5.9(a) (as V.42 provides high torque deviation and low negative flux
deviation in Subsector 1I). Once the stator flux vector enters the first sector
(i.e., x = 1), the voltage vector (V. o = V3) is employed with a large duty

ratio because V., o provides low torque deviation in Subsector I, resulting
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Figure 5.9: Tlustration of the voltage selection impact on the flux control performance.
(a) without voltage replacement. (b) with voltage replacement.

in a large dip in the flux amplitude as V, o produces high negative flux
deviation in that subsector. This situation is frequently repeated in the
proposed method due to the large difference between the flux deviations

produced by the two active voltage vectors that can be employed during
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steady-state operation, leading to the increase of the stator flux ripple. To
avoid this issue, one condition need to be added to the control algorithm to
replace the AVV selected from (5.1) when the stator flux vector is located
within the spacial range of either Subsector I or 11, according to the voltage

replacement strategy expressed by (4.20) and (4.21).

The benefit of the voltage replacement can be noticed in Fig. 5.9(b). As
shown in this figure, V., replaced V.5 when the stator flux vector enters
the 15 sector (i.e., Subsector I, if the angle o is set to 10 electrical degrees).
Although the flux needs to be decreased to follow the reference signal, and
V.11 produces positive flux deviation at that position, this flux deviation
is very small in Subsector I and the small duty ratio makes the flux almost
constant. Once the stator flux position exceeds —20 electrical degree, the
voltage vector V5 is normally triggered (as o = 10 degrees), according to
(5.1), which decreases the flux amplitude with a smaller deviation compared
with that of Fig. 5.9(a), considering that the duty ratio will be smaller as
well. Therefore, the flux-performance degradation can be avoided by using
the voltage replacement strategy when the absolute error of the stator
flux amplitude is less than half of the maximum flux deviation (A7)

produced by V., and roughly obtained from (4.13) as v/3V.T/3.

5.4 A Case Study for the Proposed DRR-
DTC Implementation

Fig. 5.10 shows the overall control structure of the proposed method. Unlike

CDTC, the proposed method utilizes the error between the reference signals

and the estimated values of torque and stator flux amplitude, instead of the

hysteresis regulators, to select the AVV using (5.1) and the corresponding
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Figure 5.10: Overall control structure of the proposed DRR-based DTC strategy.

duty ratio is calculated using (5.14). Then, the selected AVV is switched
to a proper ZVV such that V;, V3, and V5 are changed to Vi, while
other AVVs are followed by V; to minimize the switching frequency. The
torque demand is modified by the virtual reference generator, shown in
Fig. 5.6, for steady-state error compensation. Additionally, it is used to
obtain the reference stator flux amplitude based on MTPA principle, using
(4.15). Because this study aims to improve the torque control performance,
the MTPA strategy is used with the assumption that it is insensitive to

parameters variation as this issue is comprehensively studied in [82].

The implementation of the proposed DRR-based DTC method can
be divided into three steps, as shown in Fig. 5.11. Firstly, the flux and
torque are estimated using (4.1) and (4.2), respectively. Considering the
one-step delay due to digital implementation, its effect can be avoided by
selecting the voltage vector based on the predicted values of T, and v at
the (k + 1)th-sampling instant. Since the ZVV influence on the stator flux
is negligible [see Fig. 4.4], 4,4 at (k + 1)T instant can be determined using

the discretized form of (3.2), as

PEEL = ks T, (DMVE - Rk ) = yhtlei®s, (5.15)
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Figure 5.11: Flowchart of the proposed DRR-based DTC strategy.

Whereas the torque at (k + 1)7T; instant can be obtained as

Buw,
)

TH = T) + DRATE = (1 - DY) —

(5.16)

where the second and third terms represent the impact of the AVV and

ZVV, respectively, on the torque. Secondly, the reference torque is cor-
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rected by a value of 7 obtained from (5.4), and it is used to generate the
reference flux amplitude based on (4.15). These reference and predicted
values are used to determine the sign of the error in torque and flux am-
plitude needed for the AVV selection via (5.1) after indicating x by using
(4.5). To avoid deterioration of flux control performance, the selected AVV
is replaced according to (4.20) or (4.21) if the stator-flux vector is located
in either Subsector I or II. Finally, the duty ratio of the AVV is calculated
according to (5.14), which will be applied at the beginning of the future

control interval.

5.5 Theoretical Comparison with Existing

DRR-based DTC Approaches

The duty-ratio modulation techniques are introduced in DTC to reduce the
torque ripple by combining an AVV with a ZVV at every control cycle. In
[32], the AVV is first selected from the AST, then the corresponding duty
cycle is obtained to minimize the root mean square (RMS) or the final value

of torque error over the control period, using the following expressions:

T, — AT.[0]
D = 1
RMS = 9NAT, [z +n] — AT,[0] (5.17)
T... — AT,
Dy = —ter = AT[0) (5.18)

AT,z + n] — AT,[0]
Since these expression requires calculation of the torque deviations using
(4.10), the complexity and reliance on the machine parameters can be con-
sidered as limitations [30]. Additionally, they cannot avoid selection of the

voltage vectors that produce high torque deviations.
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A robust simple DRR-based method has been proposed in [35], where
the need for torque-deviation calculations are eliminated, and both the
torque- and flux-ripple reductions are considered. This method determines

the duty ratio using the following formula,

Terr
Cr

¢67"7"
Cy

_|_

Dslz‘

7 (5.19)

where Cr and C, are two positive constants of torque and flux control.
Because the torque deviation is replaced with the constant Cp (i.e., D; is
directly proportional to T,,,), this method ensures that 7T, under steady-
state operation will be always positive in forward rotation direction and
vice versa. Hence, according to AST, it allows selection of the AVVs that
produce low torque deviations, reducing the torque ripple. However, the
two constants of (5.19) have no solution to get their optimal values and
ignore the impact of operating speed on the torque deviations, leading to a
considerable steady-state torque error. To clarify, as the torque deviations
produced by V.. and V.5 weaken with the positive-speed increase, the
duty cycle needs to be increased. As a result, the steady-state torque
error is unavoidable because the denominator of (5.19) is constant, which

increases with the rotor-speed rise.

Two alternative methods have been proposed in [33] and [34] to over-
come this issue. In [33], a proportional-integral (PI)-based DRR has been

proposed to obtain the duty cycle, as follows

3wy me Ky
Dpr=|————+4+T, | K — |, 5.20
PI ‘ NV, + p+ 5 ( )

where Kp and K are proportional and integral gains. Despite the simplic-
ity of this method, the dynamic performance of DTC system depends on

tuning of the Pl-regulator gains. On the other hand, in [34], the torque de-
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viation needed for duty-ratio calculation is considered directly proportional

to the machine angular speed, as

2Terr+war o
o ot if T,.., >0

Dy = (5.21)

2T err+Kpwy 1
TRETREE, if T,,,. <O0.

\

where K, and K, are two positive constants that depend on the machine
parameters and the ratio between the torque deviation at rated speed and
that at zero speed. Although this strategy can provide lower steady-state
torque error compared with Dy (5.19), it allows employing the AVVs that

produce high torque deviations, resulting in higher torque ripple.

Unlike the existing DRR-based approaches, the proposed method uses
the duty regulator not only to control the working duration of the AVVs
but also to give the highest priority for selecting those of them that cause
low torque deviations under the steady-state conditions, hence achieving
further torque-ripple reduction. Meanwhile, it can guarantee fast dynamic
response, even during speed reversal, as the AVV is employed for a duration
proportional to the torque error. Moreover, the virtual reference generator
can modify the original reference torque, which effectively mitigates the
small torque offset caused by DRR and optimizes the duty ratio to avoid

the torque pulsations.

5.6 Experimental Verification

In this section, the experimental setup presented in 3.4 is used to verify the
torque-tracking performance of the proposed strategy under speed reversal

conditions. Then, the proposed approach is comparatively evaluated with

113



5.6. EXPERIMENTAL VERIFICATION

Table 5.1: Control parameters of the four DTC methods

Methods Control parameters

CDTC hr =+ 2% Trated hy = £ 2% Ypm

D1 Cr =12 N-m, Cy = 0.09427 Wb
D2 K, =2N-m, K, = 6e—4 N-m/(r/min)
Proposed A=127N-m, B=1.02 Nm

the CDTC and two existing DRR-based methods that are specified in this
section as D1 [35], and D2 [34]. For the sake of accuracy, the single-
step delay due to digital implementation is compensated for all control
techniques. The control parameters of the four approaches are listed in
Table 5.1. Because the DRR-based strategies (i.e., D1, D2, and proposed)
can employ two voltage vectors in one control cycle, their average switching
frequency will be higher than that of the CDTC at the same sampling
frequency. Thus, for fair comparisons, they are tested at 10 kHz sampling

frequency, i.e., half that of the CDTC approach.

5.6.1 Torque-Tracking Performance Assessment

Fig. 5.12 shows the waveforms of the torque, speed, stator phase current,
selected AVV, and the corresponding duty ratio for the proposed method.
In this experiment, the load torque is set to 1.8 N-m, and the reference
torque is stepped up from 0 to 2 N-m until the rotor speed reaches 75% of
the rated value, then it is stepped down to —2 N-m to reverse the rotation
direction. It can be noticed that T, and 1, follow their reference signals
accurately with smooth speed reversal. Also, the higher the speed is, the
larger the duty ratio will be because of the reduction of the AVV’s torque

deviation with the speed increase. From Fig. 5.12, the virtual reference
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Figure 5.12: Experimental waveforms of torque, speed, stator phase current, selected
AVV, and the corresponding duty ratio for the proposed approach.
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Figure 5.13: Steady-state torque error of proposed DRR-based strategy obtained from
the experimental results presented in Fig. 5.12 for the positive speed range between 100
and 2250 r/min.
torque T?-"¢/ can effectively eliminate the steady-state error for both rota-
tion directions. The steady-state torque error is presented in Fig. 5.13 for

the speed range between 100 to 2250 r/min, which is negligible compared

to those resulted from the CDTC schemes shown in Fig. 5.3.

In Fig. 5.12, the zoomed zone (I), shows the dynamic response of torque
when the reference signal is stepped down from 2 to —2 N-m, which confirms

that the proposed approach maintains the fast dynamic performance of
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Figure 5.14: Experimental waveforms of the torque, flux amplitude, phase current, and
index of the selected voltage vector for the CDTC at 750 r/min under different hysteresis
bounds: (a) hr = 2% Trated; (b) hr = 10% Trqteq; and (¢) hy = 0 and ZVV is employed
at ep = —1.

CDTC. This is achieved because the proposed method can employ either

V.4 or V5 with long duty periods (D4, =~ 1), as can be seen in the

zoomed zones (2) and (3) of Fig. 5.12.

5.6.2 Comparative Evaluation

The steady-state performance of the CDTC is tested under different values
of hr, as shown in Fig. 5.14. In this test, the load torque is set to 1.8 N-m,
and the reference torque is increased to a value that maintains the speed
around 750 r/min. It can be seen in Fig. 5.14 that increasing the value
of hy from 2% to 10% of the rated torque T}q.q increases the frequency

of employing ZVV (V, or V), resulting in reduction of torque ripple and
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Figure 5.15: Experimental waveforms of the torque, flux amplitude, phase current, index
of selected AVV, and duty ratio at 750 r/min and 1.8 N-m load for (a) D1. (b) D2. (c)
proposed method.

average switching frequency. The highest reduction of these performance
indices is achieved by setting hr = 0 and applying ZVV at the BST’s state
(er = —1) instead of AVV, as used before in one of the FST modes pre-
sented in 4.5. However, the steady-state torque error increases notably, as

can be noticed from Fig. 5.14(c). The results agree well with the theoretical

analysis presented in 5.2.

Figs. 5.15 and 5.16 illustrate the results of the previous test when
repeated for the DDR-based DTC methods at different rotation speeds
(around 10% and 75% of the rated speed) and a constant load of 1.8 N-m.
Comparing these figures with Fig. 5.14, it is obvious that the duty-ratio
regulation can effectively reduce the torque and flux ripples and the stator

current distortion of the DTC system regardless of the operating point.
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Figure 5.16: Experimental waveforms of the torque, flux amplitude, phase current, index
of selected AVV, and duty ratio at 2250 r/min and 1.8 N-m load for (a) D1. (b) D2. (c)
proposed method.

According to Fig. 5.15, both D2 and proposed method can mitigates
the steady-state torque error of D1, and the proposed scheme achieves
the highest torque ripple reduction with a slightly lower average switching

frequency. Also, there is insignificant difference between D1, D2, and the

proposed method in terms of the flux ripple and current distortion.

On the other hand, the impact of increasing speed to 2250 r/min on
the steady-state performance of D1, D2, and the proposed method can be
noticed when Fig. 5.16 is compared with Fig. 5.15. Although the steady-
state performance deteriorates at high speed, it is still better than that of
the CDTC. Compared with D1 and D2, the proposed method achieves the
lowest torque ripple and eliminates the steady-state torque error. As shown

in Fig. 5.16, both D1 and the proposed method guarantee employing only
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V.11 and V. o during steady-state operation, but D2 sometimes utilizes
V.14 and V5 instead. As mentioned in 4.3, with the speed increase, the
absolute value of the torque deviation of either V1 or V.5 is lower than
that of the ZVV, while both V,,4 and V, 5 produce a larger negative
torque deviation than the ZVV. Therefore, D1 and the proposed method
will apply V.11 or V., for longer working durations, while D2 will set the
duty ratio to zero and employ ZVV for the entire control cycle. Since the
ZVV produces large torque deviation at high speed, the torque pulsation

in D2 will be higher than those of D1 and the proposed method.

The deterioration of the torque performance with the speed increase
is unavoidable because of the increasing differences between the negative
and positive torque deviations of ZVV, and V1 or V.o, respectively.
Also, V.5 produces negative torque deviations at high speed and loading
conditions in Subsector 1 (see Fig. 5.1), opposing its function in the DTC
system. Since the voltage vector replacement strategy can replace Vo

with V.1, further torque ripple reduction is provided.

Fig. 5.17 gives the quantitative evaluation of the torque ripple, steady-
state torque error, stator flux ripple, average switching frequency, and the
total harmonic distortion of the stator current at different speeds and
a constant load of 1.8 N-m. According to Fig. 5.17, the CDTC with
hy = 10% Tyqteqa achieves 15%, 35%, and 4%, on average, less torque
ripple, steady-state torque error, and current distortion than that with
hr = 2% Tyateq. Compared with CDTC, the proposed method achieves
ripple reduction with an average of 65% for torque and 42% for stator flux
at all speed ranges. The torque ripple reduction of the proposed method
is the highest, which is 15% and 41%, on average, compared to D1 and
D2, respectively. Also, the flux ripple reduction is higher than that of D2

by an average of 13%. In terms of the steady-state torque error, the pro-
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Figure 5.17: Quantitative evaluations for different DTC methods at different speeds and
1.8 N'm load.

posed method provides less error than CDTC, D1, and D2 by around 92%,
95%, and 76%, respectively. These results verify the effectiveness of the
proposed method for torque performance improvement without degrading

the flux ripple or the current quality.

5.6.3 Sensitivity to Control Parameters Variation

Since the proposed DTC method uses two coefficients, A and B that depend
on the machine parameters, its robustness against the parameter drift is

tested. Fig. 5.18 presents the torque waveform for the proposed strategy
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Figure 5.18: Torque steady-state performance of the proposed strategy under different
values of the parameters A and B.
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Figure 5.19: Quantitative evaluations of the torque performance for the proposed DTC
method at different control parameters (A and B). (a) torque ripple. (b) steady-state
torque error.

at different values of A and B when the machine runs at 2250-r/min speed

and a load of 1.8 N-m. For comparison, the torque ripple and steady-state

error are numerically evaluated under different operating speeds, as shown

in Fig. 5.19.

In Fig. 5.19, it can be noticed that decreasing both A and B by 20%
increases the torque ripple slightly by an average of 5%. However, this
causes an 11% less steady-state torque error than that with the accurate
values of A and B. When theses control coefficients are increased to 125%

of their original rates, both the ripple and steady-state error of torque rises,
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Figure 5.20: Summary of the comparative investigation of different direct torque control
methods.

which are less than those of both D1 and D2, as shown in Fig. 5.19. Thus,
it can be stated that the proposed method is robust for a wide range of the

control parameters.

A summary of the comparative evaluation for the four DTC approaches
in terms of different performance indices is presented in Fig. 5.20. The
superiority of a particular method for a particular performance index is
ranked on a scale of 1 to 5. Point 5 indicates the highest superiority,
whereas 1 shows the least superiority. This comparison is indicated and
measured in relative based on the experimental results presented in this

chapter.

5.7 Chapter Summary

This chapter presented an advanced DRR-based DTC strategy for a three-
phase PMSM-based drive system to improve the torque performance in
terms of ripple and steady-state error. Unlike the existing DRR-based

DTC approaches, the proposed method uses the duty-ratio regulation not
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only to control the working duration of the AVVs but also to give the high-
est priority for selecting those of them that cause low torque deviations
under the steady-state conditions, achieving further torque ripple reduc-
tion. Meanwhile, it guarantees a fast dynamic response, even during speed
reversal, as it allows the selection of the AVVs that produce high torque
deviations with a duty period proportional to the absolute value of the

torque error.

Moreover, a virtual reference generator is employed to modify the orig-
inal reference torque and optimize the duty-ratio calculation, which effec-
tively mitigates the small torque offset caused by the duty regulator and
minimizes the torque ripple. The effectiveness of the proposed strategy is
confirmed through a detailed comparative evaluation with the CDTC and
two existing DRR-based DTC approaches. The proposed method shows a
higher reduction of both torque ripple and torque steady-state error than
that of the traditional DRR-~based DTC strategies while reserving the sim-

plicity and robustness of the CDTC method.

However, the proposed scheme replaces the selected AVV according to
the angular position of the stator flux to avoid degradation of the flux ripple
and current distortion. As a result, the optimal voltage vector selection
cannot be guaranteed from the viewpoint of the flux control performance.
To overcome this issue, the cost function optimization of the M2PTFC can
be a feasible solution if the proposed strategy is extended to reduce the
computational complexity and eliminate the need for the weighting factor,

as will be discussed in Chapter 6.
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Chapter 6

Complexity Reduction for
Model Predictive Torque and
Flux Control of PMSM Drives

6.1 Chapter Overview

In this chapter, a low-complexity modulated model predictive torque and
flux control (M2PTFC) technique is proposed to guarantee the selection
of the optimal voltage vector that considers both the torque and flux con-
trol performances of 2L-VSI-fed PMSM. The proposed strategy aims to
achieve that while reducing the computation burden and simplifying the
control implementation of the conventional M2PTFC scheme by reducing
the number of candidate voltage vectors at every control sample to the
minimum (i.e., only two candidates) and eliminating the weighting factor
of the cost function and its corresponding tuning procedures. For these
purposes, the proposed method devotes different control objectives to the

duty-modulation and the cost-function-evaluation processes while execut-
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ing them sequentially. First, aiming at the torque-ripple reduction, a duty
modulation strategy is proposed based on the analysis of the torque devia-
tions produced by different voltage vectors, which ensures proper selection
of the two candidates and restricts the active voltage vectors that cause high
deviations. Then, these candidates are evaluated based on a cost function
assigned to achieve the stator-flux control objective. The proposed method
can be used to mitigate the torque ripple of the IPMSM drives when em-
ployed with a high-accuracy prediction model. The effectiveness of the
proposed control scheme is verified through a comparative assessment with
the conventional M2PTFC and two existing simplified methods by means

of simulation and experimental results.

The rest of this chapter is structured as follows. Section 6.2 discusses
the control set effects on the control variables and how it can be reduced.
Section 6.3 presents an explanation for the proposed M2PTFC method. In
Section 6.4, the proposed approach is theoretically compared with several
MPTFC schemes reported in the literature. The simulation results and
experimental verification are presented in Sections 6.5 and 6.6, respectively.

Finally, the chapter summary is presented in Section 6.7.

6.2 Control Set Effects on Torque and Flux

The computation burden of the MPTFC algorithm is greatly affected by the
number of voltage vectors included in the control set. Hence, for control-
set reduction, the impact of different voltage vectors on the torque and the

stator-flux amplitude will be analyzed in this section.

According to the discussion presented in the previous chapters, the

lower the torque deviation is, the lower the torque ripple will be. There-
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fore, a set of three voltage vectors for each rotation direction can be used
to control T, with minimum ripple during steady-state operation [45], as

follows:

for forward rotation

Set T: { Vi1, Vora, ZVV} 61

Set IT: {V 15, Voia, ZVV}  for backward rotation,

which can also satisfy the stator-flux control because the AVVs included in
each set can produce either positive or negative deviations in v, as shown

in Fig. 4.4.

It should be noted that V, and V., 3 show ambiguous impact on the
torque within each sector, as shown in Figs. 4.3(e) and 4.3(f). It can be
observed that V, produces +ve torque deviations within a specific range
of 05, and vice versa for V, 3. Thus, there is a possibility to include V, in
Set I and V.3 in Set II (6.1). However, this is unnecessary because V1
and V.4 can provide the required performance. To clarify, the torque
deviations produced by V, and V., are compared at different operating

conditions, as shown in Fig. 6.1. Unlike V1, V, can produce low +AT,

only at low speed within a small range of 6. Also, because AT, produced

60 60
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(a)

(b)

Figure 6.1: Percentage torque deviation produced by V, and V1. (a) at 10% of rated
speed and (b) at 75% of rated speed. [solid line: no load, dashed line: full load]
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by V., is lower than that of V,,;, the former need to be applied for longer
working period. Since V, produces the highest flux deviations, as shown in
Fig. 4.4, V., always has higher priority to be selected in the conventional
M2PTFC than V, under either steady or transient states. Therefore, it
can be concluded that discarding both V, and V,,3 from the feasible set
of voltage vectors will affect neither the steady-state nor the dynamic per-
formances of the conventional method, as will be confirmed by the results

presented in Sections 6.5 and 6.6.

As a result, the number of voltage vectors included in the control set
is reduced from eight to three. This number can be further decreased to
only two voltage vectors with a further torque-ripple reduction if a ZVV
is combined with an AVV during the control sample using a duty-ratio
modulator (DRM). However, to maintain the fast dynamic response of
the conventional M2PTFC, the AVVs that produce high torque deviations
have to be employed. In other words, during system dynamics, V,,4 and
V,..5 are better choices to decrease the torque faster than the ZVVs in
+ve speed, and similarly for V.1 and V5 in the other rotation direction.
Therefore, this work proposes a modified M2PTFC strategy based on DRM
that can inherently employ a proper ZVV with an AVV selected among
only two candidates at every control sample, ensuring computation-burden
reduction with the minimum steady-state torque ripple while maintaining

rapid dynamic response.

6.3 A Low-Complexity M2PTFC Method

The control structure of the proposed M2PTFC is presented in Fig. 6.2,

which consists of two main processes: DRM with control-set reduction
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Figure 6.2: Control block diagram of the proposed M2PTFC scheme.

and cost-function evaluation. It dedicates each process to satisfy a single
control objective. The DRM considers torque-ripple minimization, while

the cost-function evaluation considers the stator-flux control.

6.3.1 Duty-Ratio Modulation

The proposed method combines an AVV and ZVV at every control cycle.
When the AVV is applied for a time period DT, then switched to a ZVV,
the torque response will be as shown in Fig. 6.3. It can be deduced from

Fig. 6.3 that the duty cycle D, that maintains the torque ripple within

r+n
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Figure 6.3: Principle of the duty-ratio modulation for the different operation modes.
(a) Forward, (b) Backward.

the boundaries T"¢/ 4 o7 is defined as [137]:

Dk Trel —op —TF — ATH 0]

= DF
vk ATFE[z+n]—TF[0]

r+n

€ [0,1], (6.2)

To simplify (6.2), the required prediction of AT* [0] needs to be omitted.

Thus, the relation between ATF and o is obtained as:

—20k% - ATF [z + n]
k o T e
AT 0] = TH o n] — 208, (6.3)

Assuming that |ATF [z + n]| > |ok| yields,

AT [0] = —20%. . (6.4)

e

Substituting into (6.2), the duty cycle can be calculated as:

ot (T top) - T¢ (6.5)
v ATF o+ n] + 20k '

It should be noted that, under high-speed and loading conditions, the

torque deviations produced by V..o and V., reverse (see Fig. 4.3), re-
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sulting in a negative D,,, according to (6.5). With such a situation, the
conventional DRM-based methods [32] force the duty ratio to be zero, i.e.,
apply a ZVV for the whole control cycle. However, because the absolute
values of the torque deviations produced by V..o and V, 4 are less than
those of ZVV, the proposed method employs the AVV instead, using the

following constraint:

Dk, f0<DE, <1
D]:z—i—n = (66)
1, otherwise.

6.3.2 Control-Set Reduction

6.3.2.1 Candidate voltage-vectors selector

Thanks to (6.5), it is guaranteed that |T% | will never exceed |17/ + ok |,
regardless the rotation directions. Consequently, the upper boundary of the
demanded torque (77¢/ + %) can be employed to select the two-candidate

AVVs using the following expression:

: ref k k
Vk c {VCC+17VI+2} ) if (Te + UT) > Te (67)

T+n
{Vuia, Vays}y, if (Tre) +ok) < TF.

In this way, the proposed method needs to determine the duty ratio
for only two AVVs using (6.5), minimizing the computations needed for
the torque predictions. Also, it allows selection of the AVVs that produce
high torque deviation during torque transients, providing good dynamic
performance. As an illustration, Fig. 6.4 shows the AVV selection when a
torque decrease is demanded at the kth-sampling instant for both rotation

directions. Either V.4 or V, 5 will be employed to decrease the torque
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Figure 6.4: AVV selection of the proposed strategy under torque dynamics for both
rotation directions: (a) Forward, and (b) Backward.

in the forward rotation, while V,; or V..o will do the same job during
backward rotation. Referring to (6.5), the operating period of the AVV
depends on the torque error. Hence, the higher the change in the demanded

torque, the higher the duty cycle will be (Dy > Dy), as shown in Fig. 6.4.

As for the candidate ZVVs, they are selected based on the AVV to
minimize the switching frequency. Hence, Vi, V3, and Vj5 are followed
by Vy, while V; follows the remaining AVVs, avoiding the unnecessary

switching jumps.

6.3.2.2 Reference-torque adjustment

For the candidate-vectors selection and duty calculation, the reference
torque needs to be adjusted by the offset value op. This value can be
determined based on the filtered difference between T7¢/ and the estimated
torque T, using a low-pass filter (LPF), as presented in 5.3.2, which can be

expressed as follows:

o = NI/ —TH + (1 -\ ok, (6.8)
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6.3.3 Cost-Function Design

Because the torque-control objective can be satisfied by the duty modu-
lation, the cost function can consider the stator-flux control only. As a
result, the weighting factor needed to tune the importance of the control
objectives in the traditional cost function is eliminated. The cost function

of the proposed method is given by:

9F s = |Ur — W5 [z + ]| (6.9)

where ¢*1[x + n] is the predicted stator-flux amplitude if V., is applied
for a period of D,,,Ts. This cost function evaluates the two-candidate
AVVs and their corresponding duty ratios, and those of them that gives

the minimum ¢, ,, are delivered to the load.

6.3.4 Implementation Steps of M2PTFC Strategy

The flowchart illustrated by Fig. 6.5 shows the implementation stages of
the proposed approach, which mainly includes torque and flux estimation,
DRM with control-set reduction, and cost-function evaluation. Because
the data processing of the control algorithm is not instantaneous, delay
compensation should be performed by predicting the control variables one
step further [138]. Hence, in the proposed method, the torque and flux
at the (k 4 2)th instant are applied for the control-set reduction and cost-

function evaluation.

Based on the measured states of the machine at the sampling instant
kT, the stator flux can be estimated using either the current or voltage

model or the closed-loop observer [71, 74]. Since the observer does not
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Figure 6.5: Flowchart of the proposed M2PTFC strategy.

constitute the main focus of the paper, the current model (3.4) is utilized
in this work for wﬁﬁ estimation for the sake of simplicity. Then, 'zpf;ﬁ“l and
T*1 are obtained by substituting the applied voltage at the kth sample

into the discretized form of the PMSM model, as

PhLi] = phy + TV, — Tl R, (6.10)
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SCHEMES
and
Tk+1 S @ k+17- ckt17- 6.11
i = 5 (ki) x ing []) (6.11)
where
i1 , i
fop 1= 7 (WE51i] = wpme? (FH4T2)). (6.12)

After that, the control-set-reduction stage starts with indicating = and
adjusting 7T7¢ based on (4.5) and (6.8), respectively, to decide the two-
candidate AVVs V1! using (6.7). For each candidate, 7+2 is determined
from (6.10) and (6.11) after replacing the kth and (k + 1)th variables with
the (k + 1)th and (k 4 2)th variables, respectively. The prediction of D*f%
is subsequently executed according to (6.5) and (6.6). Finally, based on
DEFL and VETL the stator flux amplitude 1*+2[x + n] is obtained for the

evaluation of the cost function (6.9). The optimal AVV (V,,) with its

k+1
T+n)

duty cycle (D,pt), which achieves the minimum g will be applied at the

beginning of the future control interval.

6.4 Theoretical Comparison with Existing

MPTFC Schemes

To highlight the differences between the proposed M2PTFC method and
the existing approaches, a comparison of them is presented in this section,

which is summarized in Table 6.1.

6.4.1 Comparison with Simplified MPTFC Strategies

These strategies imply simplifying the control implementation by eliminat-

ing the need for the weighting factor (¢) of the conventional cost function
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expressed as:

gi = |0 = TEV )] + ¢ Jwred — )| (6.13)

In [40] and [44], the torque-and flux-control objectives of (6.13) are
separated into two cost functions. The torque predictions of all voltage
vectors are first evaluated using ‘Te’" ef — Tf“[i” to select a group of can-
didate voltage vectors. Then, among this group, the optimal vector that
minimize |7 — ¢¥1[i]| is delivered to the load. Because all the voltage
vectors need to be assessed by either or both cost functions in [40] and
[44], the computational effort is heavier than that of the proposed method.
In [42], the voltage vectors are sorted into three groups according to pre-
defined constraints for each cost function to select the mutual. However,
no more discussion is given to consider the computation complexity or the

torque-ripple reduction.

The method [45] has reduced the computation burden by reducing the
number of voltage vectors in the control set. It chooses one set of three
voltage vectors (6.1), according to the torque-error sign. These vectors
are then used for torque and flux predictions that need to be evaluated by
(6.13). In [46], four vectors are selected based on the voltage vector applied
in the previous control cycle. The control set of both methods (i.e., [45] and
[46]) includes a higher number of voltage vectors than the proposed method
and allows employing those of them that produce high torque deviations
during steady-state operation, resulting in higher torque pulsations. Also,
in [46, 140-142], the control set is assessed based on the stator-flux-vector

error by the cost function expressed as:
gi = [¥of —¥ei'll] (6.14)
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where (v,b;%f = ref ejagef) is the reference stator-flux vector obtained from
the reference torque based on the principle of MTPA (4.15)-(4.17). Al-
though the derivations of the relationship between the reference signals
remove the weighting factor of the cost function, they increase the sys-
tem complexity, especially in IPMSM drives [71], which is avoided in the
proposed method. Moreover, the simplified MPTFC strategies employ one
voltage vector for the whole control cycle, causing a higher torque ripple

than those that utilize the modulation concept.

6.4.2 Comparison with Existing M2PTFC Methods

These approaches concern the torque-ripple reduction by controlling the
duty cycle of the AVV. In the conventional M2PTFC [47], the duty ratio is
optimized for all the AVVs to minimize the final values of torque error using
Dy (5.18). Then, all the voltage vectors and their duties are used for the
predictions needed for (6.13), resulting in better steady-state performance
than MPTFC methods with a high computation burden. According to the
analysis presented in 4.3, the AVV and ZVV combined by this approach at
every control cycle need to produce opposite torque deviations to achieve
(5.18). Thus, by artificially restricting the AVVs that violate this condi-
tion in the proposed method, the computation complexity is significantly
reduced without deteriorating the steady-state performance. Moreover, the
proposed strategy avoids the unnecessary involvement of the torque error
in both processes of duty optimization and cost-function evaluation, elim-

inating the need for a weighting factor.

In [124], a similar duty controller is employed for a group of three volt-
age vectors chosen by (6.1) based on the torque-error sign, which reduces

the computation complexity of [47] at the cost of a higher torque ripple.
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A discrete duty controller (DDC) has been proposed in [123] to syn-
thesize a number of candidate voltage vectors (y) using an AVV that is
selected from a switching table depending on the predictions of the torque
and flux produced by ZVV. Despite the simplified voltage-vector selection,
this DDC leads to suboptimal duty-ratio calculation because it depends on

y, according to the following expression:
v
D,=—-, v={0,1,..,y}. (6.15)
Y

Moreover, the flux term of the cost function (6.13) is replaced by a hard

constraint (), as follows:
g = T2 =TI V]| + lv] (6.16)
where

0, if (1 —ey) <PEH] < (Yol +ey)
ol = (6.17)

oo, otherwise,

where ¢, is the hysteresis limit of the stator-flux amplitude. In (6.16), the
weighting factor is replaced by €, that requires an optimization to get its

best value.

Fig. 6.6 shows the flowchart for the second and third stages of the

M2PTFC methods presented in [47], [123], and [124] to illustrate the dif-

ferences between them and the proposed strategy depicted in Fig. 6.5.

Table 6.1 summarizes the comparison between different MPTFC meth-
ods, showing that the proposed method achieves a considerable reduction
in the number of torque and flux predictions, and eliminates the need for

a weighting factor.
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Figure 6.6: Flowchart of the M2PTFC methods presented in [47], [123], and [124].

6.5 Simulation Results

The theoretical analysis and the assumptions of the control-set reduction
discussed in 6.2 consider a SPMSM, ignoring the magnetic-saturation ef-
fects. Thus, in this section, simulations are performed to verify the pro-
posed method through comparisons with the conventional M2PTFC scheme

[47], particularly the second and third stages. For this purpose, the sim-
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ulation system presented in 3.3 is employed while considering only the
nonlinear current-flux characteristics of the IPMSM, i.e., 6, is maintained
at zero to exclude the spacial harmonics effects from the FE-based IPMSM

model (as discussed in 3.2.3).

The steps used to execute the second and third stages of the M2PTFC
schemes in the simulation can be described as follows. To get AT* needed
for the duty modulation, the flux 1,052[1 is first obtained for each candidate
voltage vector V; at (D; = 1) using forward Euler approximation of (3.8),

as follows:
Phit =k, + DMIh, - Tu(Ril, + junph,), (6.18)
where v, can be obtained from (4.4) as,

Vg = Vi e 9% (6.19)

Then, the current vector ig;l is predicted from the inversed flux maps

as il (YT k) and iFT (5T k) Substituting 'Lplj;l and iZ;rl into
(3.10), TF+* and (ATF = T*!' — TF¥) can be successively obtained. To cal-
culate the torque and flux needed for the cost-function evaluation, similar

steps can be followed while using D; obtained for each candidate vector.

In the simulation, the machine is driven in torque control mode with
a variable speed source. The DC-link voltage and the sampling frequency
are set to 540 Volt and 20 kHz, respectively. The reference flux amplitude
is kept at 0.1837 Wb, and the weighting factor ¢ of (6.13) is maintained at

2133 for equal importance of the control objectives.

Figs. 6.7 and 6.8 compare the steady-state performances of the pro-

posed method and the conventional scheme under two different speeds (750
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Figure 6.7: Simulation results of the steady-state-performance comparison at 750 r/min.
(a) Conventional scheme. (b) Proposed method.
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Figure 6.8: Simulation results of the steady-state-performance comparison at 3000
r/min. (a) Conventional scheme. (b) Proposed method.

and 3000 r/min) at the rated torque (400 N-m). At low speed (750 r/min),
although the conventional method employs V, (circled in Fig. 6.7(a)), dis-
carding this voltage vector by the proposed method has almost no impact
on the torque and flux ripples, as shown in Fig. 6.7(b). At high speed
(3000 r/min), both methods select V,;; and V5 as the optimal voltage

vectors, as shown in Fig. 6.8.
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Figure 6.9: Quantitative comparison between the conventional and proposed methods
under different speeds. (a) Torque ripple. (b) Flux ripple.

A quantitative evaluation for the torque and flux ripples of the two
control strategies at different operating speeds is given in Fig. 6.9. It can
be noticed that there are insignificant differences between the torque ripple
produced by both control methods. Also, the proposed method provides
a slight flux-ripple reduction by an average of 7% compared with the con-
ventional approach. These results confirm the feasibility of the proposed

strategy during steady-state operation.

Under torque dynamics, the optimal AVV is applied for longer periods
to achieve the fastest possible torque response. Hence, as V, is not selected
at high speed during steady-state operation [see Fig. 6.8(a)], it will be ex-
pelled by the cost function at dynamic state due to the high flux deviations
it produces. Therefore, the proposed M2PTFC maintains the fast dynamic

response of the conventional method at high speed.

On the other hand, V, is often employed in the first half of each
sector at low speed, as can be observed in Fig. 6.7(a). Thus, the torque
dynamic performance is tested at 750 r/min with a 50-N-m torque step,
as shown in Fig. 6.10. This torque step is intentionally triggered at 6, =
—25 (electrical degrees), i.e., at the first half of sector “z = 1”. From

Fig. 6.10, it can be noticed that both control methods employ V.41 (Vs)
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Figure 6.10: Simulation results of the dynamic-performance comparison with 50-N-m
torque step. (a) From 50 to 100 N-m. (b) From 350 to 400 N-m.

to increase the torque with a unity D, and V, (V) is employed by the
conventional approach during steady state only. It can therefore be stated
that the proposed strategy can simplify the control implementation without
causing suboptimal steady-state or dynamic performances compared to the

conventional approach.

6.5.1 A Case Study for Torque-Ripple Reduction of

IPMSM

In this section, the proposed M2PTFC strategy assisted with the FE-based
model for predictions is utilized to suppress the torque ripple of IPMSM

drives. The high fidelity of the FE model guarantees avoiding the model-
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Figure 6.11: Comparison between the MPTFC performance when the simplified and FE
models are employed for predictions. (a) 500 r/min and no load. (b) 3000 r/min and
200 N-m. [Simulation results at Ts = 25 pus]

machine mismatch that can degrade the control performance, and it allows
the control-based mitigation of the cogging torque, saving cost and time.
Fig. 6.11 compares the performance of MPTFC (without duty modulation)
when the simplified (with constant parameters of Ly = 0.6 mH, and L,=

1.33 mH) and FE-based models are employed for prediction under different

operating conditions.

As can be noticed in Fig. 6.11, the FE model-based MPTFC reduces
the torque ripple considerably for all operating conditions because the pre-
diction can consider the electromagnetic variables of the machine accu-
rately, including the cogging torque. On the other hand, the simplified
model-based MPTFC shows a significant steady-state torque error (around
40%) under 200-N-m load because of the inaccurate current predictions us-

ing (3.8)-(3.10) that neglects the inductance variation with the magnetic
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Figure 6.12: Voltage vector index and duty cycle selected by the conventional M2PTFC
with the FE-based-model prediction. (a) 500 r/min and no load. (b) 3000 r/min and
full load. [Simulation results at Ty = 50 us]
saturation. These results verify that the FE model can be used for predic-

tion in model-based control strategies to suppress the torque pulsation of

IPMSM and improve the torque tracking performance.

The FE-based model prediction is also utilized in the conventional
M2PTFC to validate the control-set reduction (Section 6.2). Fig. 6.12
illustrates the selected voltage vectors and their duties D at different speed
and loading conditions. As can be noticed in Fig. 6.12, both V.1 and V5
are the most frequently selected AVVs under all operating conditions. Even
if other vectors are chosen (circled in Fig. 6.12), their duties are negligible
(D =~ 0), i.e., a ZVV is employed for the entire control sample. Similar
patterns are detected when the machine rotates in the opposite direction,
applying either V.4 or V5. Therefore, the theoretical analysis presented

in 6.2 for control set reduction is feasible even when the spacial harmonics
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Figure 6.13: Steady-state performance of the proposed and conventional M2PTFC while
employing FE-model for prediction at full load. (a) 500 r/min. (b) 3000 r/min. [Simu-
lation results at Ts = 50 us]

effects of the machine is taken into consideration.

Therefore, the proposed M2PTFC method assisted with FE-based pre-
diction model can be used as a control-based torque ripple suppression
technique for IPMSM. To verify that, the steady-state performance of the
proposed M2PTFC is compared with that of the conventional method un-
der different operating conditions, as shown in Fig. 6.13. In both methods,
the flux and torque are predicted using (6.18), (3.14) and (3.12). From
Fig. 6.13, there is insignificant difference between the two methods at low
speed (500 r/min) in terms of torque ripple. However, at high speed (3000
r/min) the proposed method provides lower flux ripple than the conven-
tional scheme, i.e., better balance between the flux and torque control
performances under steady-state operation. These results confirm that the
proposed method can be used for torque-ripple suppression of IPMSM, de-
spite its reduced complexity, if the torque is accurately estimated using

FE-based model.
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6.6 Experimental Verification

In this section, the feasibility and effectiveness of the proposed strategy are
experimentally tested through comparisons with the conventional M2PTFC
scheme (M1 [47]) and two existing simplified methods (M2 [123] and M3
[124]) in terms of control complexity, steady-state behavior, and dynamic
response. It should be noted that M1 is considered as a benchmark because
it evaluates all the AVVs and their duty cycle, ensuring the optimal voltage-

vector selection.

6.6.1 Comparison of Control Complexity

As a criterion of the control complexity, the execution time is directly
measured by the ControlDesk of DS1202 (2 GHz). It includes the time of

the code implementation of stages 1 to 3 illustrated by Figs. 6.5 and 6.6.

As shown in Fig. 6.14, the execution time is 6.96, 9.24, 4.8, and 4.6
ps for M1, M2, M3, and the proposed algorithm, respectively. It indicates
that the computation effort of the proposed method is the lightest, which
is 34%, 50%, and 4% less than those of M1, M2, and M3, respectively. This
reduction is achieved owing to the simple DRM that reduces the control

set to two voltage vectors before the prediction stage.

M1
M2
M3

9.24 s
4.8 us

Proposed 4.6 us
0 0.2 0.4 0.6 0.8 1 1.2
Ezecution time [s] x107°

Figure 6.14: Execution time for stages 1-3 of M2PTFC algorithms.
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Table 6.2: Control parameters of the four M2PTFC methods

Methods Speed (r/min) Control parameters
M 750 fs = 10 kHz, ¢ = 250 N-m/Wb
2250 fs = 10 kHz, ¢ = 640 N-m/Wh
MO 750 fs = 10 kHz, £, = 6.60 mWb
2250 fs = 10 kHz, £, = 9.42 mWb
s 750 fs = 12 kHz, ¢ = 440 N-m/Wb
2250 fs = 16 kHz, ¢ = 110 N-m/Wh

Proposed 750 fs =10 kHz, A = 0.03

2250 fs =11 kHz, A = 0.03

6.6.2 Comparison of Steady-State Performance

The steady-state performances are investigated under the four control al-
gorithms at two different speeds (25% and 75% of the rated speed) and a
constant load of around 1.8 N-m. Figs. 6.15 and 6.16 show the waveforms
of torque, stator-flux amplitude, phase current (I,,), index of the selected
AVVs, duty ratio, and average switching frequency (f,,) from top to bot-
tom. The control parameters (i.e., (, £, and sampling frequency f;) of the
four tested strategies are presented in Table 6.2. They are chosen based on
extensive experiments to satisfy good torque-and flux-control performances
under approximately similar average switching frequencies. For quantita-
tive comparison, the standard deviation is utilized to calculate the torque
and flux ripples. Also, the total harmonic distortion (THD;) of I, is cal-
culated up to 10 kHz using the fast Fourier transform tool of MATLAB

DOWETGUS.

At low speed (750 r/min), it can be noticed from Fig. 6.15 that M1 and
the proposed method provide a roughly similar steady-state performance
in terms of torque and flux ripples and current THD. Compared with M2

and M3, they achieve lower ripples in torque and flux and less current THD
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Figure 6.15: Steady-state waveforms of torque, stator-flux amplitude, stator phase cur-
rent, index of the selected AVVs, duty ratio, and average switching frequency at 750
r/min and 1.8 N-m load. (a) M1, (b) M2, (c) M3, and (d) Proposed method.

by 29%, 43%, and 5% on average, respectively. Both methods select either
Vi1 0r V5 as the optimal AVVs during steady-state operation, confirm-
ing the theoretical analysis presented in 4.3 and proving the effectiveness
of the proposed method despite the control-set reduction before the cost
function evaluation. Although M2 can also select the optimal AVVs, the
discrete nature of its duty modulator causes higher ripples in torque and
flux and current distortions. On the other hand, M3 sometimes selects
V.4 or V5, as can be seen in Fig. 6.15(c). Because these two AVVs
produce high negative torque deviations [see Fig. 4.3], the duty modula-
tor of M3 set D to zero, applying a ZVV for the entire control period.
As a result, M3 produces a higher torque ripple than both M1 and the

proposed method as the ZVV generates higher absolute torque deviations
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Figure 6.16: Steady-state waveforms of torque, stator-flux amplitude, stator phase cur-

rent, index of the selected AVVs, duty ratio, and average switching frequency at 2250
r/min and 1.8 N-m load. (a) M1, (b) M2, (¢) M3, and (d) Proposed method.

than the AVVs (V.41 or V,,2) combined with ZVV. Comparing Fig. 6.15
with Fig. 6.16, it can be observed that the overall steady-state performance
at low speed (750 r/min) under any control scheme is better than that at

high speed (2250 r/min) because of the lower difference between the torque
deviations produced by AVV and ZVV.

At 2250 r/min, it can be seen in Fig. 6.16 that the proposed strategy
keeps selecting the optimal AVVs as those chosen by M1 (i.e., V., and
V.i2). Although it causes a slight increase in the torque ripple by around
5% compared with M1, the flux ripple and current distortions are reduced
by 16% and 2.5%, respectively. Moreover, the proposed method achieves

less torque ripple than M2 and M3 by about 21% and 28%, respectively.
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In terms of flux ripple and current THD, the proposed approach provides
reductions by averages of 20% and 5%, respectively, compared with M2 and
M3. The reason behind the deterioration of the steady-state performance

of M2 and M3 will be further discussed as follows.

For M2, since the flux-control objective is represented by a hard con-
straint defined by the hysteresis limits of the flux amplitude, according to
(6.16) and (6.17), it gives a higher priority for the torque-ripple reduction.
Therefore, V.1 and Vo are chosen as the optimal AVVs, as can be seen
in Fig. 6.16(b). However, with the discrete values of D, (6.15), the hys-
teresis band of the hard constraint need to be big to avoid the instability
that may occur by the failure of both V,,; and V.5 to maintain s within
this band. As a result, the flux ripple under M2 increases considerably, as
shown in Fig. 6.16(b). On the other hand, M3 employs a ZVV for the whole
control cycle instead of V4 or V5 (D = 0) when T,,.. < 0 because of
the lower negative torque deviation that the ZVV produces. However, the
ZVV torque deviation increases significantly at high speed [see Fig. 4.3(g)],
leading to high negative pulsations in torque. Thus, either V1 or V5 is
applied in the next control cycle with long working duration (i.e., D ~ 1)
as the torque deviation produced by them decreases remarkably with the
speed increase. Consequently, the duty regulation of M3 is less effective at
high speeds than that at low speeds, resulting in a high torque ripple, as

shown in Fig. 6.16(c), despite the higher sampling rate.

6.6.3 Comparison of Dynamic Performance

The dynamic torque responses for the four control strategies are also com-
pared, as presented in Fig. 6.17. In this experiment, the machine is driven

in torque control mode with a reference signal of 2 N-m, and the load is set
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Figure 6.17: Comparison of dynamic performances when the reference torque changes
from 2 to -2 N-m. (a) M1, (b) M2, (¢c) M3, and (d) Proposed method.

to around 1.8 N-m. Once the rotor speed reaches 0.5 p.u., the demanded
torque is stepped down to —2 N-m. In Fig. 6.17(d), it can be noticed that
the proposed method can select either V4 or V5 during torque dynam-
ics. Hence, it can maintain the fast dynamic response of the other methods

where the falling time is less than 0.4 ms, as shown in Fig. 6.17.

These comparisons confirm the effectiveness of the proposed strategy
for the simplification of the control complexity and elimination of the need
for a weighting factor while maintaining good steady-state and fast dynamic

performances of the conventional M2PTFC method.
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6.7 Chapter Summary

In this chapter, a low-complexity M2PTFC method without weighting fac-
tor has been proposed for a three-phase PMSM drive. Unlike the conven-
tional method, the proposed scheme assigns separate control objectives for
the processes of duty modulation and cost-function evaluation. Based on
a detailed analysis of the impact of different voltage vectors on the torque
and flux deviations, it utilizes the DRM not only to reduce the torque rip-
ple by applying a combination of ZVV and AVV at every control cycle but

also to achieve more goals, as follows:

1. Ensuring the reduction of the computational efforts by minimizing

the number of candidate voltage vectors to two AVVs.

2. Maintaining good steady-state performance by avoiding selection of
the AVVs that produce high torque deviation during steady-state

operation.

3. Guaranteeing fast torque response by allowing these AVVs during

dynamic state.

4. Simplifying control implementation by eliminating the need for the
weighting factor as the cost-function can be dedicated to achieve the

control objective of the stator flux only.

The proposed strategy can be used as a control-based torque-ripple
suppression technique for IPMSM if the torque is accurately predicted using
FE-based model. The effectiveness of the proposed M2PTFC strategy is
verified through comparisons with prior methods in both simulations and

experiments.
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Chapter 7

Conclusions and Future Works

7.1 Conclusions

Because the 2LL-VSI provides a limited number of voltage vectors in three-
phase PMSM drives, selecting the optimal option is of significant impor-
tance to provide the high-performance torque control required in electrified
transportation applications. Therefore, this thesis has closely investigated
the voltage vector selection in some advanced DTC strategies applied to
PMSM drives and presented solutions to improve the torque performance
in terms of the torque ripple and steady-state error while maintaining the
fast dynamic response. All the presented control strategies have been val-
idated using a high-accuracy simulation of an 80-kW IPMSM prototype

and an experimental setup of a 0.75-kW SPMSM drive.

Therefore, Chapter 2 reviewed the attempts to improve the torque per-
formance for DTC of PMSM in the literature, including ST-DTC with a
modified switching table and online tuned hysteresis regulator, SVM-DTC,
DDR-DTC, MPTFC, and M2PTFC. As it has been shown, DDR-DTC and
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M2PTFC are recommended from the viewpoint of the steady-state and
dynamic performances because they can directly manipulate the converter
switching transitions and apply voltage vector combination at each con-
trol cycle to reduce torque ripple. In Chapter 3, the mathematical model,
simulation system, and experimental setup needed to analyze the torque
control performance of the PMSM drive throughout the thesis have been
introduced. Chapter 4 aims at minimization of torque ripple by first inves-
tigating the impact of each voltage vector on the torque and flux responses
of ST-DTC, and based on that, an FST without hysteresis regulators has
been then presented, which, unlike the conventional tables, considers the
operating conditions for the voltage vector selection. This FST achieved
about 40% torque ripple reduction in the conventional ST-DTC with re-
duced flux ripple, current distortions, and average switching frequency.
However, both the FST and existing ST-DTC strategies can produce sig-

nificant steady-state torque error that reaches 27% of the nominal torque.

To eliminate the steady-state torque error while providing further
reduced torque ripple, Chapter 5 presented a multiobjective DRR-DTC
strategy where the further torque ripple reduction is not only achieved
by regulating the duty ratio but also by artificially restricting the AVVs
that produce high deviations in torque, and the steady-state torque er-
ror is minimized using a virtual reference signal. The effectiveness of the
multiobjective DRR-DTC is experimentally verified, showing its superior

steady-state performance compared to prior DRR-DTC schemes.

Chapter 6 focused on the complexity reduction of the M2PTFC method
that, despite guaranteeing selection of the optimal voltage vector and duty
cycle, it needs high computational efforts for predictions and a weighting
factor to set the importance of different control objectives. The computa-

tion complexity is minimized by preselecting only two-candidate voltage
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vectors based on the torque error. The need for a weighting factor is
omitted by devoting the torque and flux control objectives to the duty
ratio calculation and cost function evaluation, respectively. The simulation
and experimental results have verified that the low-complexity M2PTFC
method did not cause suboptimality in either the steady-state or the dy-

namic performances compared with the conventional scheme.

In sum, as has been verified by the simulation and experimental re-
sults, this thesis has fulfilled the objectives that have been stated in the
introduction by providing overall improvement in the torque performance
performance for DTC of PMSM. Hence, the noise and vibration of the
electric drive system used in electrified transportation application can be
reduced without increasing the control-implementation complexity or de-

grading the fast dynamic performance of DTC.

7.2 Future Works

The following research works are recommended as future extensions to the

DTC strategies presented in this thesis:

e The presented DTC schemes in this work have been only studied when
the motor speed and torque are below the nominal values. Since the
operation beyond these limits is necessary in transportation applica-
tions, especially traction systems, the proposed strategies should also
be capable of controlling the machine in flux weakening region and

when the load torque exceeds the rated value.

e Because this work focus on the torque-performance improvement of
DTC, the voltage replacement strategy is employed in 4.5.2 and 5.3.5

to avoid degradation of the flux control performance during steady-
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state operation. Consequently, the angle o used to define the Sub-
sectors I and 1T in (4.19) is arbitrarily set to 7/12 rad, which cannot
guarantee the optimal flux control performance. Further investiga-

tion can be conducted to determine the optimal value of that angle.

The position-sensorless estimation of the torque and flux has not con-
sidered in this work, and it needs to be investigated for the proposed
strategies to enhance the PMSM drive reliability against sensor faults

and reduce the initial cost.

A three-phase PMSM and 2L-VSI are only considered for this study.
Thus, investigations to extend the proposed DTC strategies for appli-
cation with the multi-three phase machines and multilevel converters
can allow exploiting their advantages, such as fault tolerance capa-

bility and lower current distortions.

The proposed strategies need to be further investigated to extend
the number of employed voltage vector in the sampling period to
more than two, therefore achieving a further enhanced steady-state

performance.

More investigations need to be conducted to extend the multiobjec-
tive DRR-DTC method (presented in Chapter 5) to be applicable
with the IPMSM drives.
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Appendix A

Reference Frames Definition

The modeling, simulation, and implementation of the control scheme of
the electric drive can be simplified by using the proper reference frame
transformation. In this work, two reference frames are used: the stationary

frame (abc or af) and the synchronous rotating frame (dg).

As shown in Fig. A.1, the abc axes are 120° shifted from each other. «
axis coincides with a axis, while § axis is leading by 90°. The dq axes are
synchronously rotating with the rotor. The d axis is chosen to be aligned

with the direction of the rotor magnetic flux, and ¢ axis is leading by 90°.

Figure A.1: Stationary and rotating reference frames of PMSM.
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According to these definitions, the electrical quantities of the machine
(i.e., current, voltage, and flux) can be transformed from abc frame to of
using Clarke transformation (3.3) and from a3 to dq using Park transfor-

mation (3.7).
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Appendix B

Control Performance

Assessment

To evaluate the torque control strategies of the PMSM drive, various perfor-
mance indices are defined in this appendix, which can be determined based

on the captured results from the simulation and experimental system.

The torque ripple (T/) can be calculated using the standard devia-

tion, as expressed by [35]

1

, 1 &
TP — | = Tk — Tav)?  Tav _ — Tk B.1
e m Z( e e ) ) e m ; e ( )

m
k=1
where m is the number of samples, T* is the instantaneous value of torque

at sample k, and 72" is the average value.

A similar approach can be used to obtain the flux ripple (/") after

replacing the torque T, in (B.1) by the stator flux amplitude ).

The steady-state torque error (T ) can be obtained by averaging the

difference between the reference signal 77/ and the instantaneous value of
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torque, using the following expression:
1 - ref
sse = E T (BZ)
m
k=1

The average switching frequency (f,,) is determined by averaging the
total number of switching instants of the three legs of the inverter during

a fixed period [30] that is 10 ms in this work.

The percentage total harmonic distortion (THDy) of the stator phase

current can be expressed as follows [87]:

: 2 . 2 L -2
THD, = Vig ¥’ 4o iy % 100, (B.3)

where iy and i; are the N** order harmonic and fundamental components
of phase current, respectively. THD; is calculated up to 10 kHz using the

Fast Fourier Transform tool of MATLAB powergua.
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