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1. Introduction

Electrical motor-drive systems are the single largest electrical end-use devices that
consume roughly 45% of the global electricity. This attributes to 6040 Mt of CO2 emission,
which is estimated to rise to 8570 Mt per year by 2030 [1]. The mid-size motors with an
output of 0.75 kW to 375 kW attribute the largest proportion of the motor electricity
consumption. Amongst different technologies, induction motor (IM) has been the most
widely implemented technology [1]. However, it is projected to save up to 10% of the
global electricity consumption by replacing this motor with cost-effective motor-drive
systems [1].

In this work, the efficiencies of the designed synchronous reluctance motors
(SynRMs) were studied along with the industrial IM. Since the motor-drive systems are
broadly used in variable speed applications, to study the efficiency of a motor-drive
system, an efficiency map of the system can solely be a trustworthy option to evaluate
the performance of the system. An efficiency map can provide information on the
motor-drive system in various speed and load operating conditions.

1.1 The motivation of the study

SynRMs have been around for almost a century, and there has not been a motivation for
their development in the industry due to the poor performance of the initial designs of
these machines. However, the advent of power electronic devices and the development
of variable speed drives have opened new ground for these machines convincing the
recent studies to dedicate a considerable portion to the development of these
technologies. To realize the importance of studies in different fields of motor-drive
systems, a deep study of the life cycle of the machine is required. Although each phase
of the life cycle of these machines is of importance and requires study, some phases of
the life cycle have a larger share in the source’s consumption and the environmental
effects. Acomprehensive study on the SynRMs in [2] shows the significance of the energy
consumption of the SynRMs in the operation phase and presents a huge gap in the study
to improve the efficiency and the performance of these machines. In addition,
the environmental concerns are more highlighted in the operation phase since the
biggest share of the energy consumption as well as energy losses occur in the operation
phase. Hence, this thesis was motivated by the efficiency and the performance
improvement of the SynRM in the use phase through more sophisticated control
algorithms.

1.2 The objective of the study

The study aims to analyze the performance of the SynRM in the experiment and devise
several control algorithms to improve the efficiency and the performance of the motors.
By improving the performance of the system in the transient state and the steady-state,
as well as increasing the efficiency of the SynRM drive, the thesis aims to save resources
such as electrical energy and prolong the life expectance of the system. Moreover,
the study sets a goal to improve the performance of the system and increase the
robustness against the uncertainties such as load disturbances. To implement the ideas
in real-life, the motor and the drive system were simulated for the initial design of the
proper control algorithm. Several algorithms were simulated, and the results showed a
significant improvement in the motor performance in simulations. Then, an experimental
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setup was designed to implement the algorithms in real-time. Finally, the proposed
algorithms were applied in real-time, and the results proved the performance of the
proposed algorithm in practice.

1.3 The novelties of the study

In this thesis, the motor control algorithms are scrutinized and studied in detail, as well
as the basic and novel control methods in the control engineering field. The various
features and qualifications of the motor drive systems are studied, and the measures to
analyze the qualifications are investigated. Different approaches and techniques to
improve certain features are studied in order to provide a tool for comparison. Finally,
the thesis presents a novel approach in the classification of the motor control algorithms
based on the features that each algorithm possesses. In this classification, the most
well-known motor control algorithms in line with the novel control theories are classified
in terms of the derivation source and the strongpoint in control.

Several approaches are studied to measure the motor parameters for the sake of
control. As an alternative to isolated tests on the motor using DC power supply and
multi-meters LCR meters, an identification algorithm is proposed to identify the system
parameters through the processor, including not only the studied motor but also the
cables and the nonlinearity of the power electronic switches in the inverter.
This algorithm is based on a closed-loop system. In this algorithm, a current regulator in
a synchronous reference frame on one of the direct or quadrature axis is applied to
amplify the command voltage in order to nullify the error signal of the instantaneous
value with the reference value. Then the desired current is achieved by the system.
Having the information of the regulator and the current reference, the motor parameters
such as resistance and the inductances in each axis are identified in standstill conditions.

In this thesis, the conventional vector control algorithm is implemented on SynRM.
To maximize the torque in the motor shaft with respect to the phase current, a control
algorithm was devised to apply a dynamic current reference in the d-axis, which is
obtained from the motor’s model. This algorithm not only increases the torque in the
motor output but also improves the motor performance in the base speed region due to
better exploiting the input current in different axes.

The SynRM’s parameters are highly dependent on the conditions such as temperature
and the input current. Moreover, the SynRM vector control is highly dependent on the
motor parameters. Furthermore, a robust control algorithm is vital to implement to
achieve a desirable performance from the motor drive system. Linear control algorithms
do not present a robust behavior in case of parameters uncertainties and system
disturbance. Hence, in this thesis, a nonlinear control algorithm is proposed and
implemented in real-time to improve the robustness of the control against the parameter
variation in the motor and the disturbances such as load in the system. This method
presents a remarkable improvement in the output torque performance to avoid the
speed from sudden changes in the condition of the load injection to the system.

The torque ripples in SynRM associated with the slotting harmonics are extremely
high, leading to very poor performance of the motor without current control. Apart from
that, direct torque control (DTC) presents high torque ripples because of the
instantaneous regulation of the torque and flux in a stationary reference frame without
any pulse with modulation (PWM) and current regulation and transformation of the
currents in the synchronous reference frame. In this thesis, an algorithm was proposed
to apply synchronous reference frame components in the DTC of the SynRM. In this
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sense, the direct and quadrature components of the motor current in the synchronous
reference frame are applied as the flux and torque correspondents to the switching table.
Hence, the algorithm preserves the main structure of the DTC, including the switching
table and the flux and torque estimation, and augments the transformation block to the
control system to replace inputs to the switching table. Moreover, a duty ratio regulation
algorithm is proposed to dedicate a certain time of the switching period for active and
then apply a null voltage for the rest of the sampling period. The combination of the
proposed algorithms results in a precise current controller, which leads to far lower
torque ripples compared to the classical DTC method.
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2 State of the art of motor technologies and the motor
control methods

This section is based on the publication [Paper 1], and [Paper Il] where the applications
of the SynRMs are investigated in comparison with the conventional motor technologies.
Besides, a detailed study of SynRMs is carried out regarding the performance
characteristics. Then, the motor control methods are studied regarding their structure.
A comprehensive classification of the motor control strategies in terms of the specific
features is presented.

2.1 Motor technologies

So far, the motor technologies have lost the market to their IM counterparts in many
applications such as pumps and fans. This was mainly due to the line-start capability of
IM, which had made it more convenient and affordable to implement in different
industries. On the other hand, the production of the aluminum bars in the rotor causes
a lot of difficulties and costs in the manufacturing lines. Apart from the cost in the
manufacturing stage, the bars cause losses in the rotor in the usage phase, where the
efficiency and reliability considerations are of paramount importance. To be more detailed,
in the IM, the rotor losses have a share of roughly 20% of all losses in the motor [3].
This can not only lead to low efficiency of the motor but also cause some serious damages
to the motor, which makes the motor less reliable. For instance, the high-temperature
operation of the rotor leads to the high temperature of the bearings. As a consequence,
mechanical damages to the bearings gain more probability, which is listed among the
main causes of faults in these motors.

Another motor technology that has dominated traction applications is the permanent
magnet synchronous motor (PMSM) [4], [5]. The PMSM benefits from the magnets inside
the rotor, which empowers the motor with high efficiency, and high torque density
[6]-[8]. However, the back electromotive force (back EMF) issues with this motor
concern some applications like electric vehicles (EVs) in high speeds regions. This issue
has convinced EV manufacturers like Tesla and Toyota to employ the interior permanent
magnet synchronous motor (IPM) in the products [9], [10]. Although the IPM has
fairly solved the back EMF issue, the PMs are still the key element of the rotor.
Neodymium-iron-boron (Nd-Fe-B) and samarium-cobalt (Sm-Co) are the most popular
material among PMSM manufacturers. These materials are mainly rare-earth magnet
elements that have recently seen a dramatic rise in price due to the limited resources
[11], [12]. The availability of the PMs is an undeniable factor in the manufacturing stage
of the PMSMs, which has directed the researchers to study the other alternatives for
these applications. Besides, the faults in the PMs in the usage phase of the PMSM are a
disputable topic that adds to the drawbacks of these motors.

The SynRM introduces a sophisticated rotor structure that distinguishes it from
conventional motor technologies. In this technology, the bars or windings, or PMs are
absent in the rotor. This can not only make the manufacturing process more convenient
(and consequently less production cost) but also lead to the cold operation of the rotor
in the usage phase [13]. Besides, the implementation of this technology is also so
convenient, and the motor is service-friendly in the operation phase.

The SynRM was initially attractive to the researchers on account of the high torque
density that it produces. However, this technology owes its late popularity to the highly
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efficient SynRM drive. Thanks to the cold operation of the motor, higher efficiency is
SynRM has become a hot topic among the researchers as well as the industries [14], [3],
[15]. The motivation of the efficiency topic for motor technologies comes from the
efficiency classes defined by the international energy-efficiency (IE) codes, where the
higher the IE code is, the more efficient motor is mandatory in the industry to be
employed. The efficiency class in the IEC 60034-30 Part 1,2 defines the efficiency classes
to the motors [16], [17]. According to [3], the IE3 efficiency class (Premium class) has
been mandatory for industries since 2015. So far, conventional motor technologies can
meet the requirements for this standard. However, moving from IE3 to higher efficiency
classes such as IE4 or IE5 can severely challenge these technologies. In the meantime,
the newly designed SynRM drives can offer IE5 efficiency class, which provides a bigger
chance for this technology to dominate the market [14]. The high efficiency of the SynRM
decreases the costs for energy consumption of the motor under operation. For instance,
the payback time of an IE4 motor against an IE2 is calculated as 1.6 years in the power
range of 37 kW and 1500 rpm with 8000 annual running [18]. This can convince the
industries to replace their conventional motors with highly efficient SynRM.

SynRM introduces high loadability due to the cold rotor operation, especially at low
speeds where it can be loaded up to 2.5 times higher than the nominal torque [19], [20].
The loadability of SynRM where the high breakout torque in a short time is presented in
[Paper I]. As discussed in the paper, the motor is capable of operation in a wide speed
range by continuous loading without separate cooling. Thanks to the simple rotor
structure and high torque density, the motor presents a smaller size in the same power
range as a motor with a lower moment of inertia and faster dynamic response [21], [22].
One of the topics that have attracted attention in research works towards SynRM
technology is the reliability that this motor offers. SynRM mainly owes its reliability to
two factors. Firstly, the low temperature of the rotor (and consequently the bearings)
under operation lowers the probability of mechanical damages to the bearing, which
have a big share in the faults in electrical motors. Secondly, the lack of cages or PM in the
rotor structure results in less vulnerable components in the structure. As a result, having
less vulnerable components omits the various types of faults in the structure.

On the other hand, some difficulties still challenge the development of the SynRMs.
One of the most important drawbacks of the SynRM is the severely low power factor of
this technology [23]. In SynRM, the saliency ratio defines the power factor of the motor.
In this sense, by increasing the saliency ratio in the design progress, one can increase the
power factor of the motor. In [24], a sophisticated anisotropic design of the rotor
laminations has increased the saliency ratio of the motor and improved the power factor
of the motor significantly. The idea of the study was to apply some cut-offs in the
laminations which control the flux path to obtain a higher saliency ratio. Another obstacle
with the SynRM development is the high torque ripple that this motor inherits from the
interaction between the spatial harmonics of magnetomotive force (MMF) and the rotor
geometry [25]. The high torque ripples of the SynRM result in low performance of the
motor and possibly low efficiency of the motor, as well as the high acoustic noise in this
motor. To address this issue, many research works were carried out in the design of the
motor as well as the control studies [26]—[31]. Recent design solutions have decreased
the torque ripples significantly. For instance, it is claimed in [32] that skewing the rotor
can halve the torque ripples in SynRMs. Also, it is claimed that the asymmetric rotor flux
barriers result in two-thirds torque ripples in the motor shaft. As another example of the
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design improvements, the optimization tools for the rotor design are one of the popular
approaches to suppress the torque ripples in the motor [33], [34].

As an important factor for the traction application, the SynRM resolves the back EMF
issues of PMSM in the higher speeds region and presents a wide constant-power
operation [35]. This is mostly due to the pure reluctance torque of the SynRM with no
magnetic torque. However, it limits the flux density, which is resulted from the high
saturation of the motor. Hence, removing the magnets from the rotor structure sacrifices
the high performance of the motor. The permanent magnet-assisted synchronous
reluctance motor (PMSynRM) addresses this issue with the introduction of a new version
of SynRM with the usage of ferrite PMs in the rotor structure. With the peculiar
characteristics of the rotor and benefiting from the magnetic torque, PMSynRM presents
a competitive choice [36]. The popularity of these motors has experienced rapid growth
among researchers for electrical vehicles (EV) applications [37]-[39]. This is mostly due
to the high performance in with speed range and fulfilling the constant power speed
range requirement [40], [41]. PMSynRM increases the performance of the SynRM while
it avoids the rare-earth PMs in its structure. PMSynRM desirably addresses the power
factor issues of the SynRM where it raises by 10% in low currents and 6% for high
currents. Moreover, exploiting the magnetic torque in line with the reluctance torque
results in a higher maximum torque per ampere (MTPA) of the motor.

On the other hand, adding magnets to the rotor increases the cost for the material as
well as the manufacturing process and the assembling in the production phase. Besides,
the ferrite PMs show far lower performance in comparison with their rear-earth PM.
Also, the possible faults in the magnet can decrease the reliability of the motor under
operation. It is worth mentioning that the costs can also fairly increase in the usage phase
with harder maintenance.

It is worth mentioning that, lately, the manufacturers provide the control possibility
of the drive of IM and SynRM with the identical variable speed drives (VSDs) as in ABB
ACS880 [42]. This potentially provides the same cost for the purchasing of the motor
drive systems of SynRM and IM, but the lower cost in the operation phase and less
maintenance and higher reliability. This possibility presents a viable development base
for the SynRMs.

By skimming through the different SynRM design proposals in the literature, it can be
concluded that the designs can be divided into high-speed and low-speed categories.
In the designs for high-speed applications, the ribs in the rotor design are inevitable for
mechanical considerations to increase the robustness of the structure at high speeds.
This can severely decrease the power factor and the efficiency of the motor. On the other
hand, the ribs can be removed from the rotor in applications where the motor is
employed in low-speed ranges. Hence, very high efficiency and the high power factor of
the motor can be anticipated.

Generally, the SynRM present a decent alternative for the IM in the applications such
as pump and fan on account of its high efficiency, where the PMSynRM can be projected
in traction applications to replace the well-developed PMSM. These motor technologies
are compared in terms of the structure and applications and regarding the advantages
and the disadvantages in Table 2-1. This table aims to investigate the opportunities and
the challenges with the SynRMs to replace the conventional motor technologies in
different industries.
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Table 2-1: A comparison of the SynRMs with conventional motor technologies [Paper I].

Stator and Rotor

Motor Type Structure Sample Different Types Main Applications Superiorities Drawback(s)
e Copper rotor - Low power factor
M yioid e Aluminium rotor Industrial applications + Low cost of material - Hard manufacturing
RN\ ¢ Wound rotor (pump, fan, etc.) + Line-start capability - Highly probable
LY e * Rotor skewing bearing fault
« Interior PM _ _ - Rare-earth material
.y ¢ Surface-mounted Traction, robotics, + Very high performance usage
PMSM - N aerospace, medical, . - Hard manufacturing
/ - \ PM etc. and efficiency and maintenance
f e Line-start PMSM
+ Reliable and highly
efficient due to cold rotor
e Line-start SynRM operation
. Skewed_rotor Industrial applications + High dynamic N - High torque ripple
SynRM ¢ Rotor with + High overloadability - Severe low power
. (pump, fan, etc.) .
/:\\ asymmetric flux + Very high-speed factor
barriers capability
+ Simple to manufacture
and service-friendly
* Rotor skewing
e Asymmetric rotor
PMSynRM el structure Traction applications + High performance - Hard manufacturing
. =, ¢ Different barrier without rare-earth PMs and maintenance
S g [ structure and PM

material




2.2 Motor control methods

Motor-drive systems play a crucial role in many industries regardless of the grid-fed drive
capability of the motors in the variable speed and even constant speed applications. This
is mostly on account of high-performance control of the motors through VSDs. One can
argue that the frequency converter adds up to the cost of these systems. But, considering
the high-efficiency control of the motors that VSDs offer, the initial costs for purchasing
the VSDs will be compensated by the less electricity consumption in the operation time
[43]. The research and development in motor-drive systems are widespread where the
focusses are mainly on three factors [44].

e design on the motors;

e design of the frequency converters;

e design of the control unit.

The conventional motors have been competitively optimized in the industries to
nearly the best capability of them where the emergence of the VSDs directs the research
works towards the new technologies. The design of the frequency converters is mainly
concerned with electronic and power electronic designs and devices where the
performance and efficiency of the package along with reliability are of the largest
importance. The possibility of the digital control implementation on the motors has
provided a vast base for the development of the control unit in the motor-drive systems.
The control unit of the motor-drive systems guarantees high-performance energy
conversion.

The control unit mainly includes the peripheral modules and the main processor.

The peripheral modules include the input and output modules which are employed for
data exchanging. The input modules incessantly capture the data from the system via
transducers in the form of digital and analog inputs. The output modules provide
switching sequences for the inverter’s switches or send signals to auxiliary systems such
as protection systems. As the second part of the control unit, the processor processes
the computations and executes the control algorithms in real-time [45]. Digital control
owes its remarkable flexibility to implement various control algorithms to the processor.
The research in motor control strategies has leveraged the performance of every part of
the motor-drive system in many terms. This section of the chapter surveys the motor
control strategies proposed in the literature. A comparative study of the basic motor
control methods will be carried out, and a comprehensive study and classification of the
different control methods to improve the basic control methods will be presented.
The digital motor control methods mainly employ open-loop or closed control on the
motor. However, as far as the high-performance control of the motors in different
operation conditions is concerned, only a feedback system can guarantee a solid solution
to track the commanded reference.

Among the motor control algorithms in the industry, scalar control is broadly
implemented in many industries [46]. This algorithm simply maintains the air-gap flux in
the motor constant through the control of the stator voltage and frequency
simultaneously [47], [48]. The method owes its popularity to the low cost and very simple
implementation, especially in open-loop control systems. However, various studies in the
closed-loop implementation of scalar control have been carried out in the literature [49].
This method is mainly referred to as the V/f control method with different variations such

as V/VE, V/f2and I-f.
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To achieve higher performance of the control, the industries are seeking to apply
vector control algorithms in VSDs which work with vector quantities. This method
controls the parameters employing the space phasors. Vector control methods are
mainly classified as field-oriented control (FOC), direct torque control (DTC), and
predictive control (PC). Table 2-2 compares the vector control methods regarding the
structure of the control methods. This table investigates the basic control methods in
terms of the control principle and the controlled state-space vector as well as the flux
angle information or the current controller and modulator requirement, the coordinate
transformation, the switching frequency, and the type of the controller. These factors
will be studied in detail in this section for each control method.
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Table 2-2: Structural comparison of the basic vector control methods [Paper 1]

Items

DTC

FOC

MPDTC

MPCC

Coordinates reference
frame

Stationary reference
frame

Synchronous reference
frame

Stationary reference
frame

Synchronous reference
frame

Principle

Stationary voltage
equations

Rotor reference frame
equation

Stationary voltage
equations

Rotor reference frame
equation

Controlled variables

Torque and stator flux

d, g-axes currents

Torque and stator flux

d, g-axes currents

Rotor position

measurement Not required Required Required Required
(estimation)
Current control Without With Without With
Coordinat
cordina 'e Not required Required Not required Required
transformations
Modulator Not required Required Not required Not required
Switching frequency Varies widely around the Constant Varies around the average Varies around the

average frequency

frequency

average frequency

Controllers

Hysteresis controller

Proportional integral
controller (PI)

Cost function optimization

Cost function optimization



2.2.1 Field-oriented control

FOC is one of the most widely applied vector control methods, which presents a
high-performance control of motors [50]. Conceptually, FOC applies two to four
error-driven controllers in cascade to controller the currents, speed, or the position of
the motor. The method transfers the motor currents from the stationary reference frame
to the synchronous reference frame, which empowers the method with a high-resolution
control of the motor currents. In the case of three-phase motors, this method decouples
the motor currents to flux and torque correspondents, which replicates the DC motor
providing a simple and precise control. The method observes the motor currents and
transforms them to the synchronous reference frame. In the meanwhile, the optimum
references of flux and torque correspondent are generated regarding the speed or
position (varies with the control mode). Then the errors between the reference and
instant values of the flux and torque correspondent get regulated by a controller to
generate the correction voltages. Finally, the method applies the command voltages
through the inverter to the motor through a modulator.

Despite the emergence of various control methods, the general trend towards FOC
still is dominant. This is mainly true where the high steady-state performance and high
efficiency of the motor are preferred to the transient response such as mining and steel
industries. Besides, the method offers constant switching frequency, which is critical for
safety requirements in some applications such as EV [51]. FOC has gained popularity on
account of precise current control, which leads to the low harmonic currents and low
torque ripples in the shaft known as high steady-state performance. In addition, the
method is simple to implement and scale to a different motor with marginal changes in
the algorithm, which has resulted in the wide implementation of the method in different
motors’ control.

On the other hand, FOC suffers from some drawbacks which have constantly
challenged the researchers and industries to improve the method or seek other
alternatives. Although the current control in the synchronous reference frame provides
a desirable control of motors, some issues such as the low dynamic of the motor in the
transient status are risen by this concept. Moreover, the current controllers and the
modulation system occupy a considerable portion of the processing, which makes the
method fairly complicated from the processor point of view and the execution time [52].
Besides, the method is highly dependent on the motor parameters (especially in the case
of IM for flux angle estimation), which significantly decreases the robustness of the control.

Two popular approaches to FOC for decoupling the currents are direct field-oriented
control (DFOC) and indirect field-oriented control (IFOC). DFOC estimates the rotor flux
to obtain the angle information, whereas IFOC obtains the angle information through the
mechanical position information, which is obtained by speed transducer. Many research
works have been carried out to address the issue of low dynamics of FOC. Benefiting
from DTC, direct-flux vector control (DFVC) offers a hybrid control method that combines
FOC and DTC by regulation of the stator flux amplitude directly, instead of the flux
correspondent current in the synchronous reference frame. On the other hand, the
method regulates the torque correspondent current. This concept offers a desirable
control for field-weakening (FW) operation where the flux and torque of the motor
require a decouple control [40], [53], [54]. The concern over the low dynamic and
complexity of FOC is overcome by rotor flux-oriented switching table-based control
(RFSTC) [55], [56]. This method replaces the modulation system with a lookup table and
applies two simple hysteresis controllers to provide the error signals for the lookup table.
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2.2.2 Direct torque control

As its name suggests, DTC controllers the torque in the motor directly, meaning that
there is no coordination transforming. The method estimates the instantaneous torque
in the shaft and the flux linkage to compare with the reference values, which are
generated by the speed controller and flux reference generator algorithm. This estimation
algorithm employs the current feedbacks in the stationary reference frame and avoids
the transformation to the synchronous reference frame. Then, the error the instantaneous
and the reference values are simply controlled by the hysteresis controller to generate
the error signals’ sign. The switching table provides the lookup table, which generates
the switching sequence to the inverter’s gate drives based on the error signs and the
sector information where the flux locates.

Thanks to the direct control of the torque, DTC assures a very high dynamic and fast
response in control [57]. This inclines the industries with high transient response
performance requirements to DTC. Besides, the lack of transformation blocks and
complicated controllers, as well as the absences of the complicated modulation system,
make the control process so simple and reduces the execution time for the process
significantly. This leads to lower cost in the processor, which convinces leading
manufacturers to introduce their DTC-based VSDs to the market [58].

On the other hand, the simplifications in the method have led to severe drawbacks
that require deep studies in each field. The direct control of the torque and flux
(the absence of current control and the application of hysteresis controllers intrinsically
results in severely high torque ripples in the shaft [59]. Hysteresis controllers are one of
the main reasons for high torque ripples of DTC, meaning that in each control cycle,
the method opts for the optimized voltage to apply to the motor regardless of the status
of the torque and flux during the sampling period. For this purpose, many research works
have studied duty ratio regulation schemes to avoid the torque and flux to pass the
hysteresis band significantly. This method that is also known as dead-beat direct torque
control (DDTC), estimates the torque which is generated by the application of the
selected command voltage to the motor at the end of each control cycle. Considering the
estimated torque and flux at the end of each cycle, the method applies zero voltage for
a portion of the sampling period. The application of a combination of the active and zero
voltage avoids the torque to pass the hysteresis band and fairly settles the torque and
flux in the band by the end of the cycle. Therefore, the torque ripples, as well as the flux
ripples, decrease significantly. However, the method scarifies the simplicity of DTC by
imposing complicated processes in control. Besides, the switching frequency increases
due to the application of two or more voltages in each sampling frequency. Another
attempt was made in [60] with an overmodulation scheme to amend the shortcoming of
high torque ripples in DTC. As an alternative approach, a reference flux vector calculator
(RFVC) is applied in [61] to suppress the torque ripples in DTC. The RFVC replaces the
hysteresis controllers, which covers the absence of the current controller leading to
lower torque ripples.

Although the switching table in DTC proposes a simple approach to opt set of
switching sequence for voltage application to the motor, it results in variable switching
frequency. In some applications, such as EVs, the manufacturers must provide constant
switching frequency for safety requirements. Hence, many studies have modified the
classical DTC to achieve constant switching frequency. These studies mainly consider the
replacement of the switching table with different modulation methods. In [61], [62],
the application of the space vector modulation (SVM) method is considered, which
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attains a constant switching frequency. Direct torque flux control with SVM (SVM -DTFC)
is studied in [63]. In another attempt towards alternative modulating methods, space
vector pulse modulation-based DTC (SVPWM-DTC) is implemented in [52], [64]. The SVM
and SVPWM methods are compared in [65]. It should be noted that the alternative
approaches for the replacement of the switching table in DTC increase the complexity of
the algorithm, which does not seem desirable for many applications with low-cost
requirements for the processor.

The robustness of DTC is another topic that has attracted researchers’ attention in
recent studies [141]-[143]. The external disturbances such as load and the parameter
variations of the motor are the main concerns in the motor control studies. Especially in
the control of SynRM, the parameter variation is highly likely due to the high flux
saturation condition in the rotor and the high temperature of the stator windings
resulting in stator resistance and inductances variations. To increase the robustness of
the DTC against parameter variations, [57] applies a torque limiting mechanism to modify
the flux reference concerning the torque error sign, reducing the torque reference in the
failure detection condition to achieve successful torque control.

2.2.3 Predictive control

The predictive control (PC) methods have recently opened new ground in the field of
motor control. The concept of this control method is to simply consider different
constraints simultaneously and, with the calculation of the cost function in the predicted
time, select the optimal switching sequences with regards to the motor status in the
instantaneous time.

As this method can consider numerous constraints in the algorithm, high performance
of the control can be achieved. However, the complicated processes add up to the
computation burden, which requires stronger processors compared to the traditional
control concepts [71], [72].

As an alternative for FOC with precise current control, the model-free predictive
current control (MFPCC) is studied in [73]-[75]. MFPCC simply controls the currents of
the motor by detecting the currents and applying the voltages to the motor based on the
deviation from the reference current. Then, in the next sampling period, the variation of
the current will be calculated, and the variation of the current will be estimated with
regard to the application of a certain voltage. Then, regarding the cost function, the
optimal switching status will be chosen. This method proposes the simplest predictive
control method avoiding the motor parameters and back-emf estimations.

By the emergence of powerful microprocessors in the industry, more sophisticated
model-based predictive control (MPC) algorithms have gained popularity among
researchers [76], [77]-[79]. Despite their model-free counterparts, MPC methods take
the whole motor drive systems model into account and predict the future status of the
system by application of the command voltages. The optimal switching states define the
optimal command voltage application in the next sampling period. Model-based
predictive current control (MPCC) is an example of this method which controls the
currents in the motor with a model-based approach to the predictive control with cost
function calculations. Akin to MFPCC, this method proposes current control with high
performance control. In another attempt to predictive control of motors, model-based
predictive direct torque control (MPDTC) is proposed in [71], [66]. This method is an
alternative for DTC where the torque and flux values are the state values and the
command voltage is selected to minimize the cost function achieving the desired torque
at the end of each cycle [76]. This method is also known as predictive torque control
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(PTC). Thanks to the direct control of the torque, this method presents a high dynamic
behaviour where it sacrifices the high steady-state performance [80]. As common for all
the predictive methods, this method imposes a huge complexity to the control process
requiring a powerful microprocessor [81]. The most popular MPDTC is known as finite
control set MPDTC (FCS-MPDTC), considering the discrete nature of the system [82].
This method avoids any modulation system in its structure, resulting in a highly dynamic
and fairly simpler method. However, the torque ripples issue is a critical concern with
this method. On the other hand, continuous control set MPDTC (CCS-MPDTC) employs
modulation systems resulting in constant switching frequency and higher performance
in steady-state.

2.2.4 Novel control theories in motor-drive systems
The need for high-performance and precise control of motors is increasingly growing in
many industries. On the other hand, the traditional control algorithms inherently cannot
respond to the call that these industries have for higher performance. Hence, many novel
control concepts are increasingly being employed in motor control systems. This section
studies the more widely applied methods in motor control.

As an alternative for the traditional motor control concepts, [83] proposes a deviation
model-based control (DevC) which simplifies the motor’s model obtaining the deviation
model through normalization. Then the control algorithm employs the deviation model.
Due to the applied normalized model, the method presents a fast dynamic behaviour
with considerable robustness [84].

Sliding mode control (SMC) is another novel approach towards robust control purposes
[85]. In motor control systems, this method is mainly applied in observers for torque and
flux estimation. In [62], a simple observer based on SMC is applied for the online detection
of stator resistance variation. The method employs SMC in a variable-structure
control-based DTC, resulting in higher robustness of the control. It should be noted that
the method increases the computational burden on the processor.

The traditional approach for control systems that usually consider the system’s model
or define a certain strategy for control has been lately altered by artificial intelligence
theory. These methods can work without any information from the analytical model of
the system. Adaptive neural network (ANN), fuzzy logic (FL), adaptive recurrent fuzzy
neural network (ARFNN) are examples of the artificial intelligence-based control
methods that are widely applied in motor control studies [86]-[89]. These methods can
work with continuous values, which is compatible with physical components leading to
lower cost, higher reliability, and performance in control [90], [91]. The methods provide
a possibility to emulate human deductive thinking, but on the other hand, it requires high
expertise, as well as big data, which makes it less viable for some applications.

2.2.5 Classification of the motor control methods

In this section, an approach is proposed to classify the motor control methods regarding
their type and highlighted features. Figure 2-1 shows the diagram of the classification.
The figure categorizes different motor control methods to scalar or vector control
methods. Then each method is classified into different categories concerning the specific
features that distinguish them from the others. Besides, there are categories of control
methods that benefit from two different control methods, which are classified into
different groups. The motor control methods are shown in a round shape in the figure.
The novel control theories that were discussed in the previous section are presented in
the diagram as a separate category. These methods are applied in some of the control
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methods to empower them with specific features. These methods are depicted in a
rectangular shape in the figure. One factor that distinguishes the classification approach
from the other classifications is the features of control methods. In this figure, the
highlighted qualities that motor control methods can present are shown in rectangular
shapes with different colours. Each colour implies a specific feature. To demonstrate
these specific features of the control methods, a round shape block with the colour of
that feature is attached to the method. The size of each coloured round shape indicates
the merit of the control method from that feature. On the other hand, the lack of one
colour or smaller size of the coloured round shape can be interpreted as a weakness for
a control method in that feature with the specific colour. For instance, DTC acquires
features such as simplicity, high dynamic, high performance in high speed, and
robustness, and the colours correspondent for these features are present in the figure.
It can be deducted from this that the method lacks features such as low torque ripples
and low harmonics and constant switching frequency as the colours of these features are
absent in the method. As an example for improving some features of DTC in the derived
control methods, SVPWM-DTC proposes a method with the colour correspondent to
constant switching frequency. This indicates that the method has modified the DTC
method to obtain constant switching frequency. It should be noted that the size of the
color for simplicity in this method has decreased compared to DTC. This means that
although the method presents constant switching frequency, it imposes some extra
computational burden on the method that results in less simplicity of the method.
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2.3 Section summary

This section shortly surveyed the SynRMs as well as the conventional motors background
and the design developments. The study showed a striking development of SynRM and
a potential dominancy of these motors against IMs in pump and fan applications. Then,
a comprehensive study was carried out to investigate the implemented control
algorithms for the sake of motor control. The basic algorithms were deeply studied and
described. A comparison of the basic control algorithms concerning their structure was
carried out. The study showed a research gap in the robustness increment and the torque
ripple suppression in vector control algorithms. The call for high-efficiency SynRM drives
was recognized as a critical topic in the field, which requires a deeper study in every stage
of the life-cycle, especially in the usage phase. The trends in the motor control studies
were studied, and the improvements in the control algorithms were scrutinized. Finally,
the section presented a novel approach to the motor control algorithms classification
considering the improvements in the conventional control methods and the application
of the novel control theories. Moreover, the classification considers the features of each
algorithm, which can come in handy for the researchers and the industries to opt for a
proper control algorithm based on the requirements that their application demands.
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3 Efficiency map study of the studied motor-drive systems

In this section, a SynRM was studied in the lab along with an IM, and a Permanent
Magnet (PM) assisted SynRM in the same power range and frame size. For this purpose,
a double-layered sinusoidally distributed windings stator with a frame size of 132 M and
a power of 10.5 kW was designed in the lab. Figure 3-1 shows the rotors of the studied
motors. The sketch of the designed SynRMs is illustrated in Figure 3-2. This figure
presents the schematic details about the stator and the rotor structure.

PMSynRM

Figure 3-1: Rotors of the tested electrical motor; from the left: industrial IM, the designed SynRM
and PMSynRM, respectively.

Figure 3-2: The sketch of SynRM (left side) and PMSynRM (right side) stator and rotor structure.

The rotors were assembled to the designed stator and tested under the same
condition. By this, a fair test condition was provided to investigate the performance of
the motors with the same stator and test condition. The tests were designed in two
different categories. Firstly, the motors were tested under no load and constant load
conditions with grid-fed and inverter-fed drives. This set of tests was designed to study
the harmonic behaviour of the whole motor drive systems in the no-load, loaded,
grid-fed, and inverter-fed conditions. Secondly, the motors were tested under ramp load
with variable speed conditions. This set of tests was designed to study the efficiency of
the whole drive system, including the motors in different speed and torque regions.
Figure 3-3 shows the test bench that was designed to study the motor-drive systems.
The details of the setup are presented in [Paper Il].
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Figure 3-3: The experimental setup for performance analysis of SynRM:s.

To investigate the efficiencies of the motor-drive systems in different speed and
torque conditions, a set of tests were designed and conducted in the lab. Accordingly,
the test motors were driven at a certain constant speed starting from 200 rpm to
1800 rpm with the steps of 200 rpm. Then, at each speed step, a ramp load starting from
0 Nm to 60 Nm was imposed on the motors by the loading motor. In this study, to draw
the efficiency maps of the different parts of the system in different speed and torque
ranges, an interpolation scheme was used to estimate the efficiency of the non-measured
speeds.

The inputs of the frequency converter, including the currents and voltages, were
measured by the current transducers and the data acquisition setup, respectively.
The results were registered, and the input power of the system was calculated as
PVSDinput =3V *x1[*cosf,where, PVSDinput denotes the input power of the frequency

converter, V/, and I indicate the phase voltage and currents, and 6 represents the angle
between the voltage and current or the power factor. It is worth mentioning that the
input power of the frequency converter was the grid power output power.

The output voltage and current of the frequency converter were also measured and
registered. With the same definition of power, the output power of the frequency
converter was calculated. It should be noted that the output power of the frequency
converter was fed to the motor, meaning that it was equal to motor input power
(PmOtorinput)' Having the input and output powers of the converter, efficiency was

calculated.

The mechanical output power of the motor (P, ) was obtained by

0toToutput
multiplying the out speed and torque of the motor. By division of the output mechanical
power of the motor to the input electrical power of the motor, the efficiency of the motor
was also calculated. The output data from the speed and torque of the test motors were
obtained by the torque transducer and registered by the data acquisition setup.

To calculate the whole motor-drive systems’ efficiency, the output power of the
motor was divided into the input power of the frequency converter.

Figure 3-4 shows the Efficiency maps of the motors, VSDs, and the motor drive
systems of the IM, SynRM, and PMSynRM.
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Figure 3-4: Efficiency maps of the motors, VSDs, and the motor drive systems of the IM, SynRM, and PMSynRM.

Torque (Nm)

Torque (Nm)

Torque (Nm)

Efficiency of the IM-drive system

80

60

40

20
500 1000 1500

Speed (rpm)

Efficiency of the SynRM-drive system

80

60

40

20
500 1000 1500

Speed (rpm)

Efficiency of the PMSynRM-drive system

60
80

40
60

20 40

20
500 1000 1500

Speed (rpm)



It can be seen from the figure that the efficiency of the motor at a lower speed is
roughly independent of the load, and the motors show fairly low efficiency in this region.
Similarly, regardless of the speed, the motors show far lower efficiency in the low torque
region. In the nominal speed range and the partial load, the motors present their highest
efficiency region. This is an important factor for the industries to consider choosing the
motors regarding their highest efficiency region in all the applications. More specifically,
in the constant speed regions, the highest efficiency of the motors should be considered
to choose the motors.

The figure shows that the designed SynRM presented fairly higher efficiency than
the industrial IM in all of the speed-torque regions of the motors. The highest efficiency
for SynRM was calculated as 91.46 %, which was 1.39 % higher than IM with 90.07 %
efficiency, and this is mostly due to the absence of iron losses in the rotor of the
SynRM while the rotor of the IM operates with a higher temperature. It can be seen that
the SynRM presented a wider range of very high efficiency in the nominal speed
range and the partial load. Thanks to the ferrite PMs, the PMSynRM showed far higher
efficiency than the SynRM, with maximum efficiency of 93.7 %. This is on account of
the magnetic torque, which increases the torque concerning the input current
(consequently the power) of the motor. As a result, for the same input power, the motor
showed higher torque (output power), and the efficiency increased significantly.
This resulted in higher efficiency in all the speed-torque regions. It is worth mentioning
that despite the very high efficiency of the PMSynRM against SynRM (and IM), this motor
is not an economical choice for the applications such as pumps and fans. It should be
noted that the copper losses and iron losses in the stator, as well as the friction losses,
were present in all the motors. On the other hand, the losses in the rotor are absent in
SynRMs.

The frequency converters are highly efficient and do not attribute a large proportion
of the losses in the system. However, the devices are not ideal, and some losses, including
the switching and conducting losses in the switches and the losses in all the devices, lead
to heat in the package. This heat should be dissipated by a fan which adds to the energy
consumption of the system. With a brief look at the efficiency maps of the VSDs of
motors, it can be seen that the frequency converter showed fairly higher efficiency in the
operation of the SynRMs comparing the IM. This can be due to the fairly higher current
in the IM for the same torque, which adds up to the conducting losses in the power
electronic devices as well as the wires and boards in the package. It can be seen that the
VSDs showed higher efficiency in the higher output power meaning high speeds and
torque. This can be due to the presence of constant losses such as the switching losses
and the fan in all the power range and the relatively higher power to loss ratio in the high
output power condition. Consequently, the frequency converter showed higher efficiency
in the higher power ranges.

The total efficiency maps of the motor-drive systems are presented in the figure.
The figures show that the total efficiency maps of the systems resemble the efficiency
maps of the motor. This indicates a significant proportion of the power consumption as
well as the losses of the motors in the system. Akin to the efficiency maps of the motors,
it can be seen that the motor drive systems showed high efficiency in the high output
power range. The IM-drive showed a less efficient drive system compared to the
designed SynRM, which can be interpreted as less power losses and less costs in the
production phase. In a broader view, the SynRM-drive system is more environmentally
friendly in the sense of less electricity consumption which can lead to high CO2 emissions.
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The wider high-efficiency region of the SynRM is also a factor that can be attractive for
variable speed applications. The PMSynRM-drive system showed the highest efficiency,
which was expectable based on the high efficiency of the PMSynRM in all the power
ranges.

3.1 Section summary

The SynRM was assembled along with the IM and PMSynRM in an identical stator to
study the efficiency of the motors in experiments. The efficiency maps were chosen as a
reliable tool for efficiency analysis of the motors in a wide range of speed and torque.
The efficiency of the motors in line with the drivers was studied, and the results showed
that the total systems efficiency map resembled the motor efficiency indicating the
significance of the motor efficiency on the motor drive systems. The PMSynRM showed
a higher efficiency compared to the other technologies. However, it should be noted that
due to PMs, this motor has a higher cost compared to its SynRM counterpart. The SynRM
presented a more efficient motor comparing the IM, proving the claims for a lower
temperature in the rotor and less losses.
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4 Modelling, parameter identification, and vector control of
studied synchronous reluctance machine

This section is based on publication [Paperlll], [Paper V], [Paper V], [Paper VI],
[Paper VII], and [Paper VIII]. For control, this chapter presents different approaches for
SynRM modelling and studies different approaches for parameter identification of the
motor-drive systems. Then, the chapter investigates the classical vector control method
and focuses on the improvement of different aspects of control, including efficiency,
robustness, and torque ripples.

4.1 Synchronous reluctance machine modelling

As the name indicates, the operation of the SynRM is based on the reluctance torque.
In this sense, the changing magnetic reluctance (magnetic resistance) is the source of
torque. In this motor, the stator produces magnetic flux, which flows into the lowest
magnetic resistance in the rotor. With the assumption of the unalignment of the rotor
with the flux, the produced magnetic flux by the stator will tend to flow into the lowest
magnetic resistance. This leads to the production of the reluctance torque in the motor.
As a result, reluctance torque spins the rotor in a certain direction to achieve the lowest
magnetic resistance. This concept of variable reluctance is also known as saliency, which
generates the MMF in the SynRM and rotates the rotor. The alignment of the magnetic
flux with the lowest magnetic reluctance in the rotor is also known as synchronization,
where the synchronous term in the name suggests. In this section, different models of
the SynRMs which are applied for control are discussed.

For the sake of control, the SynRMs are commonly modeled in the rotor reference
frame. The dynamic equations of the motor known as Park’s equations in the rotor
reference frame are presented in this section. The Park’s equations for direct and
quadrature (d, g)-axes fluxes are as below

$ba = Lalg + Qi bqg = Lgiq, 4.1
¢S = ¢d + ¢q/ 4.2

where ¢4 , denote the fluxes in d and g-axes, respectively and ¢; is the total stator flux.
Ly q imply the inductances in d and g-axes, which are different in value due to the
anisotropic design. i; , denote the currents in d and g-axes in synchronous reference
frame resulting from the transformation of the three-phase currents by Park’s transform.
&, denotes the magnetic flux, which is resulted from the PMs in the rotor for PMSynRM.
It should be noted that the magnetic flux in the d-axis distinguishes the PMSynRM from
its reluctance counterpart, where the equations for SynRM solely contain the fluxes
coming from the saliency of the motor. Hence, the magnetic flux is indicated by different
colours, meaning that it is absent in SynRM equations. Since the laminations of the rotors
were identical, the fluxes only differ from each other in the presence of magnetic flux in
their flux equations.
The voltage equations in the synchronous reference frame are obtained as:

Pa

%4 43
dat

Va= Rsig + — welLqlg,

. d .
Vg = Rgig + % + weLgig + w0y, 4.4
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where V,; , demote the voltages in the d and g-axes, respectively. Rg implies to the stator
resistance and w,, is the electrical speed of the motors in rad/s where w, =§ Wy, and

Wy, is the mechanical speed and p is the number of pole pairs. It is worth mentioning
that the d-axis voltage in PMSynRM is independent of magnetic flux, where the magnetic
flux is present in the g-axis voltage equation. Besides, the magnetic flux has no effect on
the voltage in the standstill condition. At a standstill, the voltages in the d-axis for the
motors are independent of the g-axis current. This is true for the voltage in the g-axis,
where it is only dependent on the g-axis current.

The reluctance torque, as well as the power factor, are functions of the saliency ratio.
The saliency ratio can be developed from the equation below

(=14, 4.5

where Cis the saliency ratio.
The power factor equation is defined as below

cos(@) = sin(6),p =90 — 6, 4.6
PF=%=, 4.7
7+1

where @ is the angle between voltage and current vectors in the synchronous reference
frame. This phase lag results in less power factor in the motor, which is desired to be
minimized. 8 represents the flux and current angle which is known as torque angle.
This factor is desired to be maximized to increase the torque and the power factor

T = §p|¢—dq||@|sin(6), 4.8

3 .. .
T = Ep(Ld — Lg)igiq + Gy - 4.9

Both of the motors benefit from the reluctance torque coming from the saliency of
the rotor. It should be noted the magnetic torque is only present in the torque equation
for PMSynRM, which comes from the multiplication of the magnetic flux to the g-axis
current.

The vector diagram of the motors is presented in Figure 4-1. It can be seen that
adding ferrite magnets to the rotor resulted in a bigger torque angle and, as a result,
the improvement of the power factor.

33



chyan\_/I__‘_f ¢PMSynRM

quPMSynRM idq
[

|
|
|
|
|
|
r > d
|

|

quSynRM

Figure 4-1: The SynRMs vector diagram.

Figure 4-2 presents the d-q equivalent circuit of the motors where the fluxes in the
d-axis are different, resulting in different voltages in the g-axis.

Rs Werdq R We+dq

Ly

Figure 4-2: The d-q equivalent circuit of SynRMs.

4.2 Parameters identification

The parameters of the motors are of critical importance for acquiring a more precise
model of the motors. Moreover, the parameters of the motors are widely employed to
define different control parameters not only in model-based control methods but also in
the error-driven control approaches. In this study, two main approaches are presented
to obtain the motor parameters. Firstly, the motor parameters were measured by the
measurement devices in two isolated tests. Then, an approach is proposed using a
microprocessor in a closed-loop to identify the motor parameters along with the inverter
and cables.

4.2.1 Measurements with LCR meters
The first method that was employed in this study was to simply use an LCR meter to
measure the resistance of the phases. This method was initially used to measure the
motor parameters for the motor simulation. In this test, the line-to-line resistances were
measured, as shown in Figure 4-3. The relation of the measured resistance and the phase
resistance was as follows

R = Rypavg/2 . 4.10
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Measuring
terminals

Figure 4-3: Measurement circuit for parameters measurements using LCR meters.

The next step was to measure the motor inductances in the d- and g-axes, which were
employed in the simulation of the motor, as well as the control algorithm. To measure
the inductances with this setup, the LCR meter was set to inductance measurement, and
the measurements were carried out. The inductances in the SynRM are dependent on
the rotor angle as follows

Ly Lms Lims
L(®) = [Lms Ly Lps|+
Lyps  Lins L
cos(2P0) cos(2P8 — 2n/3) cos(2PO + 2m/3)
L, |cos(2P0 — 2m/3) cos(2P6 + 2m/3) cos(2P8) , 4.11
cos(2P8 + 21 /3) cos(2P08) cos(2P0 — 2m/3)

where, Lsis the self-inductance of the stator, and Lmsis the mutual inductance of the
stator. These inductances are independent of the position of the rotor. Apart from these
constant inductances, the saliency of the motor results in variable inductance, which is a
function of Lm (stator inductance) and P (number of pole pairs).

With the transformation of the SynRM parameters to the synchronous reference
frame using Park transform, the inductances in this axis can be obtained from

Ly = Lg — Ly + 1.5L,, , 4.12
Ly =Ls— Ly — 1.5Ly, . 4.13

Measuring the inductances according to the circuit demonstrated in Figure 4-4, the
line to line inductance can be expressed as:

Lsg = 2Lg — 2L, — 3L,,cos(2P6 — 21 /3). 4.14

The inductance of the motor in the synchronous reference frame can be derived by
applying 4.14to 4.12 and 4.13 as
Ld = LAB max/z , 4.15
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Lg = Lap min/2, 4.16

where Lasmaxand Lasmin are the maximum and minimum inductances of the AB terminals
of the motor, measured by the LCR meter, respectively. According to equations 2.15 and
2.16, the inductances in the synchronous reference frame were acquired by measuring
the maximum and minimum line to line inductances while rotating the rotor.

4.2.2 Measurements with DC power supply and current transducer (DC decay test)
In this test, a more sophisticated test design was proposed to measure the motor
inductances in different axes in the synchronous reference frame. The motor terminals
were connected according to Figure 4-4. The test required a precise determination of
phase a. For this purpose, a DC voltage was applied to the terminals to align the motor
to phase A. Then, the motor was locked in this position. With the assumption of the
locked rotor, referring to equation 4.3, the effect of the flux linkage in the voltage was
eliminated. Simplifying this equation, with the application of a step voltage to the
terminals of the test circuit and profile of the current, the d-axis current was obtained as
follows

v _t
i=—(—-e7), 4,17
Rs

where, T = L/R; is the time constant of the circuit. In this test, the g-axis inductance was
measured with the same method considering the voltage equation for in the g-axis and
locking the rotor in this axis. It should be noted that this method could heat and damage
the motor, which was resulted from a long-term DC test and exposure to the high
temperature. This term is more valid when obtaining a wide range of inductance values
that were objected in the current higher than the nominal current.

Measuring
terminals

Figure 4-4: Measurement circuit for DC decay test.

4.2.3 The whole system parameters identification through the controller with
the utilization of the inverter

The proposed methods for the parameters’ identification were limited to the motor
parameters. Apart from the isolated test without considerations of the inverter and the
cables, the proposed methods could not accurately obtain the parameters due to the
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wide uncertainties in the measurement devices and the approximations in the
measurement. Moreover, the motor parameters severely change in different current
ranges. Hence, a comprehensive method is required to calculate the system parameters
with the processor, which considers the nonlinearities of the switches in the inverter and
the cables as well as the variable parameters of the motor in different currents.

This study implements a closed-loop method through a processor to obtain the
system parameters with the utilization of a three-phase inverter. Hence, the parameters
of all the systems in the loop, including the motor, inverter, and wires, were identified.

By converting the real-time variables to the complex variable, equations 4.3, and 4.4
can be simplified. Also, by testing the motor at a standstill, the SynRM voltage equations
can be rewritten in Laplace transform domain as

Vd(s) = (RS + SLd)id(S), 4.18
Vy(s) = (Rs + sLq)iq(s) . 4.19

These equations provide a relation between the voltages and currents of SynRM in
the synchronous reference frame. To benefit from these equations for parameters’
identification purposes, the motor current equations were transformed to the
synchronous reference frame using Park’s transform. Then, a proper set of references in
d, and g-axes were applied to the system to remain the motor in standstill status.
The current errors were regulated by particular Pl controllers to generate the command
voltages in the synchronous reference frame. The generated voltages were transformed
to the stationary reference frame using inverse Park’s transform and applied to the
motor through the inverter. Figure 4-5 shows the block diagram of the implemented
algorithm to measure the motor parameters through the microprocessor.

id"’-’f Wec

Vubc
ia Ry Inverter

Encoder

Figure 4-5: Parameter identification algorithm.

The reference voltages, which were generated by the algorithm as the output of the
controller, were applied to the motor terminal with the application of the inverter and
through wires. Hence, there was a voltage drop on the reference voltages resulting from
the switches in the inverter and the connecting wires. The relation between the
reference voltages and the terminal voltages on the motor can be represented as
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Vam () = Vg (s) + Rysiq(s), 4.20

Vom () = V5 (8) + Rgsiq(s), 4.21

where the R;; and R are the resulting resistances of the wires and the switches in the
d, and g-axes, respectively. Vg 4 , are the terminal voltages of the motor and the V, ; are
the command voltages in the synchronous reference frame. i;, are the measured
current in the d, and g-axes, respectively.

The reference voltages in the synchronous reference frame can be calculated according
to Figure 4-6 as follows

1/. .
Vdm(s) = ; (ld‘ref(s) - Ld(s)) * (Rdwcc + Sdecc) ’ 4.22

Vom(s) = i(iqref(s) — g (s)) * (Rqwee + sLqwe.), 4.23

where the w,, is the bandwidth of the current controller. R, ; are the resistance and L, 4
of the whole system in the d, and g-axes, respectively. For simplification, the constants
can be defined as K,q = Rywee, Kpg = RqWee, Kig = Lawee, Kig = Lqwc.. These
constants will be used in the control of SynRM in the next section.

By combining 4.20, and 4.21 with 4.22, and 4.23, the current equations can be
obtained independently from voltage equations. Hence, the constant parameters can be
easily obtained. The current equations can be written as

%(id‘ref(s) - id(s)) % (Kiq + sKpq) = (Rs + sL)iq(s) + Rasiq(s), 424

f(iqref(s) —iq (s)) * (Kig + 5Kpq) = (Rs + 5Lg)ig(s) + Rysig(s),  4.25

hence,
. Rg+sL
ldref(s) iq(s) = K, d+ Kd sig(s), 4.26
. . Rg+sL
igrer(s) —iq(s) = #s iq(s), 4.27

where R; 4 and Ly, are the resistances and the inductances of the loop including all
components, respectively.

To calculate the resultant resistance of the whole system by the proposed algorithm,
a constant value was applied to the current reference in one of the axes, and a zero value
was applied to the other axis. Employing (the last equation d) and applying K;; = 0,
the relation between the reference current in the d-axis and the measured current can
be rewritten as

ia(s) _ Kpa 4.28
idref(s) SLd+Rd+Kpd. '

A step function was applied to the d-axis current, and a zero value was applied to the
g-axis current. Using (the top equation), one can calculate the d-axis current in the time

domain as
Rg+Kpq

zd(t)_W(l e L ). 4.29
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By the assumption of the too small inductance of the motor compared to the
summation of the resistance and the proportional constant, the steady-state current in
the d-axis can be derived as

. K .
ig(t) = ”"pd laref () . 4.30

RgtK

Finally, by simplifying the (top equation), the d-axis resistance of the whole system
can be obtained as,

_ idref(t)
Rd - WKpd - Kpd' 431

Similarly, the equation for the g-axis resistance can be obtained as

R = iqref(t)K —K

q — iq() rq rq:

4.32

By exploiting equation 4.32 and measuring the current from the motor, and
transforming it to the synchronous reference frame, the resistances in both axes were
measured. It is to note that the K,; was chosen an arbitrary value as large as the
measured current was close to reference current in the steady-state.

To measure the inductance of the whole system in different current ranges, the
equations (deviation equation) can be rewritten by expanding the constant value as
follows

ig(s) _ wcc(Rq+SLg)
igref(s)  Lgs2+(weclq+Ra)s+Rawec’

4.33

Equation 4.33 is a second-degree function of the reference and measured currents in
the Laplace transformed domain. By applying a step function in d-axis reference and zero
value in g-axis and by applying K;; = R w,. for integral constant, the transient state
current equation in the d-axis can be obtained as

icl (t) = iclref (t) + kle_&idref(t) + kze_ytidref(t) ’ 4.34
where
—@ec 1 (1 _Ra
kl - Lg y-6 (Ld 6 )'

_ W¢e 1 Rg
ke = o5 (5~ L),
av 14

5= (weeLg+Ra)—v (WecLlg+Rg)%—4LgwccRy
2Lg

) 4.35

_ (wchd“’Rd)"'\/(wchd"'Rd)z_4deccRd
v = 2L ’
d

An experimental setup was designed to measure the parameter of the systems in
experiments. Figure 4-6 shows the block diagram of this setup, and Figure 4-7 shows the
test bench. The design and implementation of this setup were presented in [Paper VI].
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Figure 4-7: The experimental setup for the control of SynRM.

4.3 Field-oriented control of synchronous reluctance machine

This section aims to provide a base for the control of the SynRM. As discussed in [Paper I],
SynRMs suffer from high torque ripples mainly coming from the slotting harmonics. This
requires precise control of the currents of the motor. Apart from that, the recent
attention on the SynRM is on account of the high efficiency of the motor, which makes
the FOC a promising candidate for the sake of control. To implement FOC on the SynRM,
firstly, the model of the motor was simulated in the Plecs platform. Then, the d-q model
of the motor was controlled by conventional FOC in the simulation. For this purpose,
the motor currents were transformed to the synchronous reference frame. Then, two PI
current controllers were employed to control the currents in the synchronous reference
frame. The regulated signals were transformed to the stationary reference frame to
apply to the motor’s model through the model of the inverter. To generate the g-axis
current reference, an outer speed controller was employed, and for d-axis current,
a constant value was used. Figure 4-8 shows the block diagram of the implemented FOC
algorithm.
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Figure 4-8: FOC of SynRM.

The results of the simulation are presented in Figure 4-9. This figure shows that by
applying a ramp speed reference, the control algorithm applies increasing voltage in the
g-axis. Hence, the g-axis current tends to increase to a certain value. According to 4.9,
and considering a non-zero value of the d-axis current, the torque in the motor shaft
raises to a non-zero value. Therefore, the rotor starts spinning, and the speed of the
motor follows the reference speed. The results showed that the model of the motor was
simulated properly, and the model was functioning. Besides, the performance of the
control algorithm was proved in simulation. Hence, the ground was founded to apply
new algorithms and methods in simulation, leading to faster and less cost in the test
phase for the implementation of the new algorithm.
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Figure 4-9: The simulation results of FOC of SynRM.

In this section, the results of the tests are organized in an identical sequence. In this
sense, in the presented results, la shows the measured phase a current; w is the measures
speed, and the reference speed is presented by w,f; iarepresents the direct axis current
and the direct axis current reference is shown by idref ; the quadrature axis current is
presented as ig, and the quadrature axis current reference is shown by igref; Vg show the
direct and quadrature axis voltages, respectively; 0,, is the mechanical angle of the rotor.
The simulated algorithm was implemented in real-time in the experimental tests. For this
purpose, rapid control prototyping was applied using Plecs RT Box 1. The design of the
experimental test bench was described in detail in [Paper VI]. Figure 4-10 shows the
experimental results of the FOC of the SynRM. The results show that the experimental
results match the simulation results meaning that the simulation results are reliable.
Hence, the base was founded for implementing the algorithms in simulations rather than
real-time implementation. This resulted in less cost and time and more safe tests for the
control algorithms implementations. Since the results were in good agreement,
the simulation results for the rest of the tests were neglected, and only the experimental
results will be presented.
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Figure 4-10: The experimental results of FOC of SynRM.

It should be noted that there were marginal differences between simulation and
experimental results. One of the most important factors was the flux angle calculation.
Since the FOC algorithm highly relies on the flux position information, this value is of
paramount importance. The flux angle was calculated through the model’s equations
resulting in very precise information of the flux position. On the other hand, the flux
position was obtained using the incremental encode. Section 4.2.3 described the
adjustment of the encoder output to acquire precise information from the encoder.
It should be noted from Figure 4-11 that there was a spike in the speed output resulting
in a spike in the other parameter. This resulted from the noise in the encoder output.
To address this issue, the differential output of the encoder channels was measured to
remove the noise from the encoder output, and in the rest of the tests, the noise encoder
output was avoided.

To analyse the performance of the implemented algorithm, a step load was applied
and removed in steady-state to the motor. Figure 4-11 shows the experimental results
for loading and unloading the motor in steady-state. The figure shows that by applying
load in the time of 1.5 s, the algorithms increased the g-axis voltage and decreased the
g-axis voltage. By this, the current in the g-axis saw a rapid change and the current in
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d-axis roughly remained constant. According to equation 4.9, the increment in the g-axis
current along with the constant parameters and d-axis current resulted in higher torque
in the motor. Hence, initially, the motor speed dropped to a lower value than the
reference speed. Then, with a good dynamic, the motor produced more torque and
dominated the injected load resulting in the compensation of the higher load in the shaft.
Therefore, the motor speed followed the reference speed, and the motor ran in the
steady-state with the same speed but higher torque, meaning higher current in the
motor windings. In the second phase of the test, after reaching the steady-state, the
injected load was removed from the shaft in the time 6.7 s. Since the motor was under
load, the produced torque was high, and by removing the load from the shaft, the motor
started to speed up, resulting in higher speeds than the reference speed. Then, the
control algorithm increased the d-axis voltage and decreased the g-axis voltage leading
to a decrement in the g-axis current. Consequently, the torque in the motor dropped,
and a good dynamic motor speed followed the reference speed. It should be noted that
the current in the winding was smooth, meaning that the slotting harmonics in the phase
current were removed by properly regulating the current in the motor.
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Figure 4-11: Loading test of FOC in the experimental setup.
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One of the extreme conditions for the motor drive systems is the step response of
the motor. When the motor speed reference sees a sudden change, the derivation of the
speed tends to increase to an infinite value. According to the mechanical equation of the
motor, the torque in the motor tends to be infinite, which is an extreme condition for
the motor. This control algorithm should be designed in a very precise way to avoid this
condition and control the motor speed. This test was conducted in the experiments, and
the performance of the control was analysed. Figure 4-12 shows the step response of the
control at different speeds. The figure shows that by applying step reference to the
motor, the current in the g-axis saw a rapid raised as a result of a sudden increment in
the g-axis voltage. Then, the motor speeded up to a speed higher than the reference
speed. Then, the motor followed the reference speed, and the current in g-axis dropped
to a lower value near zero due to the no-load condition of the test. The motor showed
similar behaviour in the downward step speed change where the motor showed an
undershoot in the g-axis voltage and current. Consequently, the motor speed saw an
undershoot and recovered to the reference speed after a short period. It is worth
mentioning that at the beginning of the control, the flux position was not recognized
since the correct information of the flux depending on the index pulse position from the
encoder. It can be seen from the rotor position graph that in the time 1 s, the index pulse
was received, and the flux position was corrected. Then, the control was properly carried

out with correct flux position information.
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Figure 4-12: Speed step response of FOC in different speeds in the experimental setup.

46



4.4 Maximum torque per ampere control strategy for synchronous
reluctance machine

One of the key specifications of the SynRM, especially in the speeds below base speed,
is the high efficiency of the motor. One of the approaches to improve the efficiency of
the motor in the base speed region is to reduce copper losses. For this purpose, it is
essential to maximize the torque concerning the phase current of the motor. This
algorithm is commonly known as the MTPA algorithm. The MTPA operation is essential
for the efficient operation of the SynRM in the base speed region. Besides, the desirable
performance of the motor can only be obtained by the MTPA operation of the motor.

To obtain the MTPA operation of SynRM, the torque equation of the motor is
considered. The current of the motor should be controlled to achieve the optimum
torque angle. As the FOC provides a decoupled control on the currents in the
synchronous reference frame, it is convenient to generate the desired current references
in this frame. For this purpose, the current angle in the d,q reference frame is defined as
y. The maximum of the torque equation can be obtained by calculating the derivative of
equation 4.9. The torque equation 4.8 as a function of the current angle can be rewritten
as follows.

ig = Lsiny 4.36
iq = Iscosy 4.37
T, = %p(Ld — L, )I2sinycosy 4.38

The derivative of the torque equation is as calculated as follows

dar, _ 2p(La-Lq)

2
o 5 .2.15cos2y 4.39

In the maximum torque, the derivative of torque should be equal to zero. Hence, to
achieve the optimum current angle in which the torque is maximum, the derivative is
considered as zero.

‘Z—:’e =0 = cos2y = 0= cos2y = c0s90° = yyrps = 45° 4.40

This current angle governs the optimum control of the current in the synchronous
reference frame. To implement this algorithm in the FOC, the g-axis current reference
should be obtained by the speed regulator, and then the angle between the d and g-axis
current should be governed using equation 4.40.

It is to be said that this MTPA algorithm can provide the optimal performance of the
motor under certain circumstances. For instance, in the condition of iron saturation,
the rotor will show different behaviour where the inductances will vary from their initial
values. In that case, different inductances should be considered in control. Apart from
that, by increasing the current angle more than the MTPA value, the power factor will
increase according to equation 4.6. Moreover, a big portion of the losses in the motor
results from iron loss which needs a deeper study on MTPA operation, and a trade-off
between copper loss (which is minimized by the MTPA algorithm) and iron loss should
be carried out.

To evaluate the performance of the proposed method, the motor was driven by
conventional FOC, and the control algorithm was switched on the MTPA algorithm.
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Figure 4-13 the results of the test. The results show that by applying the MTPA algorithm,
the currents in the d-q axes decreased significantly. The peak-to-peak current in classic
FOC was 5.9 A which dropped by 2.8 A to 3.1 A with applying MTPA to the algorithm.
As a consequence, for the same loading condition, the controller injects far less current
in the stator winding resulting in less coper losses in the motor. It should be noted that
by optimized control on the motor, better performance in terms of the currents,
voltages, and speed was achieved when it comes to less ripples and distortions.
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Figure 4-13: Applying the MTPA algorithm in the experimental setup.

To analyse the performance of the control in different scenarios, firstly, the speed
direction change was tested in experiments. For this, the motor was driven in the
opposite direction in a steady state. The reference speed was changed to a positive value
employing a ramp reference. Figure 4-14 shows the results of this test. By changing the
motor rotation direction, the voltage and current in the d-axis recovered to the initial
steady-state value after a short transient period when the motor was changing the
direction and speeding up to the constant reference speed. On the other hand, the
control algorithm applied positive voltage and current values replacing them with
negative values resulting in positive torque instead of the negative torque to the motor
shaft. Consequently, the control algorithm could change the direction of the rotation of
the motor and follow the reference speed. It is to note that the current frequency
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dropped to zero for a period when the speed dropped to zero. This can be seen from the
position of the motor where the encoder showed a constant speed value in the output
of the shaft.
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Figure 4-14: Speed direction change experimental results.

To analyse the performance of the implemented algorithm in step response condition,
a set of step references to the speed reference in different speeds in upward and
downward directions. Figure 4-15 shows the results of this test. The results show that
the algorithm presents a desirable performance with a good dynamic following the
reference speed in a short period with a marginal overshoot and undershoots. It is worth
mentioning that the motor speed followed reference speed and all the applied speeds,
including zero speed where a DC current was injected to keep the speed zero. Regarding
the currents, it can be seen that the motor saw a sudden change in currents in the step
time, and after the transient time, the motor speed followed the reference speed, and a
steady-state was achieved. The stator current was smooth sinusoidal, and the slotting
harmonic current was properly regulated.
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Figure 4-15: The speed step response of the experimental implemented MTPA algorithm of SynRM
in different speeds, including zero speed .

4.5 Field-weakening operation of synchronous reluctance machine

As discussed in [Paper 1], in speeds higher than base speed, the speed induced voltage
(back EMF) will dominate the motor input voltage. This disables the controller to inject
current to the motor through the inverter, which avoids higher speed achievement in the
motor shaft. Besides, the back EMF grows higher than the DC link, which can result in
severe damages to the inverter resulting in lower reliability of the system. To address
this issue, the controller drops the flux in the motor leading to less back EMF, and the
speed can rise to even higher values.

In the control of the SynRM, there are limits for currents and voltages in d, g-axes, which
should be considered. The limits are as follows

Vimax = de + qu, 441
I pax = i + 12, 4.42

where V; o @and I 4, are the maximum phase current and voltage, respectively.
Ve max = % where V. is the DC-link voltage of the inverter.
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Field-weakening operation point can be obtained by the voltage limit consideration
of the motor at higher speeds than base speed. In this way, an optimum angle of the d
and g-axes current should be governed in control to meet the voltage limits leading to
lowering the flux in the motor to dominate the speed induced voltage by the input
voltage of the motor. With the assumption of high speed, the resistance voltage drop can
be neglected with a comparison with the speed induced voltage. Besides, the derivative
term can be omitted, assuming the steady-state operation of the motor. Hence the
voltage limit equations can be rewritten by a combination of 4.3 and 4.4

Vszmax = (weLqiq)Az + ((L)ngid)AZ. 4.43

Considering the equation 2.37

Viinax = w?I3 (L5 cos?y + LG sin?y), 4.44

Vinax = 0?13 (L5 (1 = sin®y) + Ly sin®y) , 4.45
.5 Vinax—wil3I?

sty = wgl_g(L%i—Lé) y 4.46

y = sint |Lmavelgl 4.47

—
WZIF(Lg-Lg)

Equation 4.47 provides the optimum angle of the currents in d, g-axes at speeds
higher than base speed. Using this equation, the reference currents for d and g-axes will
be generated. It should be noted that the algorithm for reference current generation
differs from each other in different speed regions.

4.6 Robust vector control of synchronous reluctance machine
employing an adaptive disturbance rejection controller

Novel digital control methods for electrical motors can be categorized into error-driven
and model-based technologies. Although the modern-based motor control methods
have proved high-performance methods, the trend towards vector control (which is an
error-driven technology) has not yet been dominated by the model-based methods.
The concept of transformation to the synchronous reference frame and simple
application of the voltage vector to the motor through modulation blocks and, more
importantly, the control on the current have increasingly raised high demand for this
popular method in the industry. The vector control provides the possibility of the control
of a three-phase AC motor with a DC motor control concept having a comparable
performance of the motor.

On the other hand, FOC utilizes classical Pl controllers leading to lower performance,
especially in the transient state compared to the model-based methods. The PI
controllers have been around for almost a century and have dominantly developed in
various industries. These controllers proposed a simple control concept in the analog
control era that later was widely employed in digital control systems. Despite the analog
control systems, the newly designed microprocessors have enriched the digital control
systems of opportunities that convince the industries to investigate more sophisticated
controllers for their feedback control systems. The Pl controller is inherently inadequate
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for the raised demand for high efficiency, high dynamic, smooth transient profile, and
robustness in the feedback control systems. The existing Pl controllers mainly suffer from
four general drawbacks. Firstly, they lack any control on the input setpoint resulting in a
poor dynamic of the control, especially in step function inputs that result in a sudden
jump. Secondly, the linear combination of the proportional and integration does not
produce the optimal control law. Thirdly, the integral term in the controller can cause
saturation resulting in reduced stability in the system. Finally, the controller does not
facilitate the system with any noise tolerance tracking differentiator. In motor control
systems, the main drawbacks of the PI controllers come from the lack of adaptability to
the parameter mismatch or variation due to temperature change in the operation.
Additionally, the recovery period of the Pl controller is long, which degrades the
performance of the control system in the presence of the load disturbance. There are
numerous studies around online parameters identification methods in motor control
methods to compensate for the variations of the parameters in the motor [92].
Nonetheless, the slow dynamic and low accuracy of Pl controllers remain severe
challenges. Besides, the parameters in the motor highly depend on each other, which
requires complicated systems for online parameters estimation leading to a high
computation burden on the control. Hence, many alternatives have been advised in the
literature to replace the traditional Pl controller, mainly to improve the robustness,
rapidity, and accuracy of the control systems.

Among the modern error-driven controllers, adaptive disturbance rejection controller
(ADRC) has proved an accurate and high dynamic controller that offers a high tolerance
to uncertainties and disturbances in the system [93]. This sophisticated yet simple to use
controller provides a nonlinear feedback control resulting in a precise control law
generation. The other superiority of the ADRC against other controllers is the applied
nonlinear differentiator on the setpoint, which generates a transient profile to avoid
sudden jumps, especially in the step references. Last but not least, the ADRC estimates
and then rejects the disturbances in the system using an extended system observer,
leading to higher robustness of the systems.

In this study, the outer speed controller in the cascade control of the SynRM was
substituted by a nonlinear controller based on a first-order ADRC. The controller was
mainly designed to enrich the control with robustness against the load disturbances. To
do so, the states of the controller were extended in one order through an observer to
estimate not only the system state but also the disturbances. Hence, by imposing a load
on the system, the observer estimates the disturbance, and an appropriate control law
generation recovers the system state in a short time avoiding high overshoots and
undershoots in the speed output of the system. Moreover, a non-linear differentiator
was employed on the reference value resulting in a smooth speed output of the system,
especially for the step reference values. Figure 4-16 shows the block diagram of the
implemented non-linear controller for the speed control of the motor. In the rest of this
chapter, the control method will be described in detail. Firstly, the transient profile
generator will be discussed. Then, the extended state observer will be investigated to
estimate the states, as well as the disturbances. And finally, the nonlinear system error
feedback controller will be determined to generate the control law.
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Figure 4-16: The block diagram of the ADRC of speed.

One of the main drawbacks of the Pl controller as a speed controller is the lack of a
nonlinear control on the reference value, meaning that the error signal is directly
generated by comparing the reference and the instantaneous speed value. This issue
causes a severe problem in the output speed of the motor. Especially, a step reference
can servery cause sudden changes in the output with a dramatically high overshoot.
Apart from the sudden changes in the reference speed, Pl has no control over the noise
of the system. To smoothen the output speed of the motor with change in the reference
speed and filter the noise in the system, a nonlinear algorithm was employed as follows

x;(n+ 1) =x,(n) + s.x,(n), 4.48
x,(n+1) =x,(n) + s.NF(x;(n) — r(n),x,(n), g, ), 4.49

where r(k) is the reference speed. x; (k) is the output of the nonlinear differentiator on
the reference speed and x,(n) is the derivative of x; (n). s is the step size of the speed
controller. g is the growing rate coefficient of reference speed which directly defines the
speed of convergence of the x; (n) to the r(n). f are the filtering factor in reducing the
noise in the system. NF is a nonlinear function of the error between the reference speed
and the output of the nonlinear differentiator as well as the differentiator of the output,
the nonlinear differentiator, and the constant parameters. This function is given as

220, la(m)| < g.f

NF (my(n), x,(m),n, f) = — g , 4.50
g.sgn(a(n)), l[am)| > g.f
where, m;(n) = x;(n) — r(n), and
x,(n) + 2822 |y ()| > g. f2
a(n) = Y 4.51
X () + ==, Iyl < g.f*
and

ap(m) = (g% f* + 8glymyz 4.52

ym) = x:(n) + fr,(n).

The robustness increment was the main motivation for the implementation of this
control algorithm. Thanks to the extended state observer, the implemented nonlinear
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algorithm was capable of estimating the disturbances in the system. This empowered the
control algorithm to remain the performance of the control despite the uncertainties and
disturbances. To introduce the extended state observer, firstly, the motor's mechanical
equations will be presented. Then, the observer will be defined to extend the states in
one order.

Based on the mechanical equation of the SynRM, the torque-speed relation can be
written as

T,—T =j5% 4.53
w = (T, — T)/J. 4.54

Considering the torque equation in the motor, by combining the equations of 4.54
with equation 4.9, the derivative of the mechanical speed can be obtained as follows

3 ..
=p(Lgq—L, =T
o = 2PUarta)lale"TL 4.55
j
where T; is the load on the motor, and j denotes the rotor’s moment of inertia.

The disturbances and the motor parameter constants can be defined as follows

D(t) = —TLJ—” 4.56

C= %p(Ld — L), 4.57

where D(t) can be considered as the disturbance in the system with direct relation to
the imposed load by the coupled motor. C is the constant that directly relates to the
motor’s parameter, which can vary under certain circumstances. Hence, the speed
equation can be written as follows

w = C *igig + D(t). 4.58

To compensate for the load disturbances or the uncertainties in the parameters of
the system, an observer can be defined as

e(n) = z;(n) — y(n)
zz(n + 1) = z;(n) + s.(z,(n) — B;.NEF (e(n), a,8) + bu(n)), 4.59
z,(n + 1) = z,(n) — s.B,NEF (e(n),a,d)

where z;(n) are the system state estimation and the extended state z,(n) is the
disturbance estimation. y(n) is the motor speed which is considered as system output.
e(n) represents the error between the systems state estimation and the output of the
system. The constant parameters of a, §, 8, and 3, are adjustable and can be tuned to
optimize the performance of the control. In this system, the nonlinear function NEF is
represented by

le(k) Psgn(e (), le(m)| > &

NEF(e(k),a, 5) = e(k) |e(n)| <5 . 4.60

sl—a’

The nature of nonlinearity of the implemented ADRC provides the opportunity for the
proper control on the control states, as well as the reference input and the disturbances.
Hereafter, a nonlinear function will be defined to produce the control law to the systems.
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In other words, exploiting the output of the nonlinear differentiator for the transient
profile generator and the output of the extended state observer, a nonlinear system
error feedback is employed to give control to the system. The control function is
represented by
er(n) = x(n) — z;(n)
uy(n) = P3NEF (e;(n), ay,6,), 4.61
u(n) = up(n) — z,(n)/b

where u(n) is the generated control law for the systems and ay, f3, b, and §, are
adjustable constant values in the system that are tuned to have the optimal solution for
the control. It is to be noted that the NEF function governs the control similar to the
nonlinear function in the extended system observer. The constant of a; is in the range
between 0 to 1 and S5 defines the dynamic performance of the system. Since the output
control law In this controller is the current in the g-axis, increasing f; leads to faster
convergence of the speed to the reference speed by increasing the g-axis current.
It should be noted that the MTPA algorithm was employed in this system resulting in a
higher d-axis current application in case of disturbances in the system. It is worth
mentioning that too large 5 can lead to high overshoot and divergence of the control
function.

In this study, the constant parameters were adjusted intuitively by hit and trial.
a could be defined in the range between 0 to 1, where the smaller value for this
parameter would lead to the higher capability of the disturbance estimation. § defines
the width of the linearity area. f; and 3, directly relates to the dynamic of the method
where f3; defines the dynamic performance of the system state estimation and S,
defines the dynamic performance of the disturbances. However, opting for too large
values can lead to the divergence of the estimated values and the states. These
parameters can be further optimized by using optimization methods such as particle
swarm optimization or the Taguchi method.

The proposed algorithm was initially simulated and applied to the model of the motor
in simulation. Then, the real-time implementation of the algorithm was carried out in the
experimental setup. Figure 4-17 shows the results of the implemented non-linear
algorithm on SynRM. A ramp function was applied as a reference speed to observe the
behavior of the motor with the implemented algorithm. The results show that the motor
current increased concurrently to impose a positive torque on the shaft resulting in the
rotation of the motor in the positive direction. This resulted from the d,q-axes voltage
application by the inverter to the motor. The speed profile shows that the motor speeded
up to the reference speed where the constant speed was commanded to the motor. Then
in the steady-state, the motor followed the reference speed and the currents and
voltages in both axes fairly remained constant with negligible ripples. It can be seen that
the phase current was nearly sinusoidal, indicating a proper control on the current and
high performance of the control.

55



Stator input line currents

o

_F T A T T T - ‘»\ ‘\ ’ /\\ =
2 LN VA DA AW AAAANY
0 1 2 3 Z 5 6 7 8 9 0
Time(s)
Rotor speed

I
0 1 2 3 4 5 6 7 8 9 10
Time(s)

w (rad/s)
T T
| |

é €

D-axis current

~ 4 T T T T T i

.. d

=0 | I I I I I I I I ol
0 1 2 3 4 5 6 7 8 9 10
Time(s)

Q-axis current

- 4C T T T T i

| I I | I I I I | 7
0 1 2 3 4 5 6 7 8 9 10
Time(s)

D, Q-axis voltages
Z 4 T T T

o | I | | I | I I I ]
> 0 1 2 3 4 5 6 7 8 9 10
Time(s)

Rotor position

T \4 y
/ / /
N/ / /
avavawi // N/ // [/
/ /1) 1/
L / /’ T Sy
| | / VY \L/

fm(rad)
oN B~ O
T

Time(s)
Figure 4-17: The experimental results of ADRC of SynRM.

The nonlinear algorithm was mainly proposed to increase the robustness of the
control against the load disturbances. To evaluate the performance of the motor in the
loading condition, a set of tests were designed to compare the method with the classical
Pl controller. In this sense, a step load was injected into the motor in the same condition
for both of the methods, and the speed output of the motor was profiled in the tests.
Figure 4-18 shows the experimental results of the loading for both the Pl and ADRC
methods with constant speed reference. The figure shows that the ADRC algorithm
showed far more robustness against the load disturbance in comparison with the Pl
controller. To be more detailed, by applying a step load to the motor in both algorithms,
the motor speed in the Pl algorithm dropped to 48.5 rad/s from 52.3 rad/s, where the
speed roughly dropped to 51.9 rad/s in the ADRC algorithm. This can be interpreted as a
7 % speed drop in the speed in the Pl algorithm compared to only a 0.8 % drop in the
speed response of the motor. Apart from the undershoot in the speed output, the
recovery time was by far less in the ADRC algorithm compared to the Pl algorithm. In the
ADRC algorithm, the speed reached the steady-state in 0.6 s where the recovery time for
the Pl algorithm was roughly 2.5 s meaning that in this particular test, its recovery period
was more than four times bigger for Pl in comparison to the ADRC algorithm.
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Figure 4-18: Loading test of Pl controller and the ADRC method in the experimental setup.

A similar test was designed to assess the robustness of the implemented algorithm
against the disturbance load. To do so, the motor was under load, and at a certain time,
the load was removed from the motor leading to a sudden increment in the motor speed
output. Figure 4-19 shows the results of the unloading test under the same conditions
for Pl and ADRC control. It can be seen that the speed in the motor with Pl controller
raised from 52.3 rad/s to 56.7 rad/s, meaning 8 % of the reference speed. However, the
motor raised only to 54.2 rad/s, meaning 3 % of the reference speed.
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Figure 4-19: Unloading test of PI controller and the ADRC method in the experimental setup.

It can be concluded that the proposed algorithm showed a desirable performance in
control. More specifically, the algorithm showed by far more robust against the load
disturbances resulting in higher performance of the motor in comparison with the PI

controller.
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4.7 Torque ripple suppression in the direct torque control of
synchronous reluctance machine

As discussed, SynRM severely suffers from high torque ripples. Similarly, the DTC-based
drive systems face a severe challenge when the high torque ripples are concerned.
Having said that, the DTC-based SynRM drive systems require a deep study to suppress
the torque ripples in the shaft. A detailed study was carried out in the second section on
the torque ripple reduction techniques. This section proposes a method to reduce the
torque ripples in the DTC of SynRM using the FOC concept and duty ratio regulation
concept.

4.7.1 Direct torque control of synchronous reluctance machine

As its name suggests, DTC directly controls the flux and torque generating voltage vectors
by switching table. Figure 4-20 shows the block diagram of the DTC of SynRM. In this
method, simple hysteresis controllers provide the flux and torque error sign for the
switching table. Along with the error signs, the estimated flux sector information is also
utilized in this lookup table to simply generate the voltage vectors with no need for
modulations. Figure 4-21 shows the voltage vector of the switching table using a
three-phase inverter. It can be seen that the lookup table generates six active voltages
and three null voltages. Table 4-1 presents the switching table in the DTC of SynRM.
The switching table generates the voltages considering the flux position sector and
two-level flux error sign and three-level torque error sign.

On the other hand, the hysteresis controller and switching table-based control lead
to high torque ripples in the motor shaft. Moreover, the lack of control on the current
deteriorates the performance of the control, especially in SynRM, due to the presence of
the severe slotting harmonics.

Torque hysteresis controller

ATe
Vabe | /3
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- SynRM

Flux hysteresis controler
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Torque an Vabo labe
estimation
Speed controller w
e,
‘ £ w*

Figure 4-20: DTC of SynRM.
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Figure 4-21: The voltage vectors- active voltages (V_(1...6)) and the zero voltages (V_7 (000), V_8 (111)).

Table 4-1: The switching table of conventional DTC.
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4.7.2 The proposed method

As discussed earlier, in the literature, the research works focus on the modification or
replacement of the switching table with different modulation techniques for torque
ripples reduction. Another popular approach is to replace hysteresis controllers with
other controllers in DTC to amend the shortcoming of high torque ripples.

This study aims to reduce the torque ripples in the DTC of the SynRM by changing the
input voltages rather than modification or replacement of the controllers or the
switching table. For this purpose, the FOC concept was borrowed to transform the flux
and torque of the motor to their d- and g-axes in the synchronous reference frame.
By this, more precise inputs were utilized in the switching table to generate the voltage
vector for the control purpose. The correspondent currents for torque and flux are
described as

{Te *la 4.62
A X iy

Moreover, a duty ratio regulator technique was employed to suppress the torque
ripples further in the shaft. Figure 4-22 shows the block diagram of the proposed method
that reduces the torque ripples in the motor shaft, and it can be seen the method
preserves the structure of the method by changing the inputs of the hysteresis
controllers.
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Figure 4-22: A proposed method for SynRM control.

Table 4-2 presents the switching table for the proposed method. It can be seen that
the switching table preservers the conventional structure by changing only the inputs of
the lookup table.

Table 4-2: Switching table of the proposed method for DTC of SynRM.

€ O 0,16, ]65]6,]6s] 6,
e =1] e =1 |V | Va |Va|Vs|Vs| W,
e, =0 |V [ Ve |V [V |V | Vg
e =—1 | Ve |V, | Vy | V5|V, | Vs
e, =0 e =1 | Ve |V, [V |Vs| W | W
e =0 | Ve |Vy [V |V Vsl Vs
eu=—1|Vs | Vs [ [ Va| V5| W

Figure 4-23 shows the duty ratio regulation algorithm to decrease the torque ripple
further in control. By this method, the generated torque is estimated in the next sampling
period. Having the ultimate torque value in mind, the optimized chosen active voltage in
the next period is applied in a certain period, and a null vector was applied to settle down
the final torque in the desired torque (or iq correspondent in this method). By this
algorithm, the torque will pass the hysteresis band, and the torque ripples reduce in the
shaft. It should be noted that this method increases the switching frequency up to 1.5
times due to the application of two voltage vectors in each sampling time. Hence,
a proper null vector should be chosen to avoid more switches to change the status in the
switching between the active voltage vector and null vector.
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Figure 4-23: The demonstration of the duty ratio regulation of the g-axis current.
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Figure 4-24 presents the torque output results of the DTC and the proposed method
for no-load and loading conditions. It can be seen that the proposed method shows a
similar dynamic with far less torque ripples, especially in the loading condition.
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Figure 4-24: The torque response of the SynRM for DTC and the proposed method for applied load.

4.8 Section summary

This section studied and simulated the model of SynRM. The parameters of the motor
were identified using lab equipment with two tests. A method was proposed using the
microprocessor to identify the parameters of not only the motor but also the cables and
the inverter. The FOC of the motor was simulated in the Plecs platform. The control was
carried out in real-time. The experimental and simulation results were in good
agreement, assuring that the simulation could be utilized for the initial implementation
of the proposed algorithms. An MTPA algorithm was implemented in practice to improve
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the efficiency of the motor. A nonlinear algorithm was proposed to improve the
robustness of the control. A control method was proposed to suppress the torque ripples

in the DTC of SynRM. The results proved the performance of the proposed methods and
validated the simulated algorithms.
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5 Conclusion

This study surveyed the SynRMs developments along with the drive systems. The study
investigated the potential development fields for SynRM drives by scrutinizing the
strength points of these systems and highlighting the challenges that they encounter.
The study focused on the control field in motor-drive systems. To do so, different control
algorithms were studied with regard to their structure, the drawbacks, and the benefits
that they offer to the different industries. A novel classification method was proposed to
summarise the control algorithms regarding their derivation source and the features they
obtain. In this classification, modern control theories which were applied in motor
control systems were studied and classified based on their highlighted specifications.
As a field study in the experimental setup to found a base for the thesis, three motors of
IM, SynRM, and PMSynRM were mounted in a rig and driven by an industrial frequency
converter, and loaded by an industrial IM-drive. A comprehensive study was carried out
on the efficiency maps of the motors to prove the superiority of the SynRMs to the IM
technology. In this study, the SynRM presented 1.39 % higher maximum efficiency than
IM, which can be desirable for fixed-speed applications. This was extended to the whole
speed-torque region where the SynRM had not only higher efficiency but also a wider
high-efficiency region which is attractive for variable speed applications. The PMSynRM
showed 3.63 % higher maximum efficiency than IM and, similar to SynRM, a very wide
range of high efficiency in various speed-torque operations. It can be concluded from the
study that the motors define the efficiency of the whole motor-drive systems, while the
figures for VSD resemble the motors’ figures. Hence, the PMSynRM and SynRM drive
systems had higher efficiency than the IM drive system.

In this study, firstly, the d-g model of the SynRM was simulated as a faster and safer
tool for control algorithms implementation. Then, the parameters of the motor were
initially measured in isolated test using a power supply and measuring devices in
DC-decay test. Then, the FOC and the DTC algorithms were simulated on the simulated
model as a base for the control. To verify the simulation results and the performance of
the simulated algorithms, a test-bench was designed based on Plecs RT box1l to
implement the algorithms in simulation. In this setup, an incremental encoder was used
for the position and speed information from the motor, and a board based on the Hall
effect sensor was designed to measure the phase current from the system. Then,
the FOC algorithm was implemented in real-time in the experimental setup.
The experimental results matched the simulation results with acceptable precession,
which proved the performance of the implemented control algorithms. Therefore,
the simulated model was employed for control algorithms prototyping. As a first step to
improve the control algorithms, a closed-loop algorithm based on the microprocessor
was designed at a standstill to identify the system parameters. This algorithm identified
not only the motor but also the inverter and the wires in the loop in different conditions,
especially in high currents. The algorithm measured the system parameters in a wide
current range and considered the nonlinearity of the switches in the loop. By applying
the values of the updated parameters in the control parameters, a more precise control
was achieved in the experimental setup. The next study to improve the performance of
the FOC algorithm was to implement a MTPA algorithm to apply a dynamic direct axis
current that tunes the current demand based on the output speed and torque of the
motor. In this algorithm, the MTPA of the motor was achieved by proposing an analytical
algorithm. The algorithm was implemented in the simulation as well as the experimental
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setup. To profile the performance of the algorithm, a test was designed to monitor the
behavior of the motor under both classical and the proposed algorithm. By applying the
MTPA algorithm, the current dropped by roughly 50 % in the motor phase. In another
attempt to improve the performance of the system, a nonlinear algorithm was proposed,
designed, simulated, and implemented in real-time to increase the robustness of the
control algorithm against the parameters variations and the load disturbances. A step
load was injected into the system under both the FOC algorithm and the ADRC to
compare the behavior of the algorithms in the identical test condition. The robustness of
the nonlinear control algorithm against load disturbances was increased by 6.2 %
compared to the classical FOC. Additionally, by applying the proposed method, the
recovery time for the speed control loop to settle down on the reference speed was
shortened by four times which proved the effectiveness of the implemented algorithm.
In another study, a novel approach was proposed to decrease the torque ripples in the
DTC-driven motor. In this approach, the direct and quadrature components of the motor
current in the synchronous reference frame were employed to replace the torque and
flux components in the algorithm. This resulted in more precise inputs of the switching
table, which could decrease the torque ripples in the motor shaft. Additionally, a duty
ratio regulation method was devised to modify the switching table where it applied an
active voltage for a portion of a sampling period, and for the rest of the sampling period,
a null voltage vector was applied to the motor. The results proved the performance of
the proposed methods where the torque with the proposed algorithm was far less than
the classical DTC, especially where the loaded condition of the motor was concerned.
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6 Future studies

To benefit the highest performance of the SynRMs, it is crucial to analyze the
electromagnetic behavior of the motor in different conditions. For this purpose, the FEA
model of the motor offers a substantial tool that provides a comprehensive
understanding of the electromagnetic behavior of the motor. In this study work, the FEA
model of the motor was designed in Magnet Simcenter (by Siemens) software to
estimate the inductances of the motor for the sake of initial control. It is projected in the
study as a future plan to design a lookup table based on the outputs of the FEA model.
This lookup table will provide information about inductances based on the current in the
motor as well as the flux in the motor and the voltages with respect to the motor position
and speed, and torque. Initially, the control of the FEA model (lookup table) will be
carried out and compared with the analytical model and the experimental results.
This model is projected to behave more similarly than the analytical model to the
experimental setup since it considers the material saturations and crosses saturations in
the motor, as well. Therefore, the FEA model will be utilized in future works for
simulation instead of the d-q model. Moreover, a lookup will be designed based on the
relationship between currents and the inductances in the motor from the FEA model.
This lookup table will monitor the currents and regulate the control parameters in the
real-time control based on the relationship between current and inductances. Due to the
high precision of the FEA model, it is predicted to increase the performance of the control
with the updated control parameters.

In this study, a motor drive system as an isolated intelligent system was designed
based on the Plecs RT box 1 real-time target machine. The next step for a more
sophisticated design of the system is to implement a supervisor for the system based on
the Al algorithms. For this, initially, Speedgoat real-time performance target machine
was used to register the data from the parameters such as input voltages and current as
well as the output speed and torque of the motor. Then, various empirical models of the
SynRMs were designed based on the experimental results from the setup utilizing various
Al algorithms and with a different number of samples as well as a different number of
layers. It is projected to compare different models of the system and opt for the optimal
model for the sake of implementation of the digital twin of the system. After selecting
the optimal model, a digital twin of the system will be designed. The digital twin can be
used for the predictive maintenance of the system, which not only reduces the risk of
any type of damages in the system but also prolongs the lifetime of the system and
reduces the cost for the maintenance. Apart from the predictive maintenance purpose,
the digital twin can be utilized to improve the performance of the control by providing
information about the most efficient control scenarios. Figure 6-1 shows the block
diagram of the motor drive systems along with the digital twin.
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This PhD thesis studied the MTPA operation of the SynRM to improve the efficiency
of the motor. It is projected as future work to investigate the effect of the MTPA
algorithm on the losses in the motor, including copper losses and core losses. Then,
the efficiency map of the motor with the proposed algorithms will be studied. Finally,
an in-depth study of the efficiency of the motor at different speeds and current situations
will be carried out to obtain the optimum operation of the motor.

Another topic regarding the MTPA operation of the motor is the selection of the
optimum torque angle of the motor. In this study, the optimal angle was chosen by
analytical calculation with neglecting the cross-saturation effect. In practice, this
assumption results in deviated optimal angles, particularly in high currents. Due to the
cross saturation, the MTPA point differs from the analytical estimation. Hence, as a
future study, the MTPA operation point will be achieved from the FEM model of the
motor. The results will be used to design a lookup table. The lookup table will be
employed to govern the optimum angle of the d and a-axes currents angle.

For the more realistic calculation of the MTPA working point, a test will be designed
to measure the MTPA points of the motor in the experimental setup. To do so, the motor
will be coupled to a torque transducer, and the shaft of the torque transducer will be
locked from the other side. Then, current will be injected into the motor with different
amplitude and different angles. By monitoring the output torque of the motor from the
torque transducer, the optimal current angle in different current amplitudes will be
obtained with very high precision. Then, a lookup table will be designed based on the
results. The lookup table will be utilized in the control algorithm to implement the MTPA
based on the numerical experimental results of the current magnitude and angle with
respect to the torque.

In this study, a duty ratio algorithm was applied to reduce the torque ripple in the
motor shaft. By the application of two voltage vectors instead of one voltage vector to
the motor, the switching frequency will be increased. However, the increment in the
switching will be approximately 1.5 times higher than the classical switching table-based
DTC. This is due to the same status of some of the switches for active voltages and the
null voltage. This topic requires a deep study on the effect of the proposed algorithm on
power electronic devices. Hence, the switching losses will be analytically calculated
based on the measured gate drivers signals to investigate the effect of higher switching
frequency on the switches. On the other hand, a higher switching frequency might result
in less ripple current on the DC-link, which can positively affect the lifetime of the
capacitors. This topic will be studied in practice.

The proposed algorithms can bring complexity and, as a result, higher execution time
for the microprocessor, which might not be applicable for some applications. The execution
time of the proposed algorithms will be studied in an experimental setup to compare
with the conventional method in terms of the computation burden.

In this PhD thesis, the loading tests on the motor for different algorithms were
conducted by coupling an industrial IM driven by an industrial VSD. Using this loading
setup, the load was injected into the motor in the opposite direction. The applied load
was assumed to be a step load since the applied torque reference in the VSD was chosen
to be a step torque reference. In practice, there is no ideal VSD that can generate step
torque by application of the step torque command. Moreover, the applied load was
coupled to the motor, and the reaction between two motors requires a deep study to
analyze the behavior of the motor under the load. To do so, it is crucial to study the
behavior of the loading motor independently and along with the motor. In the future,

67



the outputs of the loading motor will be measured, and the behavior of the loading motor
will be investigated to scrutinize the interaction of the two motors to specify the effect
of the coupled motor on the system. Moreover, the replication of different scenarios in
real applications will be studied. Finally, the performance of the motor will be studied
regarding the behavior of the applied torque in transient status as well as the steady-state.

In this study, the control parameters were defined by analytical calculation.
As discussed, the analytical calculations were carried out by some assumptions such as
neglecting the cross saturation, which can result in a not optimal selection of the control
parameters such as Pl regulator coefficients of the ADRC method constants. It is projected
in future works to implement an approach to optimize the control parameters with the
objectives of better steady-state performance such as low torque ripples. The control
parameters will be optimized in both classic Pl controllers and the ADRC method. Firstly,
the Taguchi method will be utilized as an optimization algorithm. Then, the other Al
methods will be applied, such as a neural network. The results will be compared
regarding the better performance of the motor and the complexity of the method. The
best approach will be defined and chosen for control parameter optimization.

As discussed in the first chapter, SynRM sacrifices the high torque output and
efficiency and the power factor of PMSM to avoid rare-earth magnets in the rotor.
On the other hand, PMSynRM utilizes ferrite magnets which can be manufactured in the
mass production range, and it is environmental-friendly. Therefore, PMSynRM can be a
suitable candidate for traction application as an alternative for PMSMs. Since the
manufactured PMSynRM in the lab owns the identical stator and the rotor lamination
with the studied SynRM, it is convenient to extend the studied approaches on the
PMSynRM. The simulations were carried out, and the classical FOC of the PMSynRM was
implemented in experiments. As an extensive study in the future, the proposed
algorithms for SynRM will be implemented in simulation and experiments on the
PMSynRM.
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Abstract
Development of control methods for synchronous reluctance
motors

This Ph.D. dissertation presents motor technologies and motor control methods. The study
focused on the improvement of the control methods for synchronous reluctance motor
(SynRM).

The motor technologies were scrutinized and the superiorities and the drawbacks of
the SynRMs were recognized. Different motor control methods were studied and
compared concerning the structure. A holistic approach was employed to classify the
motor control strategies which included the different control theories considering the
features of each control strategy.

A test bench was designed based on industrial frequency converters to study the
designed SynRMs in experiments along with an industrial induction motor. The efficiency
maps of the motors were studied in a comparative approach.

The SynRM was modeled in the Plecs platform and the field-oriented control (FOC)
and the direct torque control (DTC) were implemented in the simulation. A test bench
was designed to implement the algorithms in real-time. Using the designed motor
drive system, the parameters of the motor and the inverter, and the cables were
measured with high precision. The FOC of SynRM was implemented in real-time and the
experimental results matched the simulation results. An algorithm was implemented
to apply the maximum torque per ampere (MTPA) in the control to improve the
efficiency of the motor in base speed range operation. The results showed far less
current injection to the motor for the same loading condition. For higher speeds,
a current angle was defined to be governed to meet the voltage limits of the motor.
A nonlinear algorithm was proposed to improve the robustness of the control using
the adaptive disturbance rejection control (ADRC) concept. The results showed far
higher robustness of the proposed algorithm against the load disturbances compared to
the conventional proportional-integral (PI) controller. An algorithm was proposed to
suppress the torque ripples in the DTC of SynRM by employing torque and flux
correspondent in the synchronous reference frame to the switching table. The results
showed a significant decrease in the torque ripples.
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Liihikokkuvote
Siinkroonreluktantsmootorite juhtimismeetodite
edasiarendus

Kaesolev doktoritéé kasitleb mootorite tehnoloogiat ja nende juhtimismeetodeid.
Uurimus on  keskendunud  slnkroonreluktantsmootorite  juhtimismeetodite
edasiarendusele.

Mootorite tehnoloogiat uuriti siivendatult ning siinkroonreluktantsmootorite eelised
ja puudused tuvastati. Uuriti erinevaid mootorite juhtimismeetodeid ja neid vorreldi
omavahel, keskendudes nende struktuurile. Mootorite juhtimisstrateegiad uuriti
terviklikult, mille hulgas vaadeldi erinevaid juhtimisteooriaid, arvestades nende spetsiifilisi
omadusi.

Rajati toostuslikel sagedusmuunduritel péhinev katsepink, et katsetada projekteeritud
siinkroonreluktantsmootoreid koos to0stusliku asiinkroonmootoriga. Koostati ja omavahel
vorreldi ka mdlema mootori efektiivsuskaarte.

Stnkroonreluktantsmootor mudeldati kasutades Plecs tarkvara, mille simulatsioonides
kasutati vektorjuhtimist (ingl.k. field-oriented control, ehk FOC) ja momendi otsejuhtimist
(ingl.k. direct torque control, ehk DTC). Algoritme katsetati katsepingil reaalajas.
Projekteeritud mootor-ajami slisteemis moddeti suure tdpsusega mootori, muunduri ja
kaablite parameetreid. Sinkroonreluktantsmootori vektorjuhtimist katsetati reaalajas
ning katsetulemused kattusid modelleerimistulemustega. Loodi algoritm, et rakendada
juhtimisstrateegias elektrivoolu kohta maksimaalset momenti, tOstes seeldbi mootori
efektiivsust nimikiiruse talitluses. Tulemused néitasid, et sama koormuse korral
vBimaldas antud strateegia oluliselt madalamat voolusisestust. Kérgematel kiirustel
talitlemiseks defineeriti voolujuhtimisnurk, mida juhtides on vdimalik jduda mootori
pinge piirideni. Pakuti vdlja mittelineaarne algoritm, mille abil on vdimalik t8sta juhtimise
stabiilsust kasutades kohanduvat hairingu tGkestamise juhtimise (ingl.k. adaptive
disturbance rejection control, ehk ADRC) kontseptsiooni. Tulemused nditasid vilja
pakutud algoritmi puhul oluliselt suuremat stabiilsust koormuse hairingute suhtes
vorreldes tavaparase Pl kontrolleri kasutamisega. Lisaks pakuti vélja algoritm, mille abil
saab vahendada momendi varelust siinkroonreluktantsmootori momendi otsejuhtimise
korral (DTC), kasutades momenti ja voogu, mis vastab lilitustabeli siinkroonsele
taustsiisteemile. Tulemused naitasid olulist momendi vareluse langust.
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Abstract: Recent studies show that synchronous reluctance motors (SynRMs) present promising
technologies. As a result, research on trending SynRMs drive systems has expanded. This work
disseminates the recent developments of design, modeling, and more specifically, control of these
motors. Firstly, a brief study of the dominant motor technologies compared to SynRMs is carried out.
Secondly, the most prominent motor control methods are studied and classified, which can come
in handy for researchers and industries to opt for a proper control method for motor drive systems.
Finally, the control strategies for different speed regions of SynRM are studied and the transitions
between trajectories are analyzed.

Keywords: synchronous reluctance motor; efficiency map analysis; efficient motor technology;
efficient control strategy; direct torque control; field-oriented control; predictive torque control;

sensorless control; maximum torque per ampere; field-weakening

1. Introduction

Industrial development has a significant impact on global warming and climate
change. Considering the human impact on the environment from the aspect of resources,
there are high demands for effective systems. This fact leads to the investigation of
alternative developments in the field of electrical machines, as well. Energy efficiency
requirements have led to the research and development of alternative technologies to
produce electrical motors. The recent advances in the motor design area have provided
manufacturers with some opportunities to save energy, use less rare-earth materials, and
decrease the cost in terms of material and manufacturing processes. A life cycle analysis
of electrical motor-drive systems by Rassolkin et al. provides a comprehensive study on
synchronous reluctance motors (SynRM) [1]. This study shows that starting from the
acquisition of the materials, through manufacturing, transporting, and marketing, SynRMs
are competitive at the usage stage, and efficient at the recycling phase. Lack of rare-earth
materials, low cost, comparable constant-power speed range, maximum torque per ampere,
and efficiency of SynRMs, in particular, permanent magnet (PM)-assisted ones (PMSynRM),
have made these motors an interesting choice in traction [2,3] and more-electrical aircraft
applications [4-6]. Besides, the need for highly efficient motors in centrifugal machines,
conveyor systems, fans and pumps, cranes, compressors, elevators, crushers, and general
machine building (winders, extruders, and servo pumps) can be met by SynRM [7-10].

Although almost a century has passed since the first invention of SynRMs, they have
recently gained a lot of attention resulted from the emergence of the power-electronic
device. In the last decade, the leading manufacturers such as SIEMENS and ABB have
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released their newly designed SynRM drive systems [11,12]. While the line-start capability
of SynRMs is provided by new designs, an additional shorted winding in the rotor can
decrease the efficiency up to 10% resulting from the damping effect of the shorted rotor
winding [13]. On the other hand, variable-speed drives (VSDs) provide highly efficient
motor drives, especially for operating at partial-load conditions and high-speed opera-
tion [14,15]. Therefore, SynRMs are mostly applied in the industry with their drive package.
From the control point of view, the research into motor control methods has experienced a
boom to reach higher performance and efficiency of electric motors. This fact convinced
the authors to survey the advancements in the whole SynRM drive system.

In this literature review, we collected the most prominent research works in the area
from MDPI, SCOPUS, and IEEE XPLORE databases. The paper qualitatively summarizes
the evidence on the topic of SynRM drive systems and is organized as follows: Section 2
reviews the dominant motor technologies and potential alternatives. Moreover, it investi-
gates the applications and the opportunities and compares the performance of the motors
regarding the cost and environmental considerations. Section 3 discusses the modeling
strategies of SynRMs and investigates the applications, advantages, and shortcomings of
each model. Then, the paper is more focused on the control aspect of the drive systems,
where Section 4 classifies different motor control strategies regarding different features
and deeply analyzes the latest development in the motor control methods to enhance the
performance of the motor-drive systems. The wide speed range control of SynRM, which
demonstrates their potent potential for traction application, is studied in Section 5 and the
developments of the control strategies in each speed region are addressed, as well as the
transition between each speed region. A comprehensive discussion and a conclusion of the
study are provided in Section 6.

2. The Need for SynRMs

The mature three-phase induction motor (IM) is recognized as a well-established and
widely available structure on account of its rigid mechanical construction and low cost and
maintenance requirements. However, the implementation of the bars on the rotor leads
to many drawbacks in this motor. The inherent warm rotor operation due to the currents
in the bars can lead to rotor losses, which consist of around 20% of all losses in IM [13].
As a consequence of high substantial losses, the high temperature of the rotor can lead to
more probable faults in bearings, which have the biggest share in IMs’ faults according
to Reference [16]. Moreover, the losses lead to lower efficiency of the motor. Besides, the
mechanical faults in the bars are also likely in IM, which decreases the reliability of this
motor [17-20]. The high-frequency slotting harmonics can be a problematic drawback of
the IMs, which can be rarely attenuated by employing skewing [21]. Using an aluminum
die-cast rotor cage for small- and medium-size IMs decreases the material cost and weight,
which is the most common structure for these motors. However, the tendency to increase
power density and efficiency has directed some manufacturers to produce a copper cage
rotor for some applications [22,23].

Today, permanent magnet (PM) synchronous motors (PMSMs) are the dominant
technologies for many applications, including traction [24,25]. High efficiency, high torque
density, and desirable wide speed range performance of these motors have made the
technology popular among manufacturers [26-28]. PM materials are the most important
elements of PMSMs. Two common applicable PM materials for PMSMs are neodymium-
iron-boron (Nd-Fe-B) and samarium-cobalt (Sm-Co), both of which contain the rare-earth
elements [29,30]. The dramatic rise and fall of the price of the rare-earth magnets, especially
Nd-Fe-B magnets, have directed the research towards rare-earth-free machines to replace
high-performance PMSMs [31,32]. The reliability issues in PMSM due to possible faults of
the magnets are also disputable.

The rotor design of SynRM distinguishes it from its IM and PMSM counterparts. In
comparison with those conventional motors, SynRM attains higher reliability and easier
maintenance (due to the very low winding and bearing temperature, and they also lack
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cage or PMs in rotor structure) [33,34], lower cost (due to the lack of PMs in comparison
with PMSM)), faster dynamic response (due to smaller size in the same power range and
lower moment of inertia), higher speed range (due to the wide constant-power operation
in comparison with IM) [35] and higher efficiency in the same power range with the same
frame size (due to the cold rotor operation in comparison with IM) [13,36], and higher
power density and higher torque per ampere (in comparison with IM) [4,37]. In this sense,
SynRM offers the high performance of PMSM, while it can be as cheap, simple, and service-
friendly as IM. Therefore, the attention paid for these motors in high-speed applications has
experienced continuous growth in the literature, which has convinced the electric vehicles
(EVs) and hybrid electric vehicles (HEVs) manufacturers to apply SynRMs as an alternative
for PMSM [38-40]. Having said this, the possibility of the drive with the same VSDs for IM
and PMSM in various recently designed VSDs has provided a viable development base for
SynRM [41]. Allin all, the high efficiency of SynRMs against IM has attracted attention
for applications such as pumps and fans. Also, the high performance and especially wide
speed operation capability with the consideration of lack of rare-earth PMs compared to
the PMSM has attracted the researchers to study these motors for traction application.

Table 1 summarizes the highlighted features of the dominant motors and SynRMs.
The main goal of this comparison is to investigate the superiorities and discuss the draw-
backs of the motors to provide an overview of the possible replacement of the dominant
technologies with the cutting-edge SynRM technologies. It is worth mentioning that in
some applications such as pump, fan, and conveyors, IMs are the dominant motors, which
can be projected to be replaced by SynRM. Due to this fact, the SynRM should maintain
the low cost, and provide higher efficiency to convince the industries to replace the IM
drives with new technologies. Likewise, while the PMSynRM benefits from ferrite-magnet,
the technology should maintain the performance competitive to PMSM to attract the
manufacturers’ attention.

Table 1. A comparison of motor technologies in highlighted features.

Stator and Rotor

Motor Type Structure Sample Different Types Main Applications Superiorities Drawback(s)
) + low cost of _ low power
- 00, e copper rotor . - material and P
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In the rest of this section, the advancement of SynRMs is investigated and the prospect
of their development in the industry is projected in different applications.

2.1. SynRM

As its name suggests, SynRM produces reluctance torque resulting from changing the
magnetic reluctance, which is also called magnetic resistance. The magnetic flux flows into
the lowest magnetic resistance. Therefore, the produced flux by the stator flows into the
lowest magnetic resistance in the rotor. Hence, if the rotor is not aligned with the flux, the
reluctance torque will rotate the rotor in the direction with minimum magnetic resistance.
In this sense, the saliency ratio causes magnetomotive force (MMF) and the reluctance
torque spins the rotor.

The rotor design of SynRM lacking bars and magnets leads to cold rotor operation. As
a result, SynRM has praiseworthy loadability, particularly at lower speeds [44]. This motor
can be loaded up to 2.5 times higher than the nominal torque [45]. This breakout torque
is accessible for a short period on account of a cold start. Figure 1 presents the loading
capability of an industrial SynRM versus speed [45]. As can be seen, there is a wide speed
operation range for the motor with continuous loading capability with no need for separate
cooling. To increase the torque density, a combined star-delta winding layout can lead to
5.2% higher torque density over the conventional star case in rated conditions [46].
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Figure 1. The loadability of synchronous reluctance motors (SynRM).

In the past, the focus on SynRMs was based on torque density, while recently, these
motors are recognized as a highly efficient choice for the industry [12]. Owing to the lack of
bars in the rotor, the iron loss is roughly omitted, leading to efficient motor operation [47].
Because of this superiority, the payback time of the SynRM drive is so short that it makes
it quite reasonable to replace IM. The example payback time of the IE4 SynRM drive in
comparison with the IE2 drive is projected for 1.6 years for 37 kW, 1500 rpm SynRM, with
8000 annual running hours [48]. The efficiency class in the IEC 60034-30 Part 1,2 [49,50]
is defined by International Energy-Efficiency (IE) codes, where the higher the IE code is,
the higher the efficiency of the electric motor is required. While the IE3 efficiency class
(Premium class) has been mandatory in the European Union countries since 2015 [13], the
SynRM offers the IE5 efficiency class (Super-Premium class) [12]. Moving from IEC 60034-
30-2, IE3 to IE4, or even IE5 class [50] can make the SynRM a more probable dominant
technology, especially for low power range applications.

On the other hand, SynRM suffers from some severe drawbacks. In this technology,
the power factor is quite low [51]. The maximum power factor of SynRM depends on
the saliency ratio. The definition of the saliency ratio and power factor can be found in
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Reference [52]. Figure 2 gives information about the power factor improvement in terms of
saliency ratio change in a typical SynRM. In this sense, the higher the saliency ratio the
SynRM has, the higher the power factor the motor can provide. A sophisticated design
of a laminated anisotropic rotor is proposed in Reference [53], which can increase the
saliency ratio and as a result, improve the power factor and torque density. In this study,
to control flux paths, some cut-offs are applied in the laminations, which influences the
direct and quadrature axis inductances. This proposal leads to power factor improvements.
This strategy preserves all the benefits of the motor. However, the recent improvements
by these approaches are negligible. The interaction between the spatial harmonics of
MMEF and the rotor geometry causes considerable torque ripples in SynRMs [54]. High
torque ripples and as a consequence, the acoustic noise of these motors, have become a
challenge, which persuaded considerable effort to cover this drawback in both design and
control aspects [5,55-59]. Some research works address the reduction of the torque ripples
through optimization of the rotor structure [60,61]. Among proposed design solutions,
rotor skewing can halve the torque ripples of SynRM, and asymmetric rotor flux barriers
decrease the torque ripples to two-thirds, in both SynRM and PMSynRM [62].

Power factor

0

0 Saliency ratio 10

Figure 2. The relation between saliency ratio and power factor in SynRM [58].

2.2. PMSynRM

Although the SynRM avoids PMs in its structures, it sacrifices the efficiency, power
factor, and torque density of the PM motors. The torque produced by SynRM is purely re-
luctance torque due to saliency and rotor anisotropy. This contributes to the high saturation
of this motor, which limits the flux density. Adding ferrite PMs to the rotor, PMSynRM ex-
ploits the peculiar rotor characteristic of SynRM and the high performance of PMSM at the
same time, as shown in Reference [63]. These motors have a desirable performance at higher
speeds than base speed, fulfilling the constant-power speed range requirements [64,65].
The currents for the same torque are decreased in PMSynRM. Consequently, the losses also
decline, especially for the partial load. The power factor sees a significant change of about
10% for low currents and 6% for high currents. Figure 3 shows that the voltage vectors of
the SynRM and PMSynRM have different g-axis values and the same d-axis values. This
leads to different values for the machines’ voltage and current angle (¢). Fluxes have the
same value on the g-axis and different values on the d-axis. This can be presented as an
effect of the magnets, which affects the torque angle ().

On the other hand, in terms of maintenance, manufacturing, and assembling, SynRM
and IM are superior to PMSynRM. Besides, similar to SynRM, PMSynRM suffers from
high torque ripples [66], which has directed many research efforts on the design [43] and
also the control aspects [67,68]. In Reference [43], the torque ripples of a direct-drive PM-
SynRM are decreased by material-efficient axial pole pairing. Multiphase PMSynRM also
presents fewer torque pulsations and higher torque density with fault-tolerant operation
capability [4,69-72]. Besides, these motors are applied where there is a need for less power
in each phase to increase reliability. A comparison of a typical SynRM and a PMSynRM
performance based on the literature review is provided in Figure 4.
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Figure 4. Torque and power versus speed diagram for SynRM (red) and PMSynRM (blue).

Where, T;;, P;, and w, denote the rated torque, rated power, and rated speed of the
motors, respectively. In this figure, the torque and power output versus the speed of a
typical SynRM and a PMSynRM in the same power and speed range is depicted. The figure
demonstrates the enhancement of the torque and power of the motor due to the inserted
ferrite PMs, particularly in the high-speed operation of the motor.

2.3. Comparative Analysis of Motor Technologies Efficiency

Studied electrical motors present different efficiency behavior under different circum-
stances. To compare the efficiency of the motors in variable-speed applications, only the
efficiency map can provide trustworthy information. Figure 5 illustrates the efficiency map
for IM, SynRM, and PMSynRM. The motors were run in the same power range and the
same test environments. The tests and the setup’s specifications are described in Refer-
ence [63]. In general, PMSynRM had the highest efficiency in the whole speed, torque area.
SynRM was the second most efficient motor in the whole region. More importantly, in
the partial load, IM provided lower efficiency than the other two motors, causing a high
energy cost for the operation in the lower load and speed range. This specification is a
notable reason to consider SynRM as a cost-efficient alternative for IMs.
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Figure 5. Efficiency map of 10 kW (a) IM, (b) SynRM, and (c) PMSynRM prototype.

3. Qualities of SynRM Modeling

For the sake of different purposes, such as design [26], control [73], fault diagnos-
ing [74,75], thermal analysis [76], loss determination [77], motor parameter calculation [52],
stability analysis [78], and efficiency improvements [79], modeling is an inseparable part
of many studies in motor drive areas. In the modeling of SynRM, parameters’ estimation
preciseness, the computation time of the parameter determination, and some factors for
different motor operation areas, linearity and nonlinearity of the model have been crucial
criteria to consider. The most critical topic in different modeling methods of SynRM for
different purposes is the parameter identification of SynRM. Especially, for more accurate
control of SynRM, the inductances and the stator resistance are of paramount importance
to be identified in a self-commissioning process. This is mostly due to parameter variation
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under the different thermal conditions and cross saturation of the rotor. More specifically,
the inductances are considered as constant values, while these parameters are functions of
currents in different axes. We categorized the parameter identification into three different
groups as follows:

1.  Numerical and analytical models of SynRM
2. Offline parameter identification
3. Online parameter identification through an inverter

As a numerical approach, the finite element analysis (FEA)-based model is a precise
and confinable model for motors. Commonly, new modeling methods are compared to
FEA to validate their results. However, the high computation burden imposed by FEA
leads to a tedious and time-consuming process, which severely limits the applications
for online purposes, such as control applications. This characteristic makes the FEA
more applicable to design and optimization purposes for all types of electrical machines,
including transformers [80,81]. However, using FEA, the parameter values could be
obtained and utilized as a lookup table for simulation purposes, as in Reference [82].
Correspondingly, the authors believe that the parameters obtained by FEA could be utilized
in the control loop as a lookup table in different operation points. An FEA-based model
of SynRMs has been determined in References [83-85]. In Reference [86], a novel rotor
structure is proposed based on two-dimensional (2D) FEA analysis for PMSynRM. This
structure proposes adding bypass ribs on the flux barriers which reduces the irreversible
demagnetization of PM and torque ripple. The size and the location of the bypass ribs
are investigated and improved based on FEA. Figure 6 shows the rotor structure of the
proposed method and the field distribution of the rotor. The figure illustrates that at the
rated operation point, the flux density in the bypass ribs is very low and a small portion of
the flux passes through them. It can be concluded that the bypass ribs can pass a part of
demagnetization flux and protect the PMs.

Figure 6. (a) The novel rotor structure and (b) field distribution at rated operation point [86].

The experimental results show that the motor with the proposed structure performs
roughly the same output torque ability. Besides, regarding the higher anti-demagnetization
ability of the PMs, the proposed motor structure presents 35% less torque ripple in compar-
ison with the motor with the conventional structure. The output torque of the proposed
motor and the conventional motor is presented in Figure 7. The figure shows almost the
same average torque and less torque ripple for the proposed structure.
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Figure 7. Torque response of the novel structure and the conventional motor [86].

As an alternative to FEA, analytical models are mostly applied in the literature for
various purposes. The winding function model is one of the models of SynRM, which is
studied in References [87,88]. In these studies, the obtained inductance values are compared
to the FEA model. The d, ¢ model of SynRM is also one of the analytical models, which is
studied in many research works. In Reference [52], the offline parameters’ identification
is carried out through the Dc decay test applying the d, g model. A similar study with a
more detailed description for parameter identification is carried out for both SynRM and
PMSM in Reference [89]. An accurate analytical model of PMSynRM is also defined by
Armando et al. in Reference [90]. In this research work, the impact of cross-saturation on
rotor position estimation is investigated and a simple model is proposed and validated,
disregarding cross-saturation. With a different approach, radial basis function neural
networks are applied in Reference [91] to obtain currents and flux linkages in SynRM and
interior permanent magnet synchronous motor (IPM). The relation between these values
has been reported to develop magnetic models.

Apart from standstill tests, inverters provide more precise identification possibilities
for the SynRMs. In SynRM, due to the lack of PMs, injecting currents for parameter
identification in both d- and g-axes is viable, with no need to lock the rotor. The flexibility
of the voltage applied to the motor through the inverter has encouraged the researchers to
study the parameter identification of SynRM with various self-commissioning methods.
Online parameter identifications are inevitable for precise control of SynRM due to the
severe cross-coupling and the rotor saturation of this motor. In Reference [92], a sensorless
self-commissioning method of SynRM at standstill is presented to identify the magnetic
model of the motor by injection of the test voltages. Since the test voltages are high
frequency as compared to the motor rated voltage, the model is robust against stator
resistance errors and inverter voltages.

Considering all the available models for SynRM, the d, g model of SynRM is addressed
in many research works. For control purposes, the d, ¢ model presents the most simple
and practical model of the motor. A comprehensive model of SynRM and PMSynRM can
be found in Reference [52]. A short description of the d, @ model of SynRM from this paper
is presented as follows.
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In this model, the cross-coupling magnetic saturation effects are neglected for simplifi-
cation purposes. However, for the precise control of SynRM, the cross-coupling magnetic
saturations should be considered in the control.

4. Latest Developments of SynRM Control Strategies

Nowadays, VSDs have been applied in many industries for efficient, high-performance,
robust, and precise control of electrical motors. Although implementing VSDs adds up to
the cost, it is inevitable for both variable-speed and fixed-speed operation to reach high
efficiency for any motor technology. Besides, the differences between the prices of the
drive systems in the same rated power can be compensated by the lower energy cost.
Recent studies, innovations, and also the need for higher efficiency and better performance
support the prospect of more future widespread development of motor drive systems in
the industry [12,93,94]. These parameters require more study in different areas that can be
categorized as follows:

e  Optimal design of motors,
e  Optimal design of converters,
e  Optimal design of controllers.

The control unit of the electric drive system plays a crucial role in system performance.
A control system technology with high performance ensures an efficient and reliable energy
conversion. In general, a control unit contains the following [95]:

e Input modules, e.g., analog to digital converters, which continuously capture input
variables from electrical and mechanical sensors and/or transducers.

e  Output modules, i.e., pulse-width modulation (PWM) module, which continuously
provides switching sequences.
Peripherals modules for programming and data exchanging.

e Main processor for executing and processing control algorithms.

The control algorithms characterize the behavior of the electric drive systems. Hence,
to provide a high-performance drive system for motors, firstly, a proper control strat-
egy should be devised. Usage of frequency converters, controlled by microprocessors,
provides researchers with a high potential of using flexible methods to reach a better
performance. On the other hand, VSDs inject some high-frequency currents into the sys-
tem [96]. Consequently, some unexpected losses occur, which requires to have a more
precise control algorithm on the drive side. As the SynRMs in industries are dominantly
driven by frequency converters, the researchers are convinced to study more in this field.
Efforts of the researchers in SynRM drive systems are mainly targeted to increase ro-
bustness [97-99], suppress torque and current ripples [67,100-103], decrease losses, and
improve efficiency [104-106], improve the performance of the speed and position estima-
tion [107,108], and amend the dynamic torque response with smooth transition between
different speed regions [98,101]. Despite the existing efforts, investigating improved control
strategies for SynRMs remains a challenging task.

In practice, control strategies for motors are classified as scalar and vector control
methods. Scalar control methods are mainly known as V/f control methods. These methods
are the simplest and the most applied control methods in industrial VSDs [109]. The method
can be applied in open-loop or closed-loop control systems with current and speed sensors
or with the sensorless control approach [110]. V/f, V/ 2, and V/ V/f or I-f are the main
scalar control methods studied in the literature. The V/f control method generates voltages
regarding the amplitude and frequency to keep the ratio of the values constant. This simple
concept makes the method applicable for many low-cost-demanding purposes [111,112].
However, the tracking of the commanded speed is not guaranteed in this method. As
the second group of motor control methods, field-oriented control (FOC), direct torque
control (DTC), and predictive control (PC) methods including model-based predictive DTC
(MPDTC) and model-based predictive current control (MPCC) are recognized as vector
control methods addressed in many papers and implemented in many industrial VSDs.
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An overview of the main vector control methods regarding the control method structure is
presented in Table 2.

Table 2. Structural comparison of the basic motor control methods.

Items DTC FOC MPDTC MPCC
Coordinates
reference frame o B 44 o B 4.
- Stationary Rotor reference Stationary Rotor reference
Principle voltage . voltage .
. frame equation . frame equation
equations equations
Controlled Torque and d-, g-axes Torque and d-, g-axes
variables stator flux currents stator flux currents
Rotor position Not required required required required
measurement
Current control without with without with
Coordinate . . . .
transformations Not required required Not required required
Modulator Not required required Not required Not required
oo Varies widely Varies around Varies around
Switching around the
constant the average the average
frequency average
frequency frequency
frequency
P ional . .
. r?portlona Cost function Cost function
Controllers hysteresis integral

optimization

optimization

controller (PI)

Traditionally, all the conventional control methods are based on machines” models or
some predefined strategies. To alter this classic view on the control system, lately, artificial
intelligence-based controllers have been implemented in the power electronics and drive
systems. To name a few, fuzzy logic (FL), adaptive neuro-fuzzy artificial neural network
(ANN), and adaptive recurrent fuzzy neural network (ARFNN) are the methods that have
been studied for SynRM drives [113-116]. FL helps the researchers to analyze continuous
values—in contrast with discrete values in traditional methods—and control the system
in a continuous mathematical system [117,118]. This provides a control system with char-
acteristics compatible with the physical components. Lower cost in comparison with the
traditional systems, higher efficiency, more robust system, more reliable, more customiz-
able, and the possibility to emulate human deductive thinking are some advantages of
FL control. The drawback of fuzzy control can be the need for high human expertise and
regular updating of rules, not applicable for much smaller or larger data than historical
data, and the requirement for massive data. An ARFNN control for SynRM servo drive is
studied in Reference [119]. In this paper, FOC is implemented to formulate the dynamic
equations. Then, the ARFNN control system tracks the reference and drives the motor.
Additionally, the Lyapunov stability theorem and the backpropagation method is applied
for online parameter training.

Apart from the artificial intelligent method, deviation model-based control (DevC)
is also an alternative to the traditional control method [120]. As its name suggests, this
method benefits from a deviation model of the motor for control. With this approach, the
model of the motor is simplified through normalization to obtain the deviation model of
the motor. Then, the deviation model of the motor is utilized to control the motor. Since
the motor drive systems deal with the dynamic behavior of the motors, the DevC proposes
a fast dynamic control method. In Reference [121], the DevC of SynRM is proposed in
comparison with FOC and DTC. Due to the normalized model, the method proposes
simpler and more robust control against parameters’ variation compared to the FOC.
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Control

Methods

Besides, DevC presents less torque ripple, higher dynamic, and better flux regulation at
startup when compared with DTC.

In this section, the control methods are classified based on their highlighted strength.
We categorized the motor control methods into scalar and vector control methods. Then,
some improvements in the main control algorithms were investigated. These methods
change some parts of the main algorithm by adding or removing some extra computation
for some specific purposes. Moreover, some combinations of the main methods have also
been studied to benefit from some advantages of the two methods, simultaneously. Finally,
the general control theories are studied. These methods are either singly applied to drive
the motors or they are utilized in the main motor control algorithms to enhance their
performances.

Figure 8 demonstrates the classification of motor control methods. In this diagram, all
the methods, which are more specifically applied for motor control systems, are depicted
in round shapes. The general control theories are demonstrated in square shapes below
the motor control methods. Finally, at the bottom of the diagram, different features of the
control method are demonstrated in rectangular shapes with different colors. Each color
represents a specific feature showing the strength of each method in different terms. The
highlighted features of each control method are demonstrated as bubbles in specific colors.
The size of each bubble implies the significance of the feature in the method. The bigger
the bubble of each color, the more significant feature the method has in that area. With the
concept in this figure, the drawbacks of the methods can also be interpreted. For instance,
the most significant advantages of FOC are its low torque ripples in the motor shaft and
low harmonics in phase currents. These two advantages of the FOC method are shown in
the FOC block as bubbles. Also, FOC has a constant switching frequency, which is shown
in its block, as well. On the other hand, as compared to other control methods, FOC has
a high computation burden for the microprocessor, which is known as a shortcoming for
this method. Therefore, there is no bubble in the same color as the block for simplicity. The
abbreviations are presented in the text.
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Figure 8. Motor control methods classification.
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For a more detailed description of the block diagram, the features are to be discussed.
As the first feature of the control methods, the simplicity of a control method denotes
less computational burden on the microprocessor. Normally, complicated mathematic
calculations such as proportional-integral (PI) regulations lead to high execution time.
Consequently, the cost for the microprocessor becomes high, which can make the control
algorithm less desirable. For instance, scalar control is considered as a simple control
algorithm due to simple calculation in the control loop. Therefore, if a simple control
algorithm is looked for, scalar control can be a desirable choice. Low current harmonics is
the next feature to discuss, which is considered as a strong point for a control method. In
the motor-drive systems, harmonic currents can be deduced from many different sources,
including motors, drive systems, and the control algorithm, as well. In the literature, many
research works are carried out to decrease harmonic currents. Some control methods have
variable switching frequency, which is considered a weak point in many applications such
as EV due to safety concerns. Variable switching frequency makes the fault diagnostic
of these systems difficult using switching frequency monitoring. High performance of
the method at high speeds is one of the popular topics, especially in traction applications.
Proper control of the method on flux and torque is crucial at high speed. The next feature to
discuss is the low torque ripple, which can lead to less acoustic noise and higher efficiency
of the system. The operation of the control methods in low-speed regions of motors is
also an important factor to consider. For instance, classic control methods do not consider
variable references for flux, which leads to inefficient control of the motor. Besides, rotor
position tracking is a challenge that motor control methods face at very low speeds. The
performance of the control methods in transient mode is also crucial to pay attention to.
One of the key features of control methods in transient mode is the high dynamic. The high
dynamic of a method denotes the fast response of the method to the changes in references.
Robustness is the next feature that has attracted researchers’ attention in motor control
systems. This feature in control algorithms denotes the robustness of the method against
parameter variation (e.g., stator resistance) and external disturbances (e.g., load) in drive
systems.

The rest of this section describes the main control methods and the improvements in
this area that have been recently studied in the literature.

4.1. FOC of SynRM

Thanks to the high steady-state performance of FOC, the general trend toward other
methods has not yet been dominated. The precise control method, low torque ripples,
and the constant switching frequency of FOC still draw the researchers’ attention [122].
FOC is more popular in the area, such as the mining and steel industry, where the need
for efficiency and better steady-state response is preferred to transient response. This
method controls the motor in the d, q reference frame, modeling the motor as a DC motor
to achieve a convenient control. Direct field-oriented control (DFOC) and indirect field-
oriented control (IFOC) are the main approaches to control the decoupled currents in the
synchronous reference frame. If the rotor flux angle is obtained through the estimated
flux, the method is referred to as DFOC. On the other hand, the IFOC method obtains the
flux angle through the detected rotor position using a mounted shaft encoder. Briefly, the
advantages of FOC are as follows:

High steady-state performance,

Precise current control,

Simple implementation of the method,
Simple compatibility with many AC motors,
Simple modulation system implementation,
Constant switching frequency.

Gk W=

The dominant trend in the studies on FOC is towards decreasing the position estima-
tion error [122,123] and increasing the efficiency of the motor under control [124,125].
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Regarding all the benefits of FOC, some severe drawbacks of this method convince the
researchers to study and implement other control methods. Firstly, the method is highly
complicated from the point of the processor view. Due to the usage of the PI controller and
pulse-width modulation (PWM) modulator, the FOC execution time is high and dynamic
performance is considerably low, compared to other methods. This is mostly due to the
current control and the modulation system that FOC applies in its control loop. The
drawbacks of FOC can be named as follows:

1.  High computational burden on the processor due to the current control and modula-
tion method.

2. Low dynamic of the method due to the lack of direct control on the torque.

3. Low robustness of the method due to the high dependency of the method to the
motor’s parameters (flux vector angle).

To overcome the shortcomings of low dynamic of FOC, some hybrid control methods
are developed, such as direct-flux vector control (DFVC). DFVC is a combination of FOC
and DTC, regulating the stator flux amplitude directly. This control method controls the
g-axis current in the stator flux reference frame instead of torque (as in DTC), which is
convenient in field-weakening (FW) operation of the motor as it is applied to AC motors
including SynRM in References [64,107,126]. This method keeps the high performance of
FOC with the relatively high dynamic of DTC. Another concern about the FOC method
is the complexity of the method. Due to the utilization of PWM modules, and current
control of the method, the computational burden of the method is high. Substituting the
PWM module with a lookup table to apply the command voltage can fairly decrease the
complexity of the method. A rotor flux-oriented switching table-based DTC (RFSTC) is
proposed in Reference [127] for a six-phase induction motor. The complexity of RFDTC
falls between DTC and FOC and also has a higher dynamic compared to FOC. A modified
RFSTC was later proposed for SynRM in Reference [128]. The block diagram of this method
is illustrated in Figure 9. To enhance the tracking performance and obtain a high level of
robustness to the parametric uncertainties and external disturbances, cutting-edge control
strategies should be developed for FOC.
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Figure 9. The block diagram of rotor flux-oriented switching table-based DTC (RFSTC) [128].

A comprehensive comparison of FOC, DTC, and dead-beat DTC (DDTC), along with
MPDTC, is addressed in Reference [129]. Figure 10 is selected from this paper, which
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compares the most prominent control methods in terms of torque ripples. As discussed,
FOC presents the lowest torque ripples, while DTC presents the worst performance when
it comes to torque ripple in the motor’s shaft.
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Figure 10. A comparison of torque ripples of different control methods in different switching
frequencies under zero load and (a) 500 r/min, (b) 1000 r/min [129].

4.2. DTC of SynRM

The first attempt to implement DTC on SynRM was carried out by Boldea et al. in
1991 [130]. DTC of SynRM-drives is now attracting market interest [131]. According to the
literature, this is attributed to the intrinsic features, as follows:

1. Simplicity due to the lack of PWM signal generator module and current control.
2. Fastresponse and high dynamic due to the direct control of torque.
3. Robust control due to low dependence on motor parameters.

In the DTC method, the instantaneous torque of the motor, as well as stator flux
linkage, are directly controlled, and the transformation of the coordinates is avoided.
The switching table is a lookup-table, which opts for a defined combination of switching
sequences with regards to the inputs. The inputs of the switching table are the stator flux
and torque error signs along with the sector of the stator flux. To obtain these inputs, stator
flux and torque estimators are required in DTC. Similarly, the stator flux position sector
with respect to the phase a of SynRM is calculated. However, compared to FOC, the online
estimation has smaller issues, since the observers are not in the control loop and require
lower speed. The estimation of flux and torque in DTC is carried out through observers by
applying the following equations.

V.- [ V-RE @
3 . ,
T, = Ep()\azﬁ—)\ﬁza) 3)

The active voltages (V;) are defined in DTC through Equation (1). It should be noted
that, since the rotor position is synchronized with the flux, in the encoder-based DTC, the
sector of the rotor flux with respect to phase a is obtained through the encoder. A more
detailed description of the DTC of SynRMs is reported in Reference [128]. Figure 11 shows
the block diagram of the conventional DTC of SynRM.
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Figure 11. DTC of SynRM.

Direct control of torque assures a high dynamic control, which makes DTC superior
over other methods [132]. As this method does not apply the current regulator, it sig-
nificantly attains higher transient torque control performance. DTC also uses only the
stator resistance for motor control, which causes relatively robust control of the motor.
This method is mostly implemented in servo applications due to the fast dynamic. In gen-
eral, the customers who are seeking a better transient response, rather than a steady-state
response, are inclined to DTC.

However, the DTC method suffers from high torque ripples [133]. To take SynRMs
high torque ripples into account, the conventional DTC of these motors cause severe torque
ripples in the motor. The disadvantages of DTC are listed below:

’

1. High torque and flux ripples,

2. Variable switching frequency,

3. Relatively high harmonic currents,

4 Bad performance at low speed, which may include high noise, bad torque and flux
control, and bad speed tracking.

Lack of current controller in DTC’s block diagram leads to high torque ripples. Multi-
level inverters have proven a proper solution for torque ripples, which are applied with
DTC in Reference [134]. Another solution that amends this shortcoming of DTC is the
overmodulation scheme for DTC of SynRM, presented in Reference [101]. This method
keeps the simplicity of DTC, decreases the torque ripples, and provides constant switching
frequency. Another viable approach is DDTC. Basically, by this method, an attempt is made
to apply the active voltages for some period of sampling time and apply zero voltages for
the rest of the sampling time. Therefore, the motors’ torque and similarly the flux does not
considerably pass the hysteresis limits. This results in a notable reduction in torque ripples
at the cost of complexity imposed on the method. Besides, a notably higher switching
frequency occurs in switches. A more sophisticated and more robust version of this method
is applied for the control of PMSM in Reference [135] and also exploited in Reference [98]
for the DTC of SynRM. This method is also applied in Reference [128] in RFSTC for more
torque ripple suppression. The usage of a reference flux-vector calculator (RFVC) is another
solution for high torque ripples suppression of DTC. RFVC has been proposed for DTC in
Reference [136] to decrease torque ripples in IPM. This method replaces the two hysteresis
controllers and the torque PI controllers with the REVC block. Moreover, RFVC achieves a
constant switching frequency with the replacement of the switching table with space vector
modulation (SVM) and covers the drawback of variable switching frequency, as well. The
method retains the robustness of DTC and the lack of a current control loop. On the other
hand, the Space vector modulation (SVM) block and the usage of flux angle impose some
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complexities to the system. A direct torque flux control (DTFC) with SVM is also proposed
in Reference [137] for PMSynRM in hybrid-EV applications. Space vector pulse width
modulation-based DTC (SVPWM-DTC) is another approach to overcome the high torque
ripples and the variable switching frequency of DTC, which is studied for EV applications
in References [138,139]. This method significantly decreases the switching losses in the
switches. By this approach, some computation burden will be augmented to DTC.

Some strength points of DTC can also be improved to achieve better performance. Among
these features, robustness has gained growing popularity for DTC of SynRMs [140-142]. These
motors operate under high flux saturation conditions. Thus, high parameter variations
are likely in SynRM, not only in stator resistance under thermal conditions but also in
inductances due to saturated rotor. In Reference [132], a mechanism is applied to limit the
torque in the DTC of SynRM. The method is robust against parameter variation. In this
method, to obtain stable operation of the motor, the torque-limiting mechanism modifies
the flux reference with respect to the torque error sign. In line with the robustness of the
method, this method leads to a smooth transition between the maximum torque per ampere
(MTPA) and FW regions. In this article, to demonstrate the robustness of the method, the
authors have implemented the acceleration of the motor with the normal condition of the
control along with the acceleration in the same condition with a 35% increase of inductance
in the d-axis (L;). With this experiment, the parameter mismatch and erroneous torque
reference are modeled, and the performance of the method is tested. It is worth mentioning
that without compensation, the operation of the motor can be unstable under this condition.
Nevertheless, with this torque-limiting mechanism, the torque reference will be reduced in
the failure detection condition until successful torque control is detected. This is shown
in Figure 12. In this figure, in the second subplot, the torque response of the method is
illustrated, in which the red line indicates the motor’s torque, and the blue line shows
the reference torque. This figure shows that the torque limit (T,_;;) surges due to the
consecutive torque control failure, which indicates the parameter mismatch. Then, the
torque reference drops to a lower limit, which leads to successful torque control of the
motor. Consequently, a stable acceleration of the motor is achieved.

1200
1000
800
600
400

200
1.

Speed (rpm)

Torque (Nm)
N

Figure 12. SynRM speed (first subplot) and torque (second subplot) response to the 35% increase of
Ly with a torque-limiting robust DTC control algorithm [132].
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Sliding mode control (SMC) is also one of the main approaches to increase the ro-
bustness of DTC. This method is mainly applied for torque and flux estimations in DTC.
SMC is applied for DTC of SynRM in Reference [143]. In this paper, the robustness against
stator resistance variation is achieved through an online detection with a simple observer.
This observer exploits SMC in the variable structure control-based DTC (VSC-DTC) for the
objective of robustness. In this method, the constant switching frequency is also achieved
through the SVM block and the torque ripples are also decreased because of stator-flux
field-oriented referenced PI controllers. The simplicity of the DTC has been deteriorated in-
stead, although the high dynamic of the method is guaranteed. From another angle of view,
itis alleged in Reference [120] that less parameter dependency can be achieved by replacing
the commonly used PI controller with a normalized deviation model of SynRM. The results
for this claim validate the performance of the method and the proposed approach can
increase the VSD’s robustness.

Limited performance of DTC at low speed, such as reduced torque and flux control-
lability, and consequently, high noise due to the high torque ripples, are concerned in
many research works [144,145]. Sensorless DTC is one of the solutions, estimating the
rotor position and speed with different strategies. The high-frequency (HF) signal injection
(HFSI) is one of the most popular methods. These methods are reliable and have a desirable
performance at low speed, particularly at the standstill. Even though, the resonance and
extra losses are notable drawbacks of this method, which limits their utilization, especially
at medium and high speeds. Sayeef et al. have addressed the HFSI in References [146,147]
at low speed, including standstill, to obtain the rotor position and speed. Reference [146]
discusses the variable structure control, using HFSI (VSHFSI-DTC) at very low speed,
which offers a highly robust control against parameter variation. The method exploits HFSI
in low speed and sliding mode observers at high speeds to obtain rotor position and speed.
In Reference [148], the authors have investigated a sensorless DTC for low speed, based on
extended Kalman filter (EKF). In this paper, the estimations of rotor position and speed are
achieved without HFSI.

4.3. PC of SynRM

Modern PC methods are becoming popular among researchers. These methods open
a new avenue for control solutions with simple and high-performance control. In principle,
PC can consider several constraints at the same time and calculates the optimal switching
states based on the status of the motor in the current sampling period. Despite the simple
concept of the method, PC methods cause a high computational burden, as well as high
sampling and switching frequency. However, with the emergence of powerful micropro-
cessors, many research works have been recently conducted on the PC of SynRM [100,149].
The predictive control methods can be categorized as in Table 3.

Table 3. PC methods.

Model-Free

Model-Free Predictive Current Control (MFPCC)

Model-based

MPCC
Finite control set MPDTC Duty ratio modulation
Model-based predictive direct (FCS-MPDTC) MPDTC (DRM-MPDTC)
torque control (MPDTC) Continuous control set MPDTC Based on PWM
(CCS-MPDTC) Based on SVM

One of the predictive approaches to control SynRM is MFPCC, which is studied in
References [102,150,151]. Regardless of the motor’s model, this method simply controls
the motor current, which leads to low switching frequency and low computational burden.
The method detects the current of the motor and generates the voltage vector to directly
apply to the motor. In the next sampling period, based on the new current measurement,
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the old current variation will be calculated. Then, the current variation in the next period
will be estimated. Then, the current prediction will be executed, and the cost function will
be calculated to choose the optimal switching state. This strategy will execute constantly
to control the motor current, predictively. With this simple strategy, MFPCC avoids the
motor parameters or back-electromotive force (emf) estimation. However, the method
requires two current measurements in each sampling period. This can cause the detection
of the spikes in current, which are due to instantaneous switching inside the inverter.
Additionally, stagnant current-variation updates can degrade the performance of the
method. These drawbacks of MFPCC are fairly eliminated in Reference [103] through the
sampling of the current once, instead of measuring the current twice per sampling period.

Apart from model-free predictive motor control methods, model-based control (MPC)
methods are gaining more attention in SynRM drive systems [152-155]. MPC considers the
model of all of the system, including the inverter and the motor. Based on the system’s
model and the feedback from the system, MPC predicts the future states of the system in
the next step regarding the command switches in the current sampling period time. These
states have a constant number, which is referred to as the prediction horizon. Based on
the prediction horizon, the cost function will be calculated and the optimal switching state
will be opted to control the motor. Numerous objectives can be considered in cost function
with various coefficients. Considering the weight of each objective, the value of the weight
coefficients can vary. One example of a cost function to obtain voltage vectors to apply to
the motor is addressed in Reference [141] as follows:

2
‘uds(k+1)_ud5n| + M (k+1) uqsn }71:0,1,...,6 (4)

where g represents the cost function and uj, (k + 1) and ug (k + 1) indicate the predicted
reference voltage vectors at k + 1 instant in d- and g-axes and 4, and us, are the instant
values of the voltages with seven different states. The predicted voltages are obtained using
the model of the motor, as presented in (1). As a more descriptive approach, a flowchart of
a sample PC is illustrated in Figure 13 that shows the predictive algorithm.

| Measurements in (k-1) |
1

Prediction of k state

Predition of (k+1) state ouput regarding the
commanded voltage in k state

|Cost function calculatlon

Figure 13. Flowchart of a PC algorithm.
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The most popular model-based approach is the integration of MPC with DTC, which
is generally known as MPDTC in the literature [152]. Figure 14 shows the diagram of an
example of MPDTC. As can be seen, the method is like DTC and can be implemented on a
setup with a DTC drive system with no other hardware required [100]. The state values in
this method are motor torque and stator flux, which can be changed, as in Reference [140].
Theoretically, MPDTC is a new approach to DTC which directly controls the mean torque
value. Akin to DTC, the switching states are calculated to achieve the desired torque at
the end of each control cycle. Apart from its simple programming, this control method
produces the optimized voltage vector in each sampling time, leading to a heavy compu-
tational burden. This results in 2.5 times higher execution time than DTC [156]. MPDTC
offers a viable alternative for DTC, which works with high dynamic performance, fast
speed response, and lower torque ripple. Considering the high flexibility in the structure,
this method can protect the power electronic elements from overcurrent and guarantee a
lower average switching frequency. In comparison with FOC, MPDTC has higher perfor-
mance in the transient state, while FOC offers better steady-state performance [157]. The
authors of Reference [158] present an encoderless MPDTC for SynRM, which covers the
low performance of DTC at very low and zero speed operation.

Inverter

Torque and flux
observer

Figure 14. Block diagram of MPDTC of SynRM.

MPDTC is generally categorized into two categories. First, FCS-MPC, which takes
the discrete nature of the system into account, is recognized as the most popular MPC
method [159]. Akin to DTC, FCS-MPDTC does not involve modulation in its voltage
application to the motor and generates the voltages through the inverter directly. This
method provides a high-performance control method with high dynamic. However, the
high computational burden of the method requires high processing power. Besides, due
to the direct control of torque, high torque ripples in the motor shaft are inevitable. The
second category of the MPDTC methods is CCS-MPDTC. This method applies modulation
methods such as PWM or SVM to apply voltages to the motor.

5. Control Strategies for Different Speed Regions of SynRM Drives

At different motor speeds, some constraints limit the performance of the control meth-
ods. The problem of tracking the speed and positioning by an encoder and low current
requirement to drive in low speed and the voltage requisites at high speed are just some
of the issues. At very low speeds, sensorless controls have gained attention [160,161]. In
speeds up to nominal speeds, researchers mostly focus on maximum torque per ampere
(MTPA) operation [162,163], while in speeds higher than nominal speed, FW is consid-
ered as a dominant approach for control [97,164] and MTPV has been implemented in
speeds higher than crossover speed [165,166]. Generally, in SynRMs, the copper losses are
dominant [51]. Thus, in terms of control, a dynamic flux reference should be determined,
instead of a constant reference, to reach the lowest current magnitude to minimize the
copper losses. This strategy allows the motor to deliver maximum electromagnetic torque
with lower copper losses, leading to the higher overall efficiency of the drive. However,
exploiting different approaches for each trajectory requires a smooth transition in between.
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The control strategies in different speed regions are discussed in the rest of this section.
Section 5.1 investigates the research works at standstill and very low-speed control of
SynRM and analyzes the challenges and the advancements to cover them. A review of the
speed range of up to base speed and a review of high-speed and critical speed control of
SynRM is addressed in Sections 5.2 and 5.3, respectively. Section 5.4 surveys the studies on
wide speed range control and the transition between the ranges.

5.1. Standstill and Very Low-Speed Control

Due to the difficulties to measure the speed and the position of the flux in SynRM
at very low speed, the sensorless control is currently preferable for VSDs [158,161,167].
Sensorless control applies current and/or voltage sensors and it is called sensorless control
since the speed sensor is absent. The sensorless control methods are not only used for
low-speed control but also the motors can be controlled in the entire speed range with these
methods. Lack of speed sensor downsizes the system and saves space, costs less, eases the
implementation of the drive, provides a more reliable system, and gives more flexibility
to the system design for environmental compatibility, while it imposes complexity to the
control [122,168-171].

We categorized the sensorless control methods into two classes, where the model-
based sensorless control methods are mainly considered for middle- and high-speed range
and the saliency-based methods are studied for low-speed range.

Model-based sensorless control techniques are reported to be carried out either with
physical modeling [172] or mathematical modeling [173] of the machine. Physical modeling
employs rotor slot tracking, saturation by main flux, and customized rotor slots. On the
other hand, mathematic-based modeling provides more flexible control techniques. The
mathematical model-based sensorless methods include extended electromagnetic force
(EEMF)-based methods and direct flux observer (DFO)-based methods. In the EEMF-based
methods, the rotor position is obtained as:

6, :tgq(ej), (@) _ <u/x—Rsi,x—Ldpi,x-&-w@(Ld—Lq)iﬁ> )
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where ¢,, ep, U, Ug, iy, and i p are the EEMF voltages and the stator voltages and currents
in the stationary reference frame, respectively. The method requires the model of the
motor. This fact deteriorates the method’s performance in conditions of system mismatch
or measurement error. To improve the robustness of the method, some research work
proposes adaptive speed observers without a voltage transducer [169].

The second model-based method is DFO, which calculates the rotor position with the
estimation of flux linkage, as follows:

60 = tg*(E), (ﬁ> _ (L lep = Refp)a ®)
Y Y f (M,x — Rsla)dt

DFO presents a less accurate method in comparison with the EEMF method. Akin to
EEME, the parameter variation can degrade the estimation process in DFO.

As another common approach for sensorless techniques, open-loop estimators and
observers have been implemented in many studies [174]. In the sensorless control method,
to obtain information such as rotor position and speed, stator flux vector position, back-
electromotive force (back-emf), and extended back-emf, estimators are applied in the
literature [142]. This information is extracted from the motor state using arc-tangent calcu-
lation or phase-locked loops (PLL) tracking estimators [147]. A drawback for estimators
can lead to the accumulated numerical error and the integrator drift from DC offsets in
measured values [175]. Bearing all these approaches in mind, firstly, machine model appli-
cation to sensorless control can cause high voltage distortion. Secondly, motor parameter
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variation due to the high temperature and saturation of SynRM is likely, which degrades
the method’s robustness, leading to instability and less accurate control.
Figure 15 presents a classification of the different sensorless control methods.
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Saliency-based
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Figure 15. Sensorless control methods’ classification.

The model-based sensorless methods are not reliable for low-speed range due to the
low signal to ratio and the inaccuracy of the parameters, as well as the nonlinearity of
the inverters. In contrast to the model-based sensorless control methods, the saliency-
based methods are quite reliable for SynRM in the low-speed range, including zero speed.
Saliency-based methods generally benefit from the inherent salient structure of the SynRM
and are applied using test signals and filters [158]. PWM-based methods [176], signal
injection-based [122,145], and stator current variation-based methods [177] are the main
concepts for saliency-based control methods. Using test signals, either pulses or high-
frequency signals with saliency consideration provides a sensorless control, which avoids
the machine’s model exploitation. The independence of this method from machine pa-
rameters increases the method’s robustness against parameter variations and external
disturbances in low and even zero speed control. It is worth mentioning that for high-
frequency signals, an additional sensor is required. Also, multiple saliencies, non-sinusoidal
distribution of saliency, and the non-linearity of the methods are challenging.

The signal injection can be carried out either in the d-, g-axis or in the «, 3-axis. The
concept of high-frequency injection is described as follows:

Vit Ly 0 di;#
Vir |~ 1 0 Loy | 7| di @
IHF qHF —E
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In the literature, the high-frequency pulsation signals are injected into the d- and
g-axes to obtain the rotor position information. Equation (7) denotes the high-frequency
voltage and current relations in a synchronous reference frame. Equation (8) can also be
applied to estimate the rotor position. This equation is defined in a stationary reference
frame and high-frequency rotating signals are normally applied to determine the rotor
position. These concepts are illustrated for HFSI of sensorless FOC of SynRM in Figure 16.
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Figure 16. HF injection-based sensorless FOC of SynRM.

Some control theories are applied for sensorless control methods in drive systems.
Model reference adaptive system (MRAS) [178-180] open-loop speed estimation [181],
EKF [106,182], sliding mode control (SMC) [178], and artificial neural networks (ANN) [114]
are the most well-known strategies presented in the literature. With these methods, still,
the measurements’ integrated drift and highly noisy voltage remain a challenge and very
low and zero speed control are controversial issues due to the lack of back-emf.

5.2. Up to Base Speed

SynRM owes its popularity to the high efficiency and can be projected as a dominant
motor in industries with the development of VSDs [13]. In particular, in the base speed
range, the efficiency issues are attracting more attention in the industries to save energy [12].
Hence, MTPA is becoming inevitable in the recent, more energy aware VSDs, as this method
is a smart answer to the call for VSD’s efficiency demands.

MTPA is a general strategy for all advanced control techniques, with some consid-
erations for each control method. Regardless of the motor and control algorithm, MTPA
has decent flexibility to increase each drive system’s efficiency. This method is applied to
DTC [98,101,183,184], FOC [142,185,186], DFVC [187], and MPDTC [187,188] for different
motors, including SynRMs.

As a brief description, MTPA is an approach to maximize the motor torque towards
the current, as follows:

T,
EY 0;
ald

©)

According to Equation (1):
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It should be noted that Equation (10) is derived from the simplified model of the motor,
where the cross-coupling magnetic saturation is neglected. Thus, the current reference of
iy= 15—\/”5 is applied to low loads where the saturation of the rotor is less likely. As mentioned
in the previous section, the cross-coupling magnet saturation is severe in SynRM, and to
improve the performance of the control in higher loads, it is inevitable to consider the
variable inductances regarding the currents, as well as the saturation effects.

The first efforts directed to MTPA of SynRM have focused on the minimization of input
power with different algorithms. The perturbed d-axis current and low convergence [189],
the instability of the response due to a slow current chattering around the minimum loss
operating point, and noisy input power signal effect [190] were some challenges with
MTPA strategies. The other issue that the MTPA strategies are faced with is machine
parameter dependence. MTPA is an online procedure and it needs the machine parameters
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knowledge [125]. As a consequence, the nonlinearity of parameters such as inductances
will affect the effectiveness of the method [191-193]. Thus, in line with the efficiency
improvements of systems through MTPA strategies, the robustness of the drive systems
with MTPA strategies is to be taken into consideration. In particular, SynRMs’ parameter
variations such as inductances to the air-gap flux, PM flux density (in case of PMSynRM)
and saturation effects, and stator resistance dependency to the motor’s temperature are
inevitable [194,195]. Niazi and Toliyat have proposed a robust MTPA for PMSynRM in
Reference [142], which calculates the MTPA point, provisionally. Since the saturation effect
and high ambient temperature of the motor are inevitable, the method avoids the offline
model. Using an online estimator, the practical MTPA point is introduced by method,
which proposes a highly efficient and robust method. However, it is likely to fail with this
strategy in the initial working point if it is far away from MTPA.

The zero flux situations remain challenging in MTPA control methods. As the position
estimators in many research works are applied using machine back-emf, minimum excita-
tion flux should be fulfilled to suitably track the back-emf. For this purpose, in the very low
torques, the MTPA approach should be avoided or modified. In Reference [186], an online
procedure is proposed for MTPA of SynRM. The algorithm exploits the HFSI strategy in
DTC with a random-based perturbation pattern. The method shows a desirable perfor-
mance in the base speed range. Besides, the method only requires motor resistance for an
automatic procedure. However, these strategies can inject perturbation signal waveform,
which can cause resonance if the waveform frequency is close to the loads” mechanical
resonance. Figure 17 shows the concept of the search for MTPA in this paper. The detector
is supposed to generate the flux reference for the DTC algorithm to compare with the
estimated flux in the SynRM and generate the error signal for the flux hysteresis controller.
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Figure 17. MTPA detector schematic [188].

As can be seen, a random number generator (RNG) block produces a pseudorandom
signal with uniform distribution, which distributes the injected signal on a wider harmonic
frequency range. This can result in smoother torque rather than that of pure sinusoidal
signal injection. The same filters are applied for the current and RNG inputs to maintain
the same phase relationship between the signals. Then, the product of the signals is
filtered through a low-pass filter with the time constant of the detection procedure (Tjesect)-
The output of the low-pass filter is magnified employing a PI regulator to generate a
compensation signal. The compensation signal is subtracted from the reference flux to
generate the desired flux for the opted MTPA operation point. The flux, current, and speed
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response of SynRM to the search algorithm are illustrated in Figure 18, respectively. The
time steps are presented as vertical dashed lines in each plot. To verify the performance of
the algorithm, the flux of the motor is abruptly decreased by 10% from the MTPA operation
point at time 1.5 s. Then, after 0.3 s, the perturbation is started. Then, the PI controller
starts to regulate its input at 2 s. The algorithm finds the optimal operation point at 3.3 s
and is manually deactivated. The results clearly show that the current magnitude rapidly
increases to find the optimized operation point. The speed of the motor is not considerably
affected in the transient mode. The process successfully finds the MTPA point, where the
optimal current settles down in the initial current value.
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Figure 18. Automatic MTPA search algorithm response, (a) flux, (b) current, (c) speed [188].

In the base speed range, alternatively, the maximum power factor (MPF) guarantees
the proper control of the power of the motor. With this concept in the rated speed range,
the MPF is delivered with zero losses. The power factor is described as:

(La — Lq)igiq

i3 i2 (1)
Ly + 143
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Therefore, the tangent of the power factor is described as:

2 2
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P (Ld — Lq)ldlq
To obtain the MPF for the motor, the minimum tangent should be obtained, where
(}‘;) =4/ E—Z Therefore, the MPF is obtained as follows:

(13)

It should be noted that these equations are defined with the assumption of the ne-
glected cross-coupling magnetic saturation and constant inductances situation. Under
these conditions, the maximum torque delivered with the motor is higher than the torque
under the MTPA condition.

Apart from MTPA and MPEF, at the base speed range, the maximum torque is produced
by SynRM applying the maximum torque per flux (MTPF) approach. In this strategy, the
given stator flux reference is described as:

W2 = (Lyig)® + (Lgig) (14)

iy _ Ly
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Consequently, the obtained torque is:
3 2Ly
T, = Ep(Ld_Lq)ldfq (16)

The resulted torque by MTPF is the highest torque obtained to the given flux reference
at very high speed. Regarding the control considerations, the MPF and MTPF approaches
can be applied in the control stage.

5.3. Beyond Base Speed

SynRMs possess an inherent unlimited speed range with only mechanical constraints [165].
Owing to the anisotropic rotor design, the saliency of the rotor leads to the reluctance
torque. This specific characteristic of the rotor saliency promotes a more convenient FW
operation for control purposes. In general, for motors in traction applications and spindle
drives, the MTPV in the FW region is vital. While many studies in FW operation are
utilizing FOC algorithms, the control methods of MTPV operation in the research works
are mostly based on DTC [96,132,196].

For the sake of high-speed operation of SynRM, the increase of back-emf is inevitable.
Consequently, a reduction of the stator flux is required to reach higher speeds. The stator
flux produces the electromagnetic torque, which will be reduced by the reduction in stator
flux at high speed. Furthermore, for the given current level, the high speed of the motor
requires an imminent regulation of stator flux and electromagnetic torque, concurrently,
so that the current and voltage limits will not be exceeded. Regarding direct torque and
flux control of DTC, this method can serve as the best choice for FW operation. However,
FOC- and MPC-based MTPV operation algorithms of SynRM in the FW region can be
found in the literature [140,165,197,198]. Due to the sensitivity of current vector control
to the orientation errors in the MTPV region, such as encoder offset, any angle error can
result in undesired torque reversal. This is the result of the closeness of the current vector
to the negative d-axis. Moreover, the current vector control imposes some complexities,
particularly in the FW region [199]. As MPC requires a precise model of motor, the control
method’s performance under FW operation can be extremely deteriorated by parameter
variations.

The SynRM'’s parameters, and in particular inductances, are more likely to change un-
der the iron saturation situation. Therefore, among FW operation concerns, the robustness
of the controller against parameter variations of SynRMs as well as external disturbances
are vital considerations [170,200]. In Reference [132], a robust FW algorithm for the DTC
algorithm has been presented for the DTC of SynRM. This algorithm modifies the flux
reference concerning the torque error and provides a smooth transition between MTPA to
the FW speed region. DFVC can be another simple solution for FW of SynRM, which is
proposed in References [107,187]. Although this method provides a desirable base for sim-
ple and high-performance control of SynRM, in the FW area, the machine is always along
the intersection between the limits of current and voltage. This drawback of DFVC avoids
the motor to reach MTPV operation. In Reference [64], Gianmario et al. have worked on
the DFVC in the FW region in case of MTPV limitations. This method provides an optimal
maximum flux vector phase angle, so the MTPV limits are satisfied. A model-based FW
strategy is proposed for synchronous machines in Reference [201] to leverage the presence
of digital non-linear models. The superiority of this method is the operation without the
need of FW regulators that ensures a seamless transition between the operating regions of
the machine.

5.4. Transition Between Different Speed Ranges

The wide speed range control of SynRM has attracted a lot of attention in the literature,
and the low-speed and high-speed control of SynRM have been studied, concurrently. The
attempt to implement the control strategies in the whole speed ranges requires a more
scrutinized study on the transition of the motor speed between different trajectories. For
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this purpose, firstly, it is crucial to opt for a proper control strategy for each speed region.
Secondly, the integration of the strategies should be considered in the method and a
comprehensive mechanism should be devised to provide a proper control algorithm with
high performance in each speed region and a smooth transition between control regimes.
As discussed previously, control trajectories are mainly divided into three regions. In
this category, the standstill and very low-speed and MTPA and FW regimes are generally
considered. It should be noted that the torque and flux of SynRM must always be limited
by MTPA or MPTF limits, as well as voltage and current limits. As an example, Zhang et al.
have studied two regimes of MTPA and FW in Reference [132]. In this research work, the
MTPA trajectory is described as:

Al 2 L3+12
V3 Li— L

|Te 17)

In this trajectory, the control algorithm produces the minimum current concerning the
torque, which decreases the copper losses. These flux and torque demands are required
with the method when the motor speeds up to the rated speed. This trajectory is referred
to as region I in this method. If the speed passes the base speed, the FW strategy is applied.
In this scenario, the maximum inverter voltage is applied to the motor. The FW trajectory
is divided into two regions of region II and region III. In region II, the flux reference and
the torque reference of the motor are obtained as:

nl = (G- )+ (Lyta)? as)
3 . p
Te = P (Lo = Ly)iay/ Bax — 13 (19)

where, I,y is the machine’s maximum current. In this region, the machine’s current limit
is satisfied. In this study, region III is referred to as the MTPF trajectory. In this region, the
relation between the flux and the torque is defined as:

L;—L
T, = %’ﬁw (20)

In the MTPF trajectory, the motor can spin at a very high speed and only mechanical
constraints limit the speed of the SynRM. In Figure 19, the defined regions are mapped
onto the torque-flux plane.

A comprehensive study of sensorless DFVC control of SynRM in a wide speed range
is presented by Yousefi et al. [107,187]. Figure 20 demonstrates the block diagram of
this method, which implements MTPA, FW, and active flux and position observer for
speed sensorless drive objectives in one comprehensive drive control approach. Using a
combination of HFSI and active flux and position observer makes the method capable of
operation in even zero-speed condition, which avoids position estimation error resulted
from cross-saturation. Covering the MTPA law and FW approach, the method is capable
of a very broad speed operation range from standstill to the very high speed, with highly
efficient and high-performance control. This technique seems a desirable choice for the
applications that require a wide speed range such as home appliances, or automotive and
aerospace actuators and generators. This work provides constant switching frequency
with the application of the PWM block. Operating in stator-flux-oriented coordinates,
the algorithm requires the flux vector precise position causing a complex and less robust
control method.
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Figure 19. Control trajectories illustration for DTC of SynRM [132].
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Figure 20. Sensorless DFVC scheme [107].

6. Discussion and Conclusions

The need for motor-drive systems in the industry and domestic applications is un-
deniable. This paper showed that the state-of-the-art SynRMs’ drive package has been
introduced to the market with higher efficiency than the IM drive package and potentially
lower cost. Moreover, with a lower price and more environmentally friendly and sim-
pler structure, SynRMs’ drive package presents comparable performance versus PMSM
drive packages. This study briefly investigated the opportunities for modeling and design
improvements in SynRM. We analyzed the highlighted structures and proposals for perfor-
mance enhancement including lower torque ripples and higher torque and power density,
along with higher power factor of SynRM. The study shows a considerable improvement
in motor performance and an upward trend in research works with potentially better
performance of the whole package. The literature review shows a notable advancement in
the SynRM drive systems towards high efficiency, low cost, and environmental concerns. In
this sense, the SynRM drive offers a sustainable system. The study shows that the trend to
investigate the developments of these systems is upward. The latest SynRM drive packages
are applied in the industry and more potential is projected for these systems.
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Motor control methods may not guarantee the acceptable level of all control aspects,
for example, good robustness, fast dynamic, low torque ripple, and accurate tracking, when
singly used in drive systems. For this reason, research and development in the field of
electric drives are incrementally updated to develop the technical knowledge and provide
a modified version of the drive system, as much as possible. We studied the more popular
control strategies and investigated the advantages and disadvantages of each method.
Regarding the highlighted feature of each method, we classified the methods, which can
provide a reliable reference for the researchers to overview the motor control methods.

A high-performance controller for VSD-fed SynRMs was evaluated by different factors.
Three more important factors are the robustness of the controller against parameter varia-
tion and external disturbances, the level of torque ripples imposed on the average torque,
and the more efficient drive in a wide speed range. Both electrical parameter variability
and torque ripple are chiefly generated from the anisotropic rotor structure of SynRMs.
The undesirable parameter variation can lead to degraded performance of the drive system.
Furthermore, disregarding the system mismatch is in contradiction to efficiency, productiv-
ity, and environmental and energy issues. To tackle parameter variation problems, a robust
control algorithm should be developed because the parameter variation has a direct impact
on machine controllability. The robustness of the controller against external disturbances,
such as tough load torques, can be investigated and modified. The study shows that one
of the biggest concerns in the SynRMs drive systems is the high torque ripples compared
to other technologies. A high level of torque ripple causes pulsation and vibration, which
can not only lead to the low efficiency of the systems but also the noise in the environment.
We reviewed the techniques and proposals for both the design and control aspects that are
addressed to decrease the torque ripples.

Designing a control method to cover the whole speed range of the motors with
desired efficiency and performance seems an overwhelming task due to the imposed
theoretical and practical constraints. Considering the vast potential uses of SynRMs with
VSDs, more intelligent control techniques are projected to be developed to preserve the
striking efficiency of these motors in a wide speed range with desirable performance in
both transient moods and steady-state. This expanded review paper covered the control
methods that are proposed to enhance the performance and controllability and efficiency
of the SynRM from standstill to very high speeds. We gathered some approaches for other
motor technologies that can be applied to SynRM with some modifications and advised
for future research works. The findings and outcomes of the paper may be interesting and
usable for researchers, industrial companies, and manufacturers of SynRM drive systems.
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Abstract— Current and voltage harmonics lead to iron losses
in motors. As the iron losses have the largest portion of total
losses in many motors, harmonic analysis of motors is of
paramount importance. In this study, we compared the new
designed permanent magnet assisted synchronous reluctance
motor (PMSynRM) and synchronous reluctance motor (SynRM)
with an industrial induction motor (IM) in terms of harmonic
currents and harmonic voltages. To investigate the performance
of the motors in terms of harmonic distortion, an industrial
frequency converter based on direct torque control (DTC)
strategy is adopted. The study shows the high harmonic
injection of frequency converter to the system.

Keywords—permanent magnet synchronous reluctance
motor, synchronous reluctance motor, induction motor, power

quality

1. INTRODUCTION

Nowadays, Variable Speed Drives (VSDs) have become
so popular in the industry, even for some fixed-speed applica-
tions. To save energy, extend motors’ operation life and
performance optimization, VSDs are the best choice in the
industry. On the other hand, in the power quality point of
view, VSDs as any power electronic devices integrated into
grid produce distortions since they have non-linear loads into
electric power systems that has become a serious issue in
recent years [1], [2]. Power quality requirements of loads that
have over 100% current total harmonic distortions (THD)
may not be precisely regul ated [3].Moreover, harmonics
affect power factor as shown in [4]. Considering this critical
issue, it is needed to study VSD-fed drives in terms of harmon-
ics and their effects on the power quality of systems. As an
extensive solution for AC drives’ harmonics distortion, some
harmonics were eliminated by using passive [5], [6] or active
[7] filters. Using passive filters on the grid-side before the
frequency converter decreases the currents harmonics notably.
Moreover, the structure for this method is quite simple and
affordable to implement. However, it causes further disad-
vantages, which in some cases will cause irreparable damages
to the system. Since the passive filters are configured based on
the system design and limitations, the changes and modifica-
tions in the system can cause even higher distortions [8].
Besides, the size and cost of passive filters are also high which
makes the active filter application more reasonable. Lack of
inductors makes active filters size quite small and decreases
the cost. The disadvantage of these filters can be a more power
supply requirement [9].

VSD-fed IMs are widely used nowadays. However,
SynRMs are gaining popularity in some applications such as
pumps, fans, compressors, extruders, conveyors, and mixers
[10]. Rotor anisotropy in SynRM results in high flux density
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fluctuations in the iron. As a result, the harmonic currents in
SynRM are striking. As the rotor anisotropy is the same with
PMSynRM, the harmonic currents in PMSynRM are high.
Due to the fairly high iron losses in these motors, the study in
this area seems necessary. Determination of iron losses re-
quires a precise study for design purposes. In terms of com-
putation time of total loss calculation, it is crucial to choose an
economical method. A nonlinear analytical model of SynRM
has been proposed in [11] to calculate iron losses considering
the magnetic iron saturation and slotting effect. Using coupled
finite element method and response surface methodology the
characteristic analyses of SynRM is done in [12].

DTC is a well-established and interesting control tech-
nique for different electric motor drive systems. in industrial
frequency converters. The switching table-based DTC strat-
egy benefits from fast dynamics response and simple control
method, compared to the PWM-based techniques such as field
oriented control (FOC) strategy. Because of the nonlinear
characteristics of DTC, its DC-side harmonics spectrum is
much different from that of PWM, as it does not have a
deterministic model for its harmonics patterns [13]. A proba-
bilistic AC-side voltage harmonics model was proposed in
[2]. Also, DTC suffers from high harmonic currents which
degrades its performance and affects the power quality of the
system [14].

This paper focuses on the analysis of the grid-side and
motor-side harmonics produced by industrial frequency
converter running IM, SynRM and PMSynRM. For this
purpose, a comparative study is obtained in terms of the
current and voltage harmonics, when the aforementioned
motors are driven using DTC strategy.

II. TEST SETUP

The test bench was designed in Electrical Machine Group
Lab of Tallinn Technology University. Fig. 1 shows the im-
plemented setup which the three motors were changed in three
separate tests.

In this setup, we have coupled an industrial IM as a load
to all three motors to test them under the same load condition.
All the motors were driven by an industrial frequency con-
verter, which is based on DTC strategy.

For control objectives, DTC method was chosen for all
tests that is defined in the industrial frequency converter’s
setup. For measuring the currents, the Fluke 1400s AC current
clamps with bandwidth of 5 kHz were used. The harmonic
currents up to 100 times of the fundamental frequency were
measured. NCTE 4000 Series SONm non-contact rotary
torque sensor with 360 CPR angle sensor was implemented to
measure the motors torque and speed. The NCTE 4000 series



Torque-side converte

Fig. 1. Experimental setup.

is coupled to the load and motor mechanically. To measure
voltages of lines, the DEWETRON data acquisition system
was implemented. Displaying and registering all the measured
data from torque and speed transducer and current clamps
were done by the DEWETRON system, providing a universal
measurement system for the tests. Using the Oxygen platform
in the DEWETRON system, the harmonics were measured
online and all power analysis and data acquisitions were done,
simultaneously.

III. HARMONIC CURRENT ANALYSIS

The harmonic currents and voltages due to the frequency
converter-fed electric motors highly affect the performance
indices of the systemsuch as power quality. The voltage and
current harmonic contents also lead to the torque variations.
Windings, slotting, magnetic saturation and other geometrical
configuration such as air gap length inequalities lead to flux
spatial harmonics. Induced voltage of these harmonics results
in harmonic currents in rotor windings in the IM. Moreover,
VSDs distort the voltage and current shape and cause harmon-
ics in grid and the motors, as well. DTC has attracted increas-
ing attention in recent decades as it has quicker dynamic
response comparing to the other control methods such as field
oriented control (FOC) due to the usage of look-up table
instead of modulators. Lack of direct current controller has
also led to more simplicity of this method. However, direct
control of the torque and flux contributes to low frequency
current harmonics, especially the fifth and seventh harmonics.
The 6n + 1;n = odd order harmonics These harmonics
causes harmonics loss and will affect electromagnetic interfer-
ence. In addition, DTC has variable switching frequency as
well as nonlinear elements in the control loop which compli-
cate the analytical studies, including harmonic analysis, in this
method. To cover this complexity, probabilistic analysis has
been performed in [13].

In DTC method for IM, the flux vector is calculated from
the voltage and current vectors as follows:

ji-nm

Vi = Vdce 3

fori =1to3 (1)
CDS = f(Us - Rsls)dt (2)

where, j is the square root of —1, @, is stator flux, U, I are
the stator voltage and current, respectively, and Ry is the stator
resistance.

The harmonic currents in the rotor interact with harmonic
fluxes in the stator and cause harmonic torques, vibrations and
noises in the motor. Stator windings carry sinusoidal currents
with some harmonics. This is also true for the SnyRM and
the PMSynRM, considering less effect on the rotor side due to
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Fig. 2. Grid Input voltages of grid connected IM drive.

cold rotor of these motors. Since the flux wave shape is half-
way symmetry and it is odd, the even harmonics are absent in
Fourier series. Consequently, the currents have only the odd
harmonics. Among these harmonics, third harmonics of each
phases decrease each other’s magnitude and this harmonic
always has a negligible value. As a result, third harmonic of
air gap flux is so small as the phase currents. On the other
hand, fifth harmonic and seventh harmonics have striking
magnitudes. In case of the torque, the fifth harmonic is called
braking torque since its rotation direction is just apposite of
the fundamental frequency. Besides, the seventh harmonic
flux has the same rotational direction with fundamental flux.
This results in the same torque production of the fundamental
torque frequency and the seventh frequency. On the motor
side, the current’s harmonics are negligible leading to low
losses. Motors, as a low pass filter avoid the high frequency
harmonics. The low order of harmonics are measured by the
order of 20 times higher than fundamental frequency.

IV. TESTRESULTS

To compare the harmonics of voltage and currents, all the
dive systems were tested under 59 Nm load condition. In these
tests, the result values are exported from oxygen platform and
analyzed by MATLAB 2018b. This analysis enabled us to
compare the harmonics of the drive systems in terms of
voltages and currents Fig. 2 shows the input voltages of the
three phases of IM, which was connected to the grid without
frequency converter. Basically, the voltages were supposed to
be constant during all the tests as the grid is considered as an
infinite bus bar. As a result, comparing Fig. 2 and Fig. 3, the
same results are measured from the inverter-fed IM and grid
connected IM. The figures show the low effect of the dirve
systems on the grid. In this test, the IM has been connected in
delta connction and the measured voltages were the line
voltages, which could be different with the phase voltages in
terms of harmonic voltages.SynRM and PMSynRM were
connected in star connection as well. It should be mentioned
that the neutral point for the motors and the grid were not
connected and the results for third harmonics were not
preciesely confidable.

To analyze the voltage harmonics of the both grid con-
nected and inverter-fed IM, the Fast Fourier Transform of the
voltages were calculated. Fig. 4 gives information about the
low order harmonics of line 1st grid input voltage. The
harmonics were supposed to be the same for all three phases
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and only one phase was investigated. It was found out that the
frequency converter has almost no effect on the grid voltage
and injects no extra harmonics to the grid due to infinite bus.

On the other hand, the frequency converter made the input
currents to the grid completely distorted. The three phase
currents are shown in Fig. 5. The shape of currents were quite
distorted and they were almost in the same shapes. To investi-
gate the harmonics distortion injected by frequency converter,
the harmonics of the IM were studied in both grid connected
and inverter-fed drive. Fig. 6 shows that the results the fifth
and seventh harmonics of the grid current was a big deal in
inverter-fed drive, comparing to the grid connected drive. This
result conforms the low amount of third harmonic produced
by the frequency converter. The harmonics higher than 20th
were not considerable and were neglected in this study.

To compare the effect of the three motor drive systems on
the grid current, the harmonics were calculated for all the test
and showed in Fig. 7. Taking the fundamental frequency
magnitude into account, the PMSynRM produces higher fifth
and seventh harmonics which are generally the most striking
differences between the motor drive systems. Comparing
SynRM and IM, almost the same fifth harmonic were calcu-
lated. The seventh harmonics of the two drive systems have
the same magnitude which considering the fundamental
frequency, it was found out that the IM has higher seventh
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Fig. 5. Grid input currents of inverter-fed IM drive.
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harmonics than SynRM. The higher order harmonics had
negligible magnitudes.

On the motor side, the motors have different harmonic
voltages which is shown in Fig. 8. Generally, the motors’
voltages have no significant harmonics and driving the motors
by the same industrial frequency converter, almost the same
results has been achieved. Besides, the industrial frequency
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converter has a filter which avoids some harmonics to be  [3]
injected to the motor. In case of fifth harmonics, PMSynRM
has the biggest harmonic. Having look on the seventh harmon-
ics, SynRM produced the biggest seventh harmonics. [4]
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As the motors are low pass filter, the harmonic currents
have very small magnitudes which is negligible. Fig. 9 [3]
demonstrates the motors’ current harmonics. It can be clearly
seen that no harmonic has been produced in motors’ current.
The motors’ current shaped are supposed to be almost pure
sinusoidal.

V.  CONCLUSIONS AND DISCUSSION

To investigate the motor drive systems in terms of power
quality, it is inevitable to study voltage and current harmonics.
In this study three different motors are driven in the same g
loading and driving status. The IM is driven in both grid
connected and inverter-fed mode to analyse the effect of  [9)
frequency converter to the system behaviour. In terms of
harmonic voltages, the two systems have the same harmonics.
In inverter-fed drive system, currents are distorted and the
shape of input currents are not sinusoidal. The most significant
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injected to the grid. The even harmonics have negligible
magnitude. Comparing motor voltage harmonics in inverter-
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motors.
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Abstract—Since the dominant induction machines and
permanent magnet synchronous machines are well-established
in the industry, the reluctance machines require more research
work and investigation to substitute the conventional
technologies. This paper analyzes the synchronous reluctance
machines and permanent magnet-assisted synchronous
reluctance machines in terms of the effect of permanent magnets
in the model and the performance characteristic of the
machines. The machines are designed and the parameters are
measured. The vector diagrams of the machines and the
equivalent circuits of the machines are analyzed. A comparison
of the machines in terms of power factor, efficiency, and torque
of the machines is provided based on the measurements. The
study presents a notable improvement in power factor and
efficiency in the case of inserting permanent magnets in the
synchronous reluctance machine’s rotor.

Keywords—ac machines, permanent magnet machines, rotors.

L INTRODUCTION

Recently, much attention is paid to the synchronous
reluctance machine (SynRM) in the pump, fan, and traction
applications [1], [2]. On the account of the variable-speed
drives development and their efficient drive possibilities,
SynRM has the potential to replace the conventional machine
technologies in the future [3]-[6]. Based on the literature
review [7]-[9], some highlighted features of SynRM can be
listed as:

e High efficiency

e Low-cost

e Easy maintenance

e Robust rotor structure

e High power to inertia ratio
e High power density

e High dynamic

e  Wide-speed range

The operation of SynRM is based on the salient poles with
no need for permanent magnets (PM) or any field-windings
on the rotor side. Owing to the lack of bars or field-windings
on the rotor and possible low-temperature operation, higher
efficiency than induction machine (IM) is projected for
SynRM [10]. Moreover, the bearing faults that can be caused
also by rotor overheating, in the IM make the biggest portion
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of machine faults [11]. Similar faults can be decreased in
SynRM due to the possible low-temperature operation.
Additionally, the elimination of the rotor bars or field-
windings results in fewer elements in the rotor and
consequently more reliable machine technology. This can
offer an economical technology not only in the manufacturing
stage [12] but also in maintenance. This rotor structure of
SynRM leads to low inertia of the machine and the power to
the inertia ratio can be higher as compared with IM. In
addition, the higher power density of this machine provides
the possibility of producing a smaller frame size in the same
power range [13]. Moreover, because of the low moment of
inertia, SynRMs can present higher dynamic performance and
short acceleration time in comparison with IM. However,
bearing in mind all the design improvements in the literature,
SynRM presents a very low power factor, which is considered
as a severe limitation for this machine [14].

Adding ferrite PMs to SynRM leads to a novel class of
permanent magnet synchronous machine (PMSM) that can
notably improve the performance of SynRM. In this sense,
permanent magnet-assisted synchronous reluctance machine
(PMSynRM) is a type of interior PMSM with comparable
performance. This machine exploits the peculiar rotor
characteristics of SynRM and the PMs, concurrently, which
can lead to a considerable improvement in SynRM
performance. On account of the growing price of rare-earth
magnets [15], the interest in PMSM is decreasing. Among the
competitive machines, PMSynRM offers a cost-effective and
high-performance alternative for PMSM.

In recent decades, many research works on PMSynRM
are carried out in traction applications [3]. This machine has
a desirable performance at high speeds, fulfilling the
constant-power speed range requirements [16]. In addition,
the usage of ferrite PMs has provided a reliable and low-cost
choice for manufacturers. One significant superiority of the
PMSynRM against SynRM is its high power factor, which
can provide a more efficient machine technology [17].
Having said this, the manufacturing and maintenance of
PMSynRM can be more difficult than SynRM due to the
usage of PMs and the difficulties with the assembling and
disassembling. In addition, the additive mass due to the ferrite
PMs can result in a higher moment of inertia of the rotor.
Also, the possible faults [18] in PMs can be a drawback for
this type of machine.

In the rest of this paper, the SynRM and PMSynRM are
analyzed in terms of the d — q equivalent circuit and vector
diagram and the equations in section II. The comparison of
the designed machines in terms of performance



characteristics is carried out in section III, based on the
section II analysis. A conclusion of the study and the future
plan of the study is presented in section IV.

1L SYNRM AND PMSYNRM ANALYSIS

SynRM produces reluctance torque, resulting from
changing the magnetic reluctance. The flux produced by the
stator flows into the lowest reluctance. Therefore, if the rotor
is not aligned with the flux, the reluctance torque will spin the
rotor in the direction with minimum magnetic reluctance. On
the other hand, the operation of the PMSynRM is based on
not only the reluctance torque but also the magnetic torque.
Augmenting the magnetic torque due to the PMs, PMSynRM
can produce higher torque than SynRM.

Fig. 1 shows the structure of the machines in one sketch.
It can be seen from this figure that the machines can have the
same stator. The difference between the machines is in the
utilization of the ferrite magnets. In SynRM, the flux paths
provide a low magnetic reluctance in the d-axis. The flux
barriers are implemented to avoid the flux to flow into the g-
axis. This leads to a higher reluctance in the g-axis.
Therefore, the inductance in the d-axis (L, ) is bigger than the
inductance in g-axis (Lg). The ratio between d,q-axis
inductances is known as the saliency ratio. This ratio is
defined as:
_ La
(= Ie (D
The saliency ratio defines the reluctance torque and the
power factor of the machines. This ratio can be increased by
means of ferrite PMs.

From the power factor point of view, adding PMs to the
SnyRM’s rotor can lead to an improved power factor in
PMSynRM. The power factor equation is also defined as:

cos(p) =sin(5), @ =90—-46 2)

where ¢ is the phase angle between the voltage and current
vectors of the machines. The less phase lag between the
voltage and current vectors of the machine, the bigger power
factor the machine can have. In this equation, § denotes the
phase lag between the flux and current in the d — g reference
frame. This angle is also called torque angle, which is
described in this section.

In reluctance machines, the power factor can also be
defined as follows.
=51
PF = o 3)
This equation shows that a higher saliency ratio leads to a
higher power factor in the machine. It is predicted to have a
higher power factor in PMSynRM than SynRM, considering
a possible higher saliency ratio in PMSynRM.

The torque can be described for the machines as the
following:

T = p[aql[7aqlsin(®) @

where p denotes the pole pairs of the machines, iyq, $gq
represent the d, and g-axis currents, and fluxes of the
machines, respectively. The torque angle can be improved by
means of the PMs, where the angle is bigger for the
PMSynRM. This can lead to higher maximum torque per
ampere for the PMSynRM, as in equation (4).
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Fig. 1. The sketch of SynRM (left side) and PMSynRM (right side) stator and

rotor structure.
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Fig. 2. The d-q equivalent circuit of SynRM and PMSynRM.

The derived torque equation in the synchronous reference
frame for the SynRM, and PMSynRM, which is independent
of the rotor angle is simplified as below.

3 .. .
T = ;P(Ld - Lq)ldlq + dnig %)

Where ¢, denotes the flux linkage of the PMs in
PMSynRM. Due to the lack of magnets in SynRM, the flux
linkage is zero in this machine, which shows that the torque
equation for the SynRM is purely reluctance and is only
produced due to the saliency of the rotor.

In order to analyze the parameters of the machines for
performance characteristic comparison, the machines’
equivalent circuit in the d — q reference frame is illustrated
in Fig. 2. The equivalent circuit in d — q reference frame
provides the voltage equations of the d — q reference frame.
These voltages are as follows.

o de )
V4= Rgig +d—td—u>equq (6)
V, = Rig +329 1 5 Lyiy + o %)
q — "'stq dt eldtd e'Ym

Where V;,denote the d, and g-axis voltages, respectively.
Ry is the stator resistance of the machines, which is the same
for the machines on account of the same stator application for
both of the machines. The voltage vectors of the SynRM and
PMSynRM have different g-axis values and the same d-axis
values. This leads to different values for the machines’
voltage and current angle (¢). The decrement in ¢ and
increment in power factor is projected as a result of ferrite
PMs inserting.

The flux equations are defined for the machines as:



bg =Lalg + b (8)
g = Lqiq )

The fluxes have the same value in the g-axis and different
values in the d-axis. This can be presented as the effect of the
magnets, which affects the torque angle (6).

It is worth mentioning that the inserted PMs can only
affect the PMSynRM’s voltage equations in the d-axis in the
situation of running the machine, while in zero-speed control
or locked situation the voltage equation is the same with
SynRM.

The displacement of flux and voltage vectors of SynRM
due to the magnets is also presented in Fig 3. The discussed
topics can be concluded from this figure, as well.

COMPARISON OF THE STUDIED SYNRM AND PMSYNRM

In this section, a comparison of the machines is carried
out for the machines in terms of the design and measured
parameters.

A. Design Parameters

For the comparison purpose, reluctance machines were
designed and built [19]. For the construction, IM 132 MA size
frame was used and the stator windings were rewound to
reach 10.5 kW machine. The laminations for the SynRM were
designed and manufactured so that the machine’s calculated
nominal values were as in [20]. Then, the laminations were
stacked and the SynRM’s rotor was designed. The same
procedure was applied for PMSynRM’s rotor. Then, the
ferrite PMs were added into the flux barriers as in Fig. 1. The
designed rotors of the studied SynRM and PMSynRM are
depicted in Fig. 4.

Table I presents the design parameters of the machines in
terms of the electrical and mechanical specifications. Due to
the same stator windings for the machines, the number of pole
pairs and the rated power of the machines was the same. As a
result of the same pole pairs, the rated speeds were equal for
both machines. The usage of ferrite PMs and higher mass of
the rotor resulted in a higher moment of inertia of the
PMSynRM.

PpmsynrRM

Psynrm

quSynRM

Fig. 3. The SynRM and PMSynRM vector diagram.

Fig. 4. The rotor structure of the designed SynRM (left side) and the
PMSynRM (right side).

TABLE I. THE STUDIED MACHINES’ DESIGN AND MEASURED

PARAMETERS
Machine
Parameter SynRM PMSynRM
Frame size 132 MA 132 MA
Rated Power (kW) 10.5 10.5
Number of poles 2 2

Rated Speed (rpm) 1500 1500
Moment of inertia (kgm?) 0.02 0.04
R (Q) 0.72 0.72

Ly (H) 0.08 0.09

Lq (H) 0.02 0.01

cos(d) 0.6 0.8

Rated current (A) 253 18.9
Efficiency 85.2% 90.6%

B.  Measured Parameters

In order to compare SynRM and PMSynRM, the
machines’ parameters were measured in the same condition.
The stator resistance of the phases were measured by an
ohmmeter, where the electrical resistance between the two
phases was R,eqsureq- This resistance had a relation with the
phase resistance as below.

1
Rs = ERmeasured (10)

In order to measure the machines’ inductances, the
measurement circuit was designed as Fig. 5. To eliminate the
effect of the flux linkage in the voltage of PMSynRM, the
machine was locked. The measurement of L; required the
machines to be aligned with phase A and zero electrical
degree. The d —q equivalent circuit of the machines is
utilized for measurements. Simplifying the equation (6),
while the rotor was locked in zero electrical degree, the
machines’ current was calculated as:

i=R15(1—e*5) (11)

L. L .
where 7 = = Is the circuit’s time constant. Measuring the

S
voltage and current, the total inductance of the machine was
calculated. According to Fig. 5, the total inductance is equal

toLg = SLd, while the machines were locked in phase A and



Fig. 5. Measurement circuit.
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Fig. 6. Efficiency map of SynRM (a), and PMSynRM (b).
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the zero electrical degree. Thus, the d-axis inductance of the
machines was measured by this test. Likewise, the same test
was done to measure Lg, while the machine was in the 90°
electrical position. The nominal values are measured for the
machines and presented in Table I. As can be seen from the
table, the stator resistance of the machines was the same. The
d-axis inductance was improved for 12.5% in PMSynRM,
attributed to the PMs. Also, the measured values of the
machines showed 50% decrement in L. Certainly, the
saliency ratio of the PMSynRM was also increased. As a
consequence, the power factor of PMSynRM was increased
by 33.3%. Due to the higher power factor of the machine, the
lower current flowed into the stator in PMSynRM. A
remarkable decrease of 25% has occurred in PMSynRM’s
current. As a result, the copper losses in the stator were

reduced and the efficiency of the machines was measured,
where the nominal efficiency of PMSynRM was improved
against SynRM by 5%. With regard to the changes in the d, g-
axis inductances, it can be concluded from equation (5) that
the PMSynRM’s maximum torque per ampere was also
increased, which was assumed.

For a more detailed comparison of the studied machines’
performances, the efficiency map of the machines was
provided in a wide speed range. Fig. 6 shows the efficiency
map of the machines. The method and the requirements of the
test are described in detail in [20]. Both of the machines were
tested in the steady-state condition. The efficiency maps of
the machines show a notable change in the efficiency of the
machines. It can be seen from the efficiency maps that, in the
whole speed regions, the efficiency of the PMSynRM is
improved.

Iv. CONCLUSION

SynRM offers a reliable, cost-effective machine, which
suffers from severe low power factor. To improve the
performance characteristics of the SynRM, ferrite PMs were
inserted into the rotor, which proposes PMSynRM. In this
paper, the analysis of the effect of the PMs on the PMSynRM
performance characteristics was reported. The study showed
a considerable improvement in the PMSynRM inductances,
which resulted in a higher saliency ratio. Higher saliency ratio
resulted in higher torque and power factor improvement,
which led to a remarkable decrement in the current of the
machine in the same torque. Due to the lower current of
PMSynRM, the losses in the machine decreased. Hence, the
higher efficiency of PMSynRM in comparison with SynRM
was measured and discussed. On the other hand, the ferrite
PMs led to a fairly higher cost and harder manufacturing. In
addition, the inertia of the machine was also increased in
PMSynRM.

The d — q equivalent circuit can be also applied for
control purposes, which are in the scope of future research
works.
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Abstract—Field-oriented  control presents a  high-
performance control method that is applied for many motors. In
this paper, the comparison of the field-oriented control of
synchronous reluctance motor and permanent magnet-assisted
synchronous reluctance motor is carried out. The highlighted
features of the field-oriented control of the two motors are
studied and the similarities and the differences are investigated.
The motors are modeled and controlled in the Plecs simulation
platform. The simulation results are verified by the
experimental tests.

Keywords—Synchronous  reluctance motor, permanent
magnet-assisted synchronous reluctance motor, field-oriented
control

1. INTRODUCTION

One of the severe obstacles against synchronous
reluctance motor (SynRM) and permanent magnet-assisted
synchronous reluctance motor (PMSynRM) development
was the lack of the possibility of the grid-connected drive of
these motors, as well all synchronous technology. Some line-
start designs of these motors were proposed in the literature,
which reduced the performance and the efficiency of the
motors [1]. Thanks to the power -electronic device
advancements and the emergence of variable-speed drives
(VSD), the inverter-fed drive has provided a convenient and
more efficient, and high-performance control of SynRM and
PMSynRM [2]. On the other hand, the application of VSDs
causes some consequences such as injecting harmonics to the
grid and the motors, as well [3]. Additionally, the VSDs can
cause some losses themselves and decrease the efficiency of
the total system in some operation conditions. Moreover, the
VSD requirement of these motors for drive purposes is highly
costly, which is auxiliary to the budget for the motor [4].
Having said this, the costs for implementation of SynRM can
be covered in a short period [5]. Besides, VSD can double the
efficiency of the SynRMs in the partial load, which makes the
usage of motors more reasonable for pump and fan
applications [6]. The environmental concerns can also be
fulfilled with these motors, especially with inverted fed
drives due to the lack of permanent magnets and less power
consumption with comparable performance with the other
well-developed technologies.

Considering the VSD requirement of the SynRM and
PMSynRM drive, many research works are carried out
recently on the control of these motors. Especially, these
motors suffer from some drawbacks such as high torque
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ripples, which in some applications is not desired and has
attracted a considerable portion of attention in the control
aspect [7]. Another interesting topic in control of SynRMs is
to increase the efficiency of the whole drive system which
makes these motors a promising competitive for the
conventional motor types.

As a first approximation, in this study, field-oriented
control (FOC) was selected because of the high performance
of the control with low torque ripple and high efficiency. This
is mostly due to the precise current control with proportional-
integral (PI) controllers in the synchronous reference frame.

In the rest of the paper, the highlights of the FOC are
presented in section II. Later, the models of the SynRM and
PMSynRM are briefly discussed and compared in section III.
The implementation of the FOC of the SynRM and
PMSynRM is studied in section IV. Then, the simulation
results are presented and compared in section V. The
experimental results are discussed in section VI A
conclusion of the paper is presented in section VII-.

II. THE HIGHLIGHTS OF FOC

FOC has the best steady-state performance among the
control algorithms, and this method is prevalent for the
applications where the efficiency of the system is important
such as the mining and steel industry [8]. Also, the method is
so convenient to apply to all the ac motors in diverse ranges
of power with some modifications in the algorithm. Briefly,
the advantages of FOC are listed as follows [9].

High steady-state performance

Precise current control

Simple implementation of the method
Simple compatibility with many ac motors
Simple modulation system implementation
Constant switching frequency

Concerning all the benefits of FOC, some severe
drawbacks of this method convince the researchers to study
other control methods. Firstly, the method is highly
complicated in terms of the computation burden. Due to the
usage of the PI controllers and PWM block, the execution
time of the FOC algorithm in the processor is high [10]. This
is one of the reasons that in many industrial applications, such
as pump and fan, where the simplicity of the method and
shorter execution time is required, some leading
manufacturers have designed their VSDs based on other
control methods [11]. Secondly, the dynamic of this method
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is considerably low [12], [13]. The drawbacks of FOC are
listed as follows.

e  High computation burden for processor

e Low dynamic of the method

e  Low robustness of the method due to the high
dependency of the method to the motor’s parameters (flux
vector angle)

III. THE MODEL OF SYNRM AND PMSYNRM IN THE
SYNCHRONOUS REFERENCE FRAME

The torque equation in the synchronous reference frame
for the SynRM, and PMSynRM, which is independent of the
rotor angle is as below.

3 PR .
T=;p(Ld—Lq)ldlq+¢mlq (1)

Where Lg 4 denote the inductances in d, and g-axes and
iq,q denote the currents in d, and g-axes, respectively. ¢,
denotes the flux linkage of the magnets in PMSynRM. Due
to the lack of the magnets in SynRM, the flux linkage is zero
in this machine, which shows that the torque for the SynRM
is purely reluctance torque and is only produced due to the
anisotropic structure of the rotor.

The voltages in the synchronous reference frame in
SynRM and PMSynRM are as follows.

., de .
V; = Rgig + d—:’ — welgi, ®))
V, = Ryiy +229 4 o, Lyiy + wed 3)
q — 'stq dt eHdtd e¥m

Where V,, and ¢ ,44denote the d, and g-axis voltages, and
fluxes, respectively. Ry is the stator resistance of the
machines, which is the same for the machines on account of
the same stator application for both of the motors. w, denotes
the electrical speed of the motor. The voltage vectors of the
SynRM and PMSynRM have different g-axis values and the
same d-axis values. This leads to different values for the
motors’ voltage and current angle (). This is shown in Fig.1.
The decrement in ¢ and increment in power factor is
projected as a result of inserting the magnets in the rotor.

The flux equations are defined for the machines as:
¢a = Lalg + Pm “
g = Lylg ®)

The fluxes have the same value in the g-axis and different
values in the d-axis. This can be presented as the effect of the
magnets, which affects the torque angle (). This difference
of the motors is of paramount importance which should be
accurately considered in the control of the motors.

IV.FOC OF THE SYNRM AND PMSYNRM

FOC provides the possibility of the control of three-phase
SynRMs as a dc motor which makes the control more
convenient and precise. This is done by transferring the
equations of the motor from the three-dimensional stationary
reference frame to the two-dimensional synchronous
reference frame.

Fig. 2 shows the block diagram of FOC of the SynRM and
PMSynRM. In principle, the three-dimensional currents of
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Fig. 1: The SynRM and PMSynRM vector diagram
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Fig. 2: FOC of SynRM and PMSynRM

the motors are measured and transformed into a two-
dimensional stationary frame of @ — f by means of Clarke
transform. Thanks to the Park transform, the most
sophisticated part of FOC is to transform the currents from
the stationary reference frame to the synchronous reference
frame. Then, the motor currents in the d — q reference frame
are compared with the reference values. The i; corresponds
to the flux in the FOC, which is correspondent to excitation
current in dc motor, and the i, represents the torque in FOC,
which is correspondent to the armature current in the dc
motor. In this sense, the feedback from rotor speed is
compared with the required speed for the control, and the
error is regulated through a PI controller. The output of this
regulator is the reference value for the g-axis current, which
is correspondent to the torque in the FOC loop. The d-axis
current reference is also defined either with a constant value
or a dynamic value, using the motors’ model. Employing two
PI regulators in the control loop, the errors of the d and g-axis
currents are regulated. These controllers regulate the motor’s
currents in the synchronous reference frame. The regulated
values of the d and g-axes currents generate the required
voltages for the proper control of the motor. These values are
in the synchronous reference frame, which through inverse
Park transformer are transformed into the stationary reference
frame. The two-dimensional voltages in the stationary
reference frame are transformed into three-dimensional
voltages by inverse Clark transform. Then, the modulation
block of PWM is normally used in FOC to generate the
voltages to the motor and drive the motor.

Apart from the similarities of the FOC of SynRM and
PMSynRM  with the conventional motors, some
dissimilarities distinguish the FOC of synchronous, and
salient motors (such as SynRM and PMSynRM) and the non-
salient, and asynchronous symmetrical motors. The concept
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is related to the different flux vector estimation and
proportional and integral coefficients for the current
controller. For non-salient motors, the coefficients for the PI
controllers are the same. Conversely, this is not true for the
SynRM and PMSynRM, where the operation of the motor is
based on the saliency and the inductances of the motors are
different in the different axes. For both the SynRM and
PMSynRM, the coefficients for the d-axis and the g-axis
should be different, compatible with the saliency of the
motors. As the saliency of SynRM and PMSynRM are
different, the coefficients of the PI controllers are different
for each motor, as well. Another underlined feature of the
FOC of SynRM and PMSynRM is the flux position
information which is directly obtained from the rotor position
information. This is due to the synchronized flux in these
motors. Therefore, the method is highly sensitive to the flux
position which requires precise information in the control
loop. However, the absence of the slip in these motors has led
to the simpler implementation of the FOC in these motors.

In the FOC of SynRM and PMSynRM, three points are
crucial to pay attention to. These points are discussed in the
rest of this section

A. Pl regulators

There are some possible ways to determine the PI
controllers’ coefficients, which among them the Ziegler—
Nichols method is a comprehensive method to name [14].
This method is widely used in many control applications with
a simple PI tuning [15]. However, this method is designed for
linear control systems, which in many cases with non-
linearity the effectiveness of the method can not be
guaranteed. In [16], a self-tuning PI controller is proposed for
the control of electric motor drives. This method adjusts the
PI controller gains and updates them online concerning the
speed error. Although the method shows an acceptable
parameter adjustment, it injects complexity into the control
method, which leads to a high computation burden in FOC.

In this study, the PI gains are defined using the equations
based on the natural frequencies of the motor. The speed
regulator is dependent on the motor’s moment of inertia and
natural frequency of the speed closed-loop system, and the
speed loop attenuation, which was determined through the
poles of the closed-loop system transfer matrix. The
proportional and integral gains of the speed PI regulator are
calculated below.

Ky=2%T* oo ] ©)

K = wf+] O

Where the w,,, is the natural frequency of the speed
controller loop and ¢ is the attenuation of the loop.

Based on the current closed-loop system, the current PI
controller gains were set with the application of the motor
parameters. This is the basic reason to have different PI
controller gains for each motor. This also affected the current
controller closed-loop natural frequency. The PI controllers’
gains were calculated through the equations below.

K,=2%0* wyxL—R ®)
K =wf+L €)

TABLE I: THE SYNRM AND PMSYNRM PI CONTROLLER COEFFICIENTS

Controlle Speed D-axis current Q-axis current
controller controller controller
Motor P 1 P 1 P 1

SynRM 04 |5 120 500 | 70 500
PMSynRM | 0.5 | 5.5 | 150 500 | 50 500
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Fig. 3: The PMSynRM torque characteristics with respect to torque angle

Where ¢ represents the current loop attenuation and w,
denotes the natural frequency of the current closed-loop
system. Hence, the bandwidth of the current closed-loop
system defines the PI gains. The PI gains are calculated based
on the parameters of the motor presented in [17]. The gains
are defined in Table I.

B. Flux position calculation

The information of flux position is vital for the FOC of
SynRM and PMSynRM. The motors’ control characteristics
including torque in the shaft are extremely dependent on the
accuracy of the flux position information. Especially, when
the torque angle is high, a very small error in flux position
calculation can lead to severe low performance of the control
and even unstable control of the motor. Hence, it is crucial to
obtain the flux position information before extracting the
motor parameters.

For the sake of obtaining accurate flux position
information, two factors are crucial to be considered. First, an
accurate position sensor should be employed. The position
sensors including encoders and resolvers offer different
resolutions and obtain the position information with very
high accuracy. However, an incremental encoder with a
medium resolution can be accurate enough to provide the
rotor position information in these motors’ control
applications. The second important factor that should be very
precisely implemented is the alignment of the position sensor
to the magnetic axis. The alignment can be carried out on the
d or g-axis. However, if the alignment was carried out on the
g-axis, it should be considered in the Park transform
equations.

The torque characteristics in PMSynRM are presented in
Fig. 3. This figure shows the different torques in PMSynRM
with respect to the torque angle. As discussed, the total torque
in PMSynRM includes the reluctance torque and magnetic
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torque. The reluctance torque is produced from the
anisotropic structure of the rotor that allows the flux to pass
through the lowest reluctance. This torque is represented by
green color in Fig. 3. As the designed motors were identical
in the stator and the rotor laminations, the reluctance torque
in both motors were expected to be equal. When the magnetic
poles are aligned with the magnets, there is zero torque
production and the maximum magnetic torque is produced in
90. The maximum reluctance torque is produced in 135. In
this study, the stator is with sinusoidally distributed windings
and it had four poles. Therefore, the optimum angle between
the rotor flux and the stator current is 45.

To control the motors, it is vital to align the rotor with the
flux. Commonly, there are three methods to align the position
sensor to the motors’ magnetic axis.

The first method can be implemented through a dc power
supply. In this method, the magnetic poles were defined by
locking the rotor in the d or g-axes and then marked. The
details of defining the poles are described in [17] for the
decay test. Then, the output of the encoder was monitored by
the processor. In this test, the index pulse of the encoder was
utilized and located in the aligned position with the magnet
axis. If the encoder’s index pulse position was aligned with
the marked position of the magnet axis, for the manual
rotation of the motor shaft, the position of the mechanical
angle would differ from 0 to 2w. However, if the encoder
index pulse was not aligned with the magnet axis, the counter
would count up to some certain value and the index pulse
would reset the counter. In this case, the position calculation
output would differ from 0 to some value below 2m .
Therefore, the differentiation of the maximum calculated
value from 27 should be compensated in the software. This
was done through an offset block to augment the offset
position value to the position information. Afterward, in the
control, if the rotor was not aligned with the magnet axis at
the beginning of each test, the position information obtained
by the encoder would give the rotor position estimation with
offset until the rotor shafts pass by the index pulse position of
the encoder, which is aligned with the magnetic axis. Then,
the flux position is aligned with the rotor position and the
position information is valid. However, this method is not
accurate and manually alignment of the position of the

encoder’s index pulse to the magnet axis might lead to some
slight misalignments.

For more accurate alignment of the position sensor to the
magnet axis, the second method offers the visualization of the
back electromagnetic force (EMF) and the output of the
encoder in the same graph. In this method, the back EMF of
the motors was measured and illustrated in the same instant
time frame with the encoders’ position. In this way, the
electrical position of the motor was monitored at the time that
the negative zero crossings of the back EMF happened as
shown in Fig. 4. The positive peak of the back EMF is the
north magnet pole of the phase A magnet flux. The difference
of the position of the negative zero crossings from zero was
calculated and added as a position offset as it was described
in the first method.

The third method was applied through an inverter. In this
method, only a negative current was injected into the motor
in d-axis. If the position sensor was aligned to the magnet
axis, the negative current would lead to zero torque
irrespective of the motor type. Any torque in the motor
implied position offset. Then, the position offset was adjusted
in the software until the torque in the motor was zero. The
alignment of the position sensor with this method can lead to
a wrong pole selection. Hence, it is important to identify the
polarity of the magnets. This can be carried out by
consideration of the saturation effect or observing the q-axis
voltage when the d-axis current is injected.

C. The d-axis current reference

To benefit from the highest efficiency of the motor, in the
speeds below the rated speed, the motor's flux is opted to have
the highest torque with the current that flows in the stator. To
apply maximum torque per ampere to the SynRM and
PMSynRM, some differences should be considered. As it is
clear from Fig. 1, the flux vector of the PMSynRM has a
different angle from the flux vector of the SynRM. Therefore,
the reference current in the d-axis should have a different
value in the control of the motor. This is due to the magnetic
flux in the rotor that results from the magnets. Hence, the
produced i, should have less value than then SynRM to
produce the maximum torque concerning the current that
flows in the stator. The difference in the i, reference of the
motors is very important from the point of view of the
efficiency of the motors in the base speed range. At high
speeds, injecting minus values to the d-axis currents provides
the possibility of the field-weakening control.

V. SIMULATIONS

To investigate the performance of the vector control of
the motors, the motors were initially modeled in the Plecs
platform. Then, the vector control of the motors was
implemented with the considerations of the different PI
controllers and i, reference values. Fig. 5, and Fig. 6 show
the performance of vector control for both motors. In these
figures, from the top, the first figure depicts the stator phase
voltages in three-phase. These voltages were desired
voltages to apply to the motors and are known as command
voltages. The scaled values of the phase voltages which were
generated as duty cycles to apply to the PWM block are
shown in the second figure. The third figure shows the stator
phase currents. It can be seen that the current has the same
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in d-axis. The motors' actual currents follow the reference
with a very good accuracy which validates the performance
of the control. The seventh figure shows the g-axis current
which corresponds to the motor's torque. As there is no load
injected, the g-axis current has a negligible value which is
acceptable. The d and g-axes voltages in the synchronous
reference frame are depicted in eight figure that was DC value
as expected. Finally, the ninth figure shows the motor
mechanical position. It is seen that for each mechanical
rotation, there are two electrical revolutions for the motors
that confirm that the control is properly performing.

VI. EXPERIMENTAL RESULTS

To validate the performance of the implemented vector
control methods on the motors, an experimental setup was
implemented. Fig. 7 shows the experimental setup block
diagram. The motors were designed in the lab that is
presented in [17]. The current feedback was measured by LA
55-P transducers in three phases. The motor's position and
speed were measured by an incremental encoder of SICK
with 2500 PPR. The voltages were measured by a differential
voltage prob. An RT box 1 was used as the processor to
implement the rapid control prototyping which was
connecting to the PC with Ethernet cable via the cloud. The
RT Box 1 was sending the PWM signals to the gates of the
switches in the SMICRON three-phase inverter through a
level shifter. An adjustable DC link was used to regulate the
DC link.

Fig. 8 shows the experimental results for the SynRM. The
figures are shown in the same sequence as the simulation
results. The figures show that the motor speed follows the
commanded speed very accurately, as well as the d-axis
current. The currents show an acceptable range of values with
a smooth variation.

VIL CONCLUSION

This paper was focused on the control of SynRM and
PMSynRM by the FOC method. The performance of the
control method was investigated. FOC of the motors
presented a high performance in steady-state. It was
concluded from the tests that the PMSynRM had an
additional positive magnetomotive torque, which required
less current in the d- axis in the control. Also, this research
work showed that the motors had different parameters in each
axis, which led to different parameters in the control method
and different PI controllers. Similarly, the motors required
different values in d-axis current due to the different rotor
structures in terms of the presence of the ferrite magnets. The
control challenges were the synchronous speed of the motors,
which required more precise rotor flux angle feedback.
However, the lack of slip provided less complex flux angle
calculation in the control.
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Abstract: Motor-drive systems have the most significant share in industrial energy consumption,
which requires a deep study in every aspect of the field. This paper presents a synchronous reluctance
motor (SynRM) drive system based on Plecs RT box 1. The system’s design provides the opportunity
for the open-loop and closed-loop control of the motor and a characteristic performance analysis of
the motor. This paper focuses on the hardware implementation of a research laboratory setup and
the precise vector control of the SynRM in real-time. The application of the digital controller and
inverter to drive SynRM is examined. The voltage, current, and speed transducers were employed
for monitoring the protective measures and to control the motor in the closed-loop. The design of the
signal conditioning and the intermediary cards for isolation and data acquisition are described in
detail. An algorithm is proposed to measure the whole system parameters, including motor, inverter,
and cables. Thanks to the RT box 1, the principle of real-time simulation of control algorithms
is investigated, and the rapid control prototyping of field-oriented control (FOC) of SynRM was
implemented. The simulation of the system was carried out in the Plecs platform, and the results
are presented. The experimental results of the implemented control algorithms validate the setup’s
performance and the control algorithm. Finally, as a study of the motor’s performance, the efficiency
map of the motor is drawn in different speed and torque ranges.

Keywords: motor-drive system; synchronous reluctance motor; parameter identification; rapid
control prototyping; field-oriented control

1. Introduction

Nowadays, variable speed drives (VSDs) have been applied in many industries for
the efficient, high-performance, robust, and precise control of electrical motors [1,2]. VSDs
add up to the price of the motor-drive system. Meanwhile, to reach high efficiency of the
systems, the application of VSDs is inveatibale [3,4]. Besides, the differences between the
prices of the drive systems in the same rated power can be compensated by the lower energy
cost. As electric motors consume a significant share of energy in the industry, a lower
energy consumption is needed to address the energy crisis in the industry [5]. Besides,
the influence of synchronous machines on the distribution of grid stability is a factor that
requires more detail in relation to these systems [6]. Therefore, system analysis methods
were studied in this study, which aims to develop a more sustainable motor-drive system.

Recent studies, innovations, and the need for a higher efficiency and a better perfor-
mance support the prospect of the widespread development of motor-drive systems in the
industry in the future [7]. These parameters require more study in different areas that can
be categorized as follows:
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Optimal design of motors;
Optimal design of converters;
e  Optimal design of controllers.

In recent studies in the literature, researchers have conducted numerous studies to
increase the efficiency of motors [8]. Artificial intelligence has offered many popular opti-
mization methods for motor designs. To name a few, genetic algorithms, neural networks,
and Taguchi methods have been studied in [9-11]. Additive manufacturing motors are one
of the novel developing technologies in this field [12]. Among different motor structures,
SynRM represents a superior technology that has lately met the requirements of the IE5
standard [13]. This motor has proved to be a robust structure with a somewhat comparable
performance to a well-developed permanent magnet synchronous motor and is potentially
as cheap and affordable as an induction motor that lacks the rare-earth magnets in the
rotor [8,14].

The control unit of the electric drive system plays a crucial role in system performance.
A control system technology with a high performance ensures an efficient and reliable
energy conversion. In general, a control unit contains the following:

e  Output modules, i.e., a pulse-width modulation (PWM) module which continuously
provides switching sequences;
Peripheral modules for programming and data exchange;
Main processor for executing and processing control algorithms.

The control algorithms characterize the behavior of the electric drive systems. Hence,
to provide a high-performance drive system for motors, a proper control strategy should
first be devised [15,16]. The usage of frequency converters controlled by microprocessors
provides researchers with the potential to use flexible methods to achieve a better perfor-
mance. On the other hand, VSDs inject some high-frequency currents into the system [17].
Consequently, some unexpected losses occur, requiring a more precise control algorithm
on the drive [3].

There are numerous studies in the literature where the motor-drive systems’ simula-
tion or implementation have been discussed. In [18], the authors studied the interaction of
the numerical analysis in Magnet with Matlab, which provides an interaction of Magnet
and Plecs. This study focused on the simulation of the motor-drive system, where our
research work is based on the experimental setup. Besides, our study focuses on the precise
implementation of the vector control based on Plecs where the parameters of the whole
motor-drive system are measured using the controller and the inverter in the experiments.
Moreover, our paper studies the performance of the motor in a wide range of speeds
and torques. Regarding the performance analysis of the motor, the authors of [19] have
proposed a methodology to study the performance of the motor in the operation phase
with proposer control implementation. Our study offers a comprehensive study of the
vector control and the performance analysis of the motor.

This paper deals with the design of a research laboratory test bench for the control
purpose of SynRM. Firstly, the hardware and the design of the devices in line with the
safety tests for the validation of the performance of each device is described separately.
Section 2 describes the simulation of the field-oriented control (FOC) of SynRM, which
provides information on the modeling of the motor, the inverter and the control system.
Then, the interconnection of the devices is investigated. This section describes the rapid
control prototyping of the vector control of the SynRM for the sake of real-time simulation.
Then a parameter identification algorithm is proposed, which will be employed in the
experimental implementation of the control algorithm. The real-time implementation
of the control and the results are demonstrated in Section 3. This section employs the
implemented setup to analyze the performance characteristics of the motor. Section 5
discusses the results and the outcomes of the study. Finally, a comprehensive conclusion of
the study is presented in Section 5.
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2. Materials and Methods
2.1. The Hardware Implementation

Motor control systems are known as sandboxes of various engineering disciples.
This is because many engineering concepts should be applied for an efficient and high-
performance drive of the motor. To name a few: power electronics, analog devices, data,
digital devices and data, software design, digital signal processing, digital filters, dynamics,
mechanics, thermal mechanics, and heat transfer are the main disciplines that should be
considered in every motor control setup [20,21]. The complexity of these systems requires
a comprehensive scheme for the setup design, where every device is examined accurately
in isolated systems and applied in the integrated system along with all other devices. Thus,
the setup is divided into three parts of the control unit, the inverter, and the motor. In this
section, the design of each piece of hardware and the proper connection is described. Then,
an appropriate test is designed for each device to validate the performance with safety
consideration, and their proper application in the setup is defined.

2.1.1. The Control Unit

The control unit is the main core of the drive system, which simply runs the motor
by applying appropriate signals to the gate drivers of the switches in the inverter. In the
closed-loop control systems, the control unit collects the feedback from the motor and,
based on the current status of the motor, executes the control processes and implements
the control algorithms to generate the signal for the application of the command voltages
through the inverter. In this paper, the control unit is categorized into three classifications
as follows.

The processor

In the control unit, the processor is the intelligent part where all the other devices
are employed to send/receive data to/from other devices in the whole drive system. The
algorithms were implemented in the processor, which executed the control process. The
PLECS RT box 1 “Plexim GmbH, Zurich Switzerland” was utilized in this setup, which
benefitted from the Xilinx Zynq processor of Z-7030. The CPU core of this processor
is 2 x 1 GHz, which denotes that it has two cores, each of which has a clock that beats
1 billion times per second. Regarding the resolution of 16 bits, the RT box 1 can manipulate
16 numbers of the bits in each clock bit. Therefore, in each clock bit, the processor provides a
possibility of one billion manipulations for each core in all 16 bits. Furthermore, this device
provides 2 mega samples per second, which denotes a high sample update rate. For most
motor control applications, a sampling rate of 10 kHz is adequate. Therefore, this device
offers a strong processor that perfectly meets the motor control applications’ requirements.

The RT box 1 provided the opportunity for rapid control prototyping where the control
algorithm was designed in the real-time simulation Plecs platform, and the device was
employed as a controller. Furthermore, the high sampling rate and high-fidelity PWM
signals, along with the FPGA embedded CPU of RT box 1 offered a versatile processing unit
that facilitated the research into control systems for any type of algorithm implementation.
Furthermore, thanks to the Xilinx Zynq system-on-chip that benefits from FPGA and CPU
cores, the RT box 1 provided a low data transmission latency. In this way, one of the
cores was used for communication with the user, and the other core was employed for
real-time simulation.

The digital inputs and outputs

The device offered 32 digital inputs and outputs with the logic of 3.3 V and 5 V. The
digital breakout board made all digital inputs and outputs accessible via terminal blocks
and pin headers. Figure 1 shows a capture of the PWM signals designed with a 10 kHz
carrier frequency for two sinusoidal signals. In addition, the signals were designed with
1 us dead-time, meaning that for each fall and rise of the first signals, the inverted signal
had a delay of 1 ps for rising or falling, respectively. This concept secured the operation of
the IGBTs in each leg of the inverter. Therefore, with this concept, there were no longer two
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turned-on switches at the same time in one leg, and any short circuit in the inverter’s legs
was avoided.

GWINSTEK 18k pts 5885a/s ] Stop

( g =5 0= ) = meems) &

Figure 1. PWM outputs for two sinusoidal signals with 1 Hz frequency and a 120 degree shift with
1 ps dead-time: (Cha-1, 3) a and b signals, (Cha-2, 3) inverted correspondent of a and b.

The level shifter

The RT box 1 generated the PWM signals for the inverter with the logic of 3.3 Vor 5V,
while the inverter (which will be discussed further) in this setup required 15 V of logic for
the gate drivers. This being said, a level translator was required to amplify the PWM signals’
level to the gate driver’s level. Hence, a board was designed for dual low-side MOSFET
drivers. In this board, the MOSFET driver MIC4127YME “Microchip Technology Inc. West
Chandler Blvd, Chandler, Arizona, USA” was utilized. The MIC4127YME translated TTL
or CMOS input logic levels to output voltage levels that swung within 25 mV of the positive
supply or ground, whereas comparable bipolar devices are capable of swinging only to
within 1V of the supply. Therefore, a desirable output of the board was achieved with this
board to have the maximum accuracy of the PWM signals. The PCB design was carried out
in ALTIUM, the board was printed in double layers, and the components were assembled
in the lab. In this design, the IC-Dual MOSFET Driver required £15 V for operation. To
supply the driver, a positive voltage regulator of L7805CV was supplied by a 2.5 mm
power jack that was connected to the grid by a low voltage power supply adaptor with the
voltage level of 9 V. The regulated positive voltage output of the voltage regulator was fed
to a DC-DC converter of MAU209. The DC-DC converter provided an accurate £15V for
the current driver. The printed board is illustrated in Figures 2 and 3 presents the board’s
output for a 5V level PWM signal.

The speed transducer

As the RT box 1 digital inputs work with the TTL logic, all the digital inputs must be
compatible with this logic. Hence, to measure the speed and position status of the motor,
an incremental encoder of SICK “Myllynkivenkuja 1, Vantaa, Finland” with TTL/RS-422
was employed in the setup. This encoder generates 2500 pulses per revolution to acquire
precise information of the motor shaft position and velocity. The device was supplied with
5V DC to generate a 5 V output of the transducer. This encoder generates 3 pairs of signals.
The pairs of A and B were signals with 90 degree shifts that generated 2500 line pairs in
each revolution. The sequence of these pairs indicates the direction of the rotation. Thus,
one can define the positive or negative direction of the rotation based on the sequence of
the pulses. The pairs of Z provided the index pulse that generated one pulse per rotation.
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This signal is mainly used in applications where the motor’s position is highly critical, and
in case of missed pulses for A and B channels, this signal will reset the counter in each
revolution. Besides, in some applications, certain positions are of importance. Hence, in
these applications (SynRM control), that particular position (the north pole of phase A in
SynRM control) was aligned with the index pulse. In this way, regardless of the initial
position of the encoder (as well as SynRM), the encoder would reset by the first index
pulse, and afterward, the zero position of the encoder output would be aligned with the
defined position.

Figure 2. The two-layered level shifter board.
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Figure 3. (Cha-1) The PWM digital output, and (Cha-2) the translated signal by the level shifter board.

To mount the encoder on the motor, a 3D printed coupling was designed in the
SOLIDWORKS “2020, Wyman Street, Waltham, MA, USA” platform and a frame was used
to hold the encoder on the motor. The coupling and the holder were printed in the lab.
Then, the encoder was coupled to the motor by the coupling and held by the holder, as
shown in Figure 4.
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Figure 4. The 3D printed holder and coupling for mounting the encoder on the motor.

To test the encoder, it was first supplied by 5 V DC and the outputs of A, B, and an
oscilloscope profiled z. Then, the motor was run at a certain speed, and the outputs were
displayed. The A and B outputs had the same pulse width and frequency with a 90 degree shift.

To employ the encoder in the real-time setup, the output of the encoder was properly
wired to the pin header connection and connected to the RT Box 1 through the digital
breakout board. The QEP block of the Plecs simulation setup was employed to count the
input pulses of the encoder and to measure the rotor position and speed. The counter of
the QEP block was set to (2500 x 4)-1 since all the rising and falling edges were set to count.
Then the counted pulses were divided by 360/10,000 to calculate the shaft’s position in the
dimension of degrees. To convert this value to the radian, it was multiplied by 27t/360. To
validate the results, the motor shaft was rotated for one revolution. In this test, the output
of the position calculation block counted up to 27t and dropped to zero. To validate the
outputs, a more sophisticated test was completed by rotating the motor with the loading
motor at a certain speed. Later, the speed and position information were employed in the
closed-loop control of the motor, and the results are displayed in the next section.

The analog inputs and outputs

The RT box 1 offered 16 analog input and output channels with —10-10 V and —5-5V
voltage ranges. The analog input impedance was adjustable to 1 MOhm and 1 ohm with
a capacity of 24 pF. The Analogue Breakout Board made the analog inputs and outputs
individually accessible via BNC sockets. The breakout board provided the opportunity of
reading the single-ended or differential inputs. In this study, the channels were set to —10
to 10 V and 1 kOhm impedance of inputs read in single-ended mode.

The analog transducers

For data exchange, the intermediary devices were designed and exploited in the setup
to obtain feedback from the power unit and provide reliable information about the system’s
status in terms of voltage and current. Hence, the transducers offered a safe connection
between the control unit and the system’s power unit. The applied transducers in this
setup were as follows.

The current transducers

For most of the drive applications, the high accuracy of the current feedback was of
paramount importance. In this setup, the hall effect LEM “LEM, Bern, Switzerland” current
sensors were applied to obtain the current feedback from the motor. As the working point
of the system reached up to 30 A, the current transducer of LA 55-P was opted for, which
provided the opportunity of measuring up to £70 A of AC with a supply of +15 V while
keeping the accuracy of +0.65%. A two-layer board was designed in Altium to assemble
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on a printed circuit board. In this design, the current transducer required a £15 V supply
for operation. For this purpose, a positive voltage regulator of L7805CV was supplied by a
2.5 mm power jack connected to the grid by a low voltage power supply adaptor with the
voltage level of 9 V. The regulated positive voltage output of the voltage regulator was fed
to a DC-DC Converter of MAU209. The DC-DC converter provided an accurate =15V for
the current transducer. The current signal output of L.A. 55-P was connected to the ground
of the circuit with a 100 Ohm resistance to generate a precise sensor voltage output. BNC
outputs obtained this output. The board was printed in the lab, and the components were
assembled. The board was tested, and FLUKE current clamps verified the performance
of the board in the lab. To provide a handy device for three-phase connections, the board
was placed in a box with 3-phase inputs and outputs, and the supply socket and the BNC
outputs were also accessible. Figure 5 shows the designed current transducers board and
the Fluke current clamp to validate the outputs.

Figure 5. The current LEM current transducers PCB and FLUKE current clamp meter.

To test the current transducers, a three-phase voltage input was applied to a three-
phase resistance. Figure 6 shows the setup for the validation of the current transducers
box. The oscilloscope profiled the three-phase currents of the lines. The outputs of the
transducers are illustrated in Figure 7. The sensors correctly measured the three-phase
currents, where they showed the same magnitude and frequency with a 120 degree phase
shift. To validate the results, the Fluke current clamp was placed in phase a. It can be
seen that the current in phase a, which was measured by Fluke, was nearly identical to
the current that LEM measured. However, the LEM sensor had a higher accuracy and a
bigger bandwidth (200 kHz). Hence, more harmonics were measured by this sensor. One
can notice that the scale of the LEM sensors was 10 times bigger than Fluke, which showed
that it generated a 10 times bigger output to the same measured current amplitude. It is
worth mentioning that using the LEM sensor made the measurement of the DC possible,
which was not possible with the Fluke current sensor. Measuring the DC currents is critical
for the drive applications. For instance, for the standstill parameter identification test, the
measurement of the DC currents is required.

The voltage transducers

The voltage transducer of LTS 25-np “LEM, Bern, Switzerland” was chosen to measure
the voltages of the DC link and the line voltages of the motor. The PCB design was designed
and prepared in Altium. This board is under work to print and assemble. A differential
voltage probe of Pico was utilized in the setup, temporarily.
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Figure 7. The outputs of the current transducers after applying a three-phase voltage to a three-phase
resistance, (Cha-1) FLUKE current sensor on the first phase, (Cha-2, 3, 4) LEM current sensors to
phase a, b, and ¢, respectively.

2.1.2. Inverter

In this setup, the SEMITACH model of SEMICRON inverters was utilized to produce
a desirable set of voltages. To provide a safe operation of the inverter, several tests were
designed with this inverter. The inverter worked with the nominal current of 30 A and DC-
link of 750 V. The three-phase power inputs and outputs were connected with 4 mm banana
connectors. To drive the gate drivers through the level-shifter, 15 V BNC connectors were
used. In this inverter, the DC link allowed for the application of a desirable DC voltage.
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The snubber capacitors were placed as close to the IGBT module as possible to mini-
mize the inductance between the switches and the capacitor. The reverse bias safe operating
area of a switching IGBT is square, which means that there is no need to pull the voltage
down to zero before reapplying the current or reverse voltage. This means that the IGBT
can be switched at full current and full voltage. As far as the switching characteristics of
the IGBT alone are concerned, there is theoretically no need for a snubber unless there
is a drastic need to reduce the switching losses. However, a snubber is required to deal
with short-circuits and the parasitic inductances of the complete switching loop. External
elements forced us to use a snubber, and the snubber will be designed according to the
converter’s mechanical design. The capacitor snubber was only used for reducing the
over vs. the IGBTs turn off by applying zero voltage to the gate drivers. A comprehensive
description of the commutation is presented below.

Turn-on: 0 ... t1 (blocked transistor): Gate current will be triggered by applying a
control voltage. Up to the charge quantity, the current solely charges the gate capacitance.
The gate voltage rises. As the gate voltage is still below the threshold voltage, no gate
current will flow during this period.

Turn-on: tl ... t2 (rise of gate current): As soon as the gate voltage has reached the
gate voltage threshold, the transistor is turned on, first passing the active region. Gate
current rises to load current level (ideal free-wheeling diode) or even exceeds load current
pattern for a real free-wheeling diode. Similarly, gate voltage, which is connected to the
collector current in the active region by the transconductance, will increase. Since the
free-wheeling diode can block the current only at t2, the collector-emitter voltage will not
drop considerably up to t2. At t = t2 the charge gate signal will flow into the gate.

Turn-on: switching interval 2 ... t3 (transistor during turn-on): When the free-
wheeling diode is turned off, the collector-emitter voltage will drop almost to the on-state
value by time t3. Between t2 and t3, the drain current and gate-source voltage will still
be coupled by transconductance; therefore, the collector-emitter voltage remains constant.
While the collector-emitter voltage is decreasing, the Miller capacitance is recharged by the
gate current with the charge quantity. By t = t3 charge will flow into the gate.

Turn-on: t3 ... t4 (saturation region): At t3 the transistor is turned on and its curve
will have passed the pinch-off area to enter the ohmic area. The gate voltage and collector
current are no longer coupled. The charge conducted to the gate at this point affects a
further increase in gate voltage up to the gate control voltage. Since the collector-emitter
on-resistance depends on the collector current and the gate voltage, the on-state voltage
may be adjusted to the physical minimum by the total charge quantity conducted to the
gate. The higher the collector-emitter voltage (or commutation voltage), the bigger the
charge required to reach a certain gate-emitter voltage.

Turn-off: During turn-off, the described processes will run in the reverse direction; the
charge has to be conducted out of the gate by the control current.

Two tests were designed to safely analyze the performance of the inverter as follows.

Gate drivers test

In this test, a DC supply was initially used to supply the gate drivers of the inverter.
Then, a DC power supply was utilized to supply the DC link with a limited current range.
Then, a function generator was applied to generate PWM signals to the input of the gate
drivers. Finally, the outputs of the phase voltages were profiled using a scope to validate
the setup’s performance. This test showed that the gate drivers were working with the 15
V logic of the PWM. To avoid any in-rush current, a resistor was connected in series with
the DC link. Figure 8 shows the test bench for this test.

Loading test for the inverter

To assure the performance of the inverter in loading conditions, the outputs of the
inverter were connected in a star connection to a three-phase resistor. Then the switching
was carried out on the gate drivers, and the voltages were applied to the resistors. The
inverter showed a desirable output which validated the performance. Figure 6 shows the
setup for this test. In this test, loading was carried out using a set of pulses commanded
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by three sinusoidal voltages applied to a three-phase resistance. The test was carried out
through the Plecs RT box 1 to generate the PWM pulses. However, a function generator
could be sufficient to generate the three-phase pulses. Therefore, in this test, to apply the
dead-time and to avoid any risk of damage to the inverter, the RT box 1 was utilized.

“Signal generator
(gate drivers input)

ith current limit
(DC-link input)

= -

Figure 8. The inverters gate drivers test.

Figure 9 shows the results of the inverter loading test. The figure shows the currents
of the three-phase resistances sensed by LEM sensors and the phase a current measured by
Fluke current clamp. The figure shows that the results were compatible for each phase with
a 120 degree shift, and the LEM transducers were capable of measuring higher harmonics
and a higher preciseness of the current. Thus, the test validated the performance of all the
gate drivers and the power switches, and the inverter could be used in the loop.

GWINSTEK 16k pts 1kSa/s ™ Stop
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Figure 9. The inverter output currents for a three-phase resistance load, (Cha-1) phase a measure-
ments with the Fluke current clamp meter, (Cha-2,3,4) phases a, b, c with LEM current transducers,
respectively.
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2.2. Simulation of FOC of SynRM

In this section, the simulation of the FOC of the SynRM is studied. For the sake of
vector control of the motor, the d-q model of the motor was studied in [22]. This model of
the motor was simulated in the Plecs platform. The parameters of the motor were measured
by the DC decay test and utilized in the simulation. After modeling the motor, the FOC of
the motor was implemented in the simulation, as illustrated in Figure 10. For this purpose,
the output of the speed and the current inputs of the motor were utilized in the control
process as feedback. With the flux position information from the motor’s model and the
three-phase current feedback, it was feasible to transform the three-phase currents in the
stationary reference frame to the synchronous reference frame using Park’s transform. By
this, the motor was replicated as a DC motor with the correspondence of d-axis current to
the flux in the motor and the g-axis current to the motor’s torque as the armature and field
currents act in the DC motor.
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Figure 10. FOC of SynRM.

Where, i, are the currents in the d and q axes, respectively and i, s indicate the
reference currents in these axes. vy, represents the phase voltages and v, g and v, ; are the
voltages in the stationary and synchronous reference frame, respectively. 6 indicates the
position of the motor, which was synchronized with the flux position in this motor. In this
simulation, the current reference of the d-axis was a constant value. Using a proportional-
integral (PI) controller, the g-axis current was generated by regulating the speed error
between the reference speed with the instantaneous speed utilizing a proportional-integral
(PI) controller. After generating the errors of the d and g-axes currents by comparing the
reference values to the actual values, two PI controllers were employed to regulate the errors
and amplify them to generate the d and g-axes’ voltages in the synchronous reference frame.
Then, the generated voltages were transformed to the three-phase stationary reference
frame using the inverse Park transform. Finally, the generated voltages were applied as
PWM signals to a model of a three-phase inverter, and the command voltages were applied
to the motor’s model. In this way, the control was carried out in simulation. Figure 11
shows the results of the simulation of the FOC of SynRM.
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Figure 11. Simulation results of the startup ramp response of FOC of SynRM; I,: the measured phase
a current, w: the measures speed (w) and the reference speed (wy,f), ig: the direct axis current (iz)
and the direct axis current reference (izy), iy: the quadrature axis current (i;) and the quadrature
axis current reference (i), V4,0 the direct and quadrature axis voltages, 6,;: the mechanical angle of
the rotor.

2.3. The Integration of the Hardware

The proper integration of the devices is a substantial subject that requires a compre-
hensive understanding of the devices. The connection of the devices, starting from the
appropriate connectors to the type of data that each device can send/receive, are criti-
cal considerations to take into account. For instance, the secure connectors and wires to
connect the inverter to the motor were employed to handle 30 A of a nominal current.
For low-voltage analog signals, BNC connectors were utilized. Figure 12 shows the block
diagram of the scheme of the setup. The figure illustrates the connection of the power and
the signal parts of the system and the integration of all the devices.
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Figure 12. The integrated research laboratory setup block diagram.

2.4. Rapid Control Prototyping of FOC of SynRM

In this section, the real-time implementation of the FOC of SynRM is discussed. Using
the rapid control prototyping of Plecs RT box 1, the closed-loop control of the motor was
carried out in real-time, and the vector control of the SynRM was implemented. The FOC
of SynRM is described in the next section. First, this cascade control was applied on the
motor using an outer controller on the speed with a relatively low sampling frequency
because of the low dynamic of the mechanical speed. Then, the inner control was carried
out on the currents in a synchronous reference frame with a fairly high sampling frequency
due to the high dynamic of the current.

In this method, the motor’s current was transformed from the stationary reference
frame to the synchronous reference frame using Park’s transform. This required precise
information of the flux angle, which was obtained by the incremental encoder. Then, an
error-driven control concept was applied to compare the reference values of the currents
in the d and g-axes. The reference values of the currents in the synchronous reference
frame were chosen as constant values for the d-axis, and the g-axis current was generated
using a PI controller upon the error value of the commanded and the measured values
of speed. Then, the errors of the current were regulated through two PI controllers to
generate voltage commands. Using the inverse Park transform, the generated voltages in
the synchronous reference frame were transformed to the stationary reference frame. Next,
the generated voltages were applied to a PWM module as duty cycles compared with a
sawtooth waveform. Finally, the generated signals were applied to the gate drivers of the
inverter’s switches to apply the commanded voltages to the motor.

2.5. Parameter Identification

For the precise vector control of the SynRM, one should consider measuring all the
parameters of the motor-drive system. A DC decay test was proposed in our recent study
in [22]. In this test, a DC power supply was used to test and measure the motor param-
eters in an isolated test. This test was initially conducted to simulate the motor’s model.
However, apart from the measurement approximations and the inaccurate measurement
approach of the test, this method only considered the motor parameters” identification,
and the inverter and the cables were neglected. To cover this shortcoming, in this study,
an algorithm is proposed to calculate the motor parameters and the inverter switches,
and the cables in the system. Besides, to tune the encoder information, this method pro-
poses a novel approach to remove the encoder offset using the processor and injecting a
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certain set of voltages to the motor. Figure 13 shows the block diagram of the parameter
identification method.

Inverter

Figure 13. Block diagram of the parameter identification algorithm.

Where, Ld,q/ and Rd,q are the inductances and resistances in the d, and q axes, respec-
tively. wc is the current regulator bandwidth. In this method, to remove the encoder
offset, a non-zero current was commanded to reference the motor in the d-axis. The error
between the instantaneous d-axis current and the reference value was regulated using a
proportional regulator. In this test, the g-axis current was a zero value. The d and g-axes
voltage commands were generated in the synchronous reference frame. These voltages
were then transferred to the stationary reference frame using Park transform. Then, the
command voltages were applied to the motor using the inverter. As discussed earlier, the
d-axis current corresponded to the flux, and the g-axis current corresponded to the torque
in the motor. Hence, the applied voltages were anticipated not to generate any torque in
the motor unless the flux angle information was incorrect. This could be seen from the
g-axis current in the control and a slight rotation in the motor shaft. The test was designed
so that a block with a constant value was added to the flux angle information obtained
from the encoder. This block was considered as the encoder offset. The current injection
was carried out in the d-axis to the motor, and the g-axis current was profiled. If the g-axis
current was non-zero, this indicated the wrong flux angle information. The flux angle
information was corrected by adding values to the encoder offset block, and the injection
of current in the d-axis would not result in current in the g-axis and the shaft movements.
It should be noted that the encoder index pulse was considered to indicate the north pole
of phase a. In this way, the initial position of the motor was unknown until it reached the
position of the index pulse, and the motor position was corrected.

3. Results

The experimental setup was integrated, and all the hardware was prepared to im-
plement the closed-loop control in experiments. Figure 14 shows the experimental setup
of the designed motor-drive system. In this section, some tests are discussed that were
conducted to validate the performance of the real-time control of SynRM. Firstly, a startup
ramp will be discussed that aimed to prove the performance of the control in no load. Then
the loading condition of the motor will be studied, and then the motor’s response to a step
reference will be studied at different speeds.
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Figure 14. The experimental setup of the research laboratory drive system.

3.1. Startup Ramp Response

In this test, a ramp speed reference was applied to the motor to analyze the perfor-
mance of the control. The motor parameters are presented in [22]. In these tests, the
reference speed increased up to 200 rpm and then remained constant in that speed. A
constant value of 2 A was applied in the d-axis, and the instantaneous value followed
the reference value. Figure 15 shows the results of the test. The motor’s phase current
was sinusoidal, proving the proper control of the motor currents in terms of suppressing
the slotting harmonics in the motor compared to the grid-fed control. In the g-axis, the
reference was generated by the output of the speed error regulator, which increased to
roughly 1.5 A and dropped to nearly zero ampere due to the no-load condition of the
motor control. The d and g-axes’ voltages were generated and applied to the motor with
a slight variation in the steady-state. The motor position information matched with the
speed results as well as the current frequency. It is worth mentioning that the experimental
results had a slight difference with the simulation due to the approximations in parameter
identifications and the motor’s modeling. Apart from that, the noises in the environment
in the lab resulted in some pulsations, which should be covered in a future study. It should
be noted that the frequency of the current matched the speed of the motor, considering the
number of poles of the motor. This was true for the mechanical position of the motor’s
shaft, which was two times bigger than the electrical position of the motor.
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Figure 15. Startup ramp response of FOC of SynRM; I,: the measured phase a current, w: the measures speed (w) and the
reference speed (w,, 1), ia: the direct axis current (i;) and the direct axis current reference (Garef), 1q: the quadrature axis current (i;)

and the quadrature axis current reference (igf), Vigy: the direct and quadrature axis voltages, 6,,: the mechanical angle of the rotor.

3.2. Loading Test

The second test that was projected to analyze the performance of the control imposed
a step load to the motor and removed the load after reaching the steady-state. For this
purpose, the loading motor was coupled to the motor under test. An industrial frequency
converter drove the loading motor in the opposite direction. It should be noted that the
loading motor was controlled in torque control mode to just inject the reference torque
regardless of the output speed. In this way, the loading motor was driven in generator
mode since the load and the speed were in opposite directions. By starting the loading
motor, a step load of 10% of the nominal torque of the motor was imposed on the motor. To
avoid the motor running in the generator mode, a safety algorithm was devised to monitor
the DC link of the inverter and the speed and current of the motor. This algorithm was
devised to switch off the PWM block in case limits that were defined were passed. After
imposing the load with the loading motor, the motor speed was anticipated to drop for
a short while and reach the reference value in the steady-state. In the phase of removing
the load, the motor speed was projected to have an overshoot for a short while and follow
the reference speed in the steady-state. Figure 16 shows the results of the experimental
test. The results show that the motor current increased under load to increase the input
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power of the motor to dominate the load on the motor shaft. As can be seen, the d-axis
current, which corresponded to the flux, remained nearly constant, and the increase in the
current was due to an increase in the g-axis current, which corresponded to the torque. As
a consequence, the motor generated more torque on the shaft in the opposite direction with
the loading motor. Thus, the speed recovered after a small portion of time and followed
the reference speed. The voltage in g-axis increased in the loading condition, and the d-axis
current dropped negligibly. As can be seen, all the parameters settled down to their initial
values after the load was removed.
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Figure 16. Step-load imposing and unloading; I;: the measured phase a current, w: the measures speed (w) and the reference
speed (wyef), ig: the direct axis current (i7) and the direct axis current reference (izf), ig: the quadrature axis current (i;) and the
quadrature axis current reference (izf), Viyy: the direct and quadrature axis voltages, 6,;: the mechanical angle of the rotor.

3.3. Speed Step Response

To validate the dynamic of the control, a more intensive test was carried out at different
speeds of the motor. In this test, step commands were applied to the motor speed reference,
and the motor’s outputs and inputs, including the speed, were examined. Figure 17
represents the results for the step speed response in different speeds in experiments. The
results show that the motor presented an acceptable dynamic, and the motor accelerated
to the reference speed in a short time and, with a small overshoot, reached the reference
speed without any underdamped settled down on the reference speed, and the steady-state
was reached in a short portion of time. This motor dynamic was examined with a step
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reference, and the motor showed nearly the same behavior, and the control was carried
out. It can be seen from the figure that the motor speeded up to the reference speed in
upward increments with an acceptable dynamic as well as the downward step speed
responses. The current results show that the controller injected a high current to the motor
using the inverter in the step times. This was due to the increment of the speed error
because of the sudden increment in the reference and consequently the increment of the
differential between instantaneous and reference speed. Hence, as shown in Figure 10, the
output of the outer speed controller, which generated the g-axis current reference, saw a
sudden increment. Thus, the g-axis current rapidly increased to a high value. Considering
the constant d-axis current reference, the increment in the g-axis current resulted in the
increment of the current in the motor. The current figure shows that the current amplitude
roughly dropped to the initial value in the steady-state due to the same loading condition,
which was only the fan and the friction of the motors. The g-axis current and the voltages
show that the final values in the steady-state in all the speeds were nearly equal. It is worth
mentioning that the voltages saw a dramatic change in the imposing step reference phase,
where the step resulted in a very high voltage in both the upward and downward speed
change scenarios. It should be noted that the frequency of the current was compatible
with the speed and position information of the motor shaft, and the results validate the
performance of the control.
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Figure 17. Speed step response in different speeds; I;: the measured phase a current, w: the measures speed (w) and the reference

speed (wyef), ig: the direct axis current (i7) and the direct axis current reference (igref), 1g: the quadrature axis current (iy) and the

quadrature axis current reference (izrf), Vy: the direct and quadrature axis voltages, 6, the mechanical angle of the rotor.
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3.4. Motor Performance Analysis

One of the objectives of this study was to analyze the designed motor’s performance
characteristics. The motor efficiency at different speeds and under different load conditions
was studied. The test was designed to run the motor at different speeds with the step of
200 rpm up to 1800 rpm, which was over the nominal speed of the motor. Then, a ramp load
was designed using the industrial frequency converter to ramp up to the nominal torque
and impose on the motor. Fluke current clamp meters and Dewetron data acquisition
setup measured the motor’s input currents and voltages. As well as the inputs, the motor’s
outputs were sensed using a NCTE torque transducer and registered by the Dewetron data
acquisition setup. The power analyzer in Oxygen software was employed to calculate the
input power of the motor as well as the output power. Finally, the efficiency of the motor
was calculated at different speeds and torques. Figure 18 shows the efficiency map of the
motor. The figure shows that the motor presented a big range of high efficiency of around
90% in the nominal speed range and the middle of the nominal torque. A vast region of a
nearly high efficiency of 80% was registered in the speeds higher than 500 rpm and torques
higher than 15 Nm. This shows that the motor can work in a wide range of speeds and
torques with high efficiency. As it was expected for most of the motors, when it came to low
speeds, the motor’s efficiency dropped to a low value. This was true for the low torques,
which required the engineers to opt for the motors regarding the applications in the right
power range.

Motor efficiency
. : . . . . 20

80

Torque (Nm)

400 600 800 1000 1200 1400 1600 1800
Speed (rpm)
Figure 18. Efficiency map of SynRM.

4. Discussions

The results of the tests from the controller, inverter, and the inputs and outputs
showed that the experimental setup was properly designed and the devices were tuned in
the system. The performance of each device was tested in the open-loop with safe tests
where the results confirmed them.

The simulations of the motor-drive system were successfully carried out and the
results were convincing.

The parameter identification algorithm was properly proposed and tested in exper-
iments. The experimental results validated the performance of the vector control which
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certified the preciseness of the measured parameters. The experimental results were in
acceptable agreement with the simulation results which validated the correctness of the
simulations. The motor was loaded in the experiment that confirmed the high-performance
control of the motor with the vector control algorithm. Besides, the dynamic and stability of
the control were tested by the step speed reference. The motor showed a desirable dynamic
in different speed regions and the transition was smooth where the motor followed the
reference speed in a short period.

The performance of the motor was widely tested regarding the efficiency where the
motor showed a desirable efficiency with a wide range of high efficiency in the high output
power range.

5. Conclusions

This paper provides comprehensive guidelines in relation to a case study of the SynRM
drive system. The paper dealt with hardware implementation of the device in the setup and
integrating all the components. The devices were designed and tested in independent tests.
The performance of each device was validated in a safe test, and each device was prepared
for implementation in the setup. Moreover, the whole system was integrated to implement
the vector control of SynRM. The simulation of the whole motor-drive system was carried
out on the Plecs platform. For the sake of precise control, a parameter identification method
was proposed to measure the system parameters and obtain the precise angle of the flux
using the incremental encoder. The FOC of SynRM was implemented in real-time using
rapid control prototyping. The experimental results validated the simulation results, and
the performance of the systems was examined in practice. Finally, the efficiency map of
the motor was drawn under experimental tests. A future study will involve improving the
efficiency of the motor opting for an optimal torque angle.
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Abstract: In this paper, a parallel estimation system of the stator resistance and the rotor speed is
proposed in speed sensorless six-phase induction motor (6PIM) drive. First, a full-order observer is
presented to provide the stator current and the rotor flux. Then, an adaptive control law is designed
using the Lyapunov stability theorem to estimate the rotor speed. In parallel, a stator resistance
identification scheme is proposed using more degrees of freedom of the 6PIM, which is also based
on the Lyapunov stability theorem. The main advantage of the proposed method is that the stator
resistance adaptation is completely decoupled from the rotor speed estimation algorithm. To increase
the robustness of the drive system against external disturbances, noises, and parameter uncertainties,
an active disturbance rejection controller (ADRC) is introduced in direct torque control (DTC) of the
6PIM. The experimental results clarify the effectiveness of the proposed approaches.

Keywords: active disturbance rejection controller (ADRC); direct torque control (DTC); full-order
observer; sensorless; six-phase induction motor (6PIM); stator resistance estimator

1. Introduction

Three-phase induction motor drives have become a mature technology in the last years, but
investigations into concepts of multiphase induction motor drives are still taking place. Multiphase
drive systems have a nearly 40-year history of research and study due to their promising advantages
against the conventional three-phase systems. The phase redundancy of the multiphase drives provides
extra merits such as fault-tolerant operation, series-connected multimotor drive systems, asymmetry
and braking systems. Six-phase induction motors (6PIMs) are known for its fault-tolerant capability,
low rate of inverter switches, and low DC-link voltage utilization

compared with its three-phase one [1-3]. On the other hand, the modular three-phase structure
of the 6PIM allows the use of well-known three-phase technologies. The 6PIM is successfully used in
special applications, such as electric ships, electric aircrafts, electric vehicles, and melt pumps, where
the high reliability and continuity of the operation are critical factors for the system [4]. The phase
redundancy of the 6PIM provides the ability of the open-phase fault-tolerant operation without any
extra electronic components [5,6].
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Among different structures of the 6PIM [4], the asymmetrical 6PIM with double isolated neutral
points, which consists of two sets of three-phase windings spatially shifted by 30 electrical degrees,
has attracted the interest of many researchers [7-10]. The traditional three-phase control strategies,
including switching table-based direct torque control (ST-DTC) [7], modulation-based DTC [8], the
field-oriented control (FOC) [9], and finite control set-model predictive control (FCS-MPC) [10], can
be extended to 6PIM (or other multi-phase machines) with some modifications to use more freedom
degrees that exist in multi-phase machines. DTC is a well-accepted technique due to its simplicity, quick
dynamics, and robustness [11]. The modulation-based DTC strategy offers better phase current, torque,
and flux response. On the contrary, this method has more complexity against conventional ST-DTC.
The ST-DTC approach has straightforward and simple structure, but it is completely overshadowed
by low-order harmonics due to unused voltage vectors in the losses subspaces. To overcome this
restriction, the idea of duty cycle control is introduced by several researchers [12,13].

The rapid development of intelligent and high-performance control technologies has also brought
about changes in the adjustable speed drive system for different industrial applications [14,15].
To operate safely and reliably under different conditions, there is a lot of debate nowadays about the
main control strategy of the system [16,17]. Among different high-performance control strategies of
drive systems, the DTC strategy has a straightforward algorithm. The DTC technique is inherently
speed sensorless. Nevertheless, if an outer speed loop is added to the DTC, the speed value is
also necessary. Sensorless three/multi-phase induction machine drives are widely addressed in
the technical literature due to multiple shortcomings of shaft encoders [18-23]. To investigate the
instability problem of the traditional rotor flux-based model reference adaptive system (MRAS)
speed estimators in the regenerating-mode low-speed operation, a stator current-based and back
electromotive force-based MRASs are addressed in [19] and [20], respectively. In [21], two modified
adaptation mechanisms are proposed to replace the classical proportional-integral (PI) regulator.
The full-order Luenberger and Kalman filter observers are discussed in [22] and [23], respectively.
Providing a DTC drive system with parallel identification of the rotor speed and the stator resistance
is a challenging task because the operation of the DTC scheme is severely dependent on the stator
resistance. This problem is sporadically reported for three-phase induction machines (3PIMs) [24,25],
where the rotor speed and the stator resistance estimators encounter an overlap due to limited freedom
degrees of 3PIM. In this paper, the problem of parallel estimation is investigated using more freedom
degrees of 6PIM.

The outer speed control loop of the DTC scheme conventionally contains the PI regulator to obtain
torque command from speed error. In general, the control law of a PID regulator is a linear combination
of proportional-integral-derivative terms, which is suitable for linear systems. For nonlinear systems,
such as the 6PIM drive system, the PI regulator has been given a lot of attention due to its simplicity.
However, it suffers from multiple problems including: (1) tuning of its parameters; (2) high sensitivity
against noise and external disturbances; and (3) loss of efficiency due to oversimplified control law
[26,27]. One promising technique to relatively get rid of the drawbacks of PI regulator is active
disturbance rejection controller (ADRC) [26,28]. The ADRC is a nonlinear control scheme, which
provides a robust control against noises, external disturbances, and parameter uncertainties. For these
reasons, the ADRC technique has recently attracted more attention for electric drive systems. To
address this issue, a modified FOC scheme based on first-order ADRCs for current and speed control
loops is proposed in [29]. A combined active disturbance rejection and sliding-mode controller for an
induction motor is presented to achieve total robustness [30].

The aim of this paper is to present an ADRC-based DTC scheme for sensorless 6PIM drives. The
speed estimator is based on adaptive full-order observer, and its control law is designed using Lyapunov
stability theorem. Besides the speed estimation system, a stator resistance estimator is proposed using
additional degrees of freedom of the 6PIM to enhance the robustness of the sensorless DTC strategy
against stator resistance uncertainties. The adaptation law for the stator resistance estimator is derived
using the Lyapunov stability theorem to ensure its overall convergence.
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The rest of this paper is organized as follows. Section 2 introduces the mathematical model of the
6PIM. Section 3 presents the design procedure of the adaptive full-order observer, the speed estimator,
and the stator resistance estimator. The DTC scheme of the 6PIM is discussed in Section 4, which
includes the ST-DTC scheme, and ADRC in DTC. The experimental results are presented in Section 5.
Finally, Section 6 summarizes the findings and concludes the paper.

2. Dynamic Model of 6PIM

There are two popular approaches for modeling of the multi-phase machines: (1) multiple d—q
approach [9]; (2) vector space decomposition (VSD) approach [31]. The first method is exclusively used
for modular three-phase structures-based multi-phase machines such as six-phase and nine-phase
machines. However, the second method can be used for all types of multi-phase machines. In this
research, the VSD approach is used, where a 6PIM with distributed windings is modeled in the three
orthogonal subspaces, i.e., the « — B, z1 — zp and 07 — 0. Among them, only the « — p variables are in
relation with electromechanical energy conversion, while z; — z, and 01 — 0, variables do not actively
contribute to the torque production.

The schematic diagram of a six-phase voltage source inverter (VSI)-fed an 6PIM with two isolated
neutral points is shown in Figure 1. The transfer between the normal a — x — b — y — ¢ — z variables
and & — B — z; — 2z — 01 — 07 variables is performed by T4 transformation matrix as follows [31]:

1 V3 SV T | 0
2 \/% 12 \;’3’
1
T
3 1 3 1
To—1|1 =% -3 % -3 0 )
3o 1 _yB 1 VB
2 2 2 2
1 0 1 0 1 0
0 1 0 1 0 1

By applying T matrix to the voltage equations in the original six-dimensional system, the 6PIM
model can be represented in the three orthogonal submodels, identified as &« — 8, z1 — zp, and 01 — 0.
The voltage space vector equations of the 6PIM in the « — 8 subspace are written as follows:

vs = Rsis + p‘fs (2)
0= Reir + p¥r — jwr¥, 3)
The flux linkages are
Y = Lgis + Lini, 4)
‘I{r = Lmis + Lrir (5)

where v, i, ¥, R, and L represent voltage, current, flux linkage, resistance, and inductance,
respectively, for stator (s subscript) and rotor (r subscript) quantities, and p denotes derivative operator.
The electromagnetic torque produced by the 6PIM is expressed as

T, = 3PY¥, ® i, (6)

where P is pole pairs and ® denotes the cross product.
The 6PIM voltage equations in the z; — z5 subspace are the same as a passive R-L circuit as follows:

Usz1 = Rsisz + Llspiszl (7)

Uszp = Rsiszn + LlspiSZZ (8)

where Ly is stator leakage inductance.
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On the presumption that the stator mutual leakage inductances can be neglected, the 6PIM model
in the 01 — 0y subspace has the same form of the z; — z, subspace. However, the applied 6PIM with
two isolated neutral points avoids zero-sequence currents because it contains two sets of balanced
three-phase windings.

Sy / Si3 S23/ 815( S2s

l
Ve a{ X b{ y c
e

Figure 1. Six-phase two-level VSI-fed 6PIM.
3. Adaptive Full-Order Observer

The block diagram of the proposed Rs and w; estimators based on the adaptive state observer is
shown in Figure 2. It contains the stator current and rotor flux observers, the stator resistance identifier,
and the rotor speed estimator, which are discussed below.

.
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R}\ 0:\
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State observer adaptation
Z,-Z, subspace law

\
Figure 2. The block diagram of the proposed parallel estimation system of the stator resistance and the
rotor speed based on an adaptive full-order observer.

3.1. Stator Current and Rotor Flux Observers

The general form of state-space model of the 6PIM in the « — 8 subspace is
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{X] = A1x1 + Biuyg ©)

y1=Cix+ Dy

Assuming stator current and rotor flux as state variables and using Equations (2) and (3), the elements
of state-space representation in « — 8 subspace will be

1= i i wr,s]T (10)

_Re _1-0yy _Lw (1]_
Al = ( aLS%IIaT,)I aLsi,TgyTI,iwﬂrU]r])} (1)
By = |1 O]T (12)
Uy = {vsa vs,g]T (13)
v = {z‘sa z‘sﬁ]T (14)
c=[1 o (15)

with

- e

where T, = L, /R, is rotor time constantand ¢ = 1 — L%,, /LsL; is leakage coefficient.

The state observer of the 6PIM has a similar form of state-space representation except that an
additional compensation term based on error of measurable states and observer gain matrix is added
to it. The state observer can be written as

{9?1 = Aq%1 + Byug + Gy (is — 1) a7)

7 =0Cx

where the marker ” indicates the estimated values, and G; is the observer gain matrix. The matrix A;
contains unknown parameters of the 6PIM such as the rotor speed and the stator resistance. These
parameters can be estimated by the designing of a suitable adaptation control law with a nonlinear
theorem such as a Lyapunov stability theorem. It is worth mentioning here that the matrix A; also
contains the rotor time constant. However, simultaneous estimation of the rotor speed, the rotor
time constant, and the stator resistance is challenging because of persistency of excitation conditions
problem [32]. Some techniques have recently been developed based on signal injection to provide
persistent excitation [33], which suffer from steady-state torque and speed ripples. In this paper, the
stator resistance is estimated from additional degrees of freedom of the 6PIM, while the rotor speed is
provided using the 6PIM equations in « — 8 subspace. This procedure provides the stator resistance
independent from the rotor speed.

The observer gain matrix G; must be designed to ensure stability and good dynamic response of
the observer at a wide range of the speeds. Using pole-placement method, the elements of matrix Gy is
provided as [22,34]

T
G = 81 & &3 g4} (18)

—82 81 —84 &3
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where
(1 - Kpo)( L2 + RrLgn)/O'Lng
= (Kpo 5
82 ( )wr 19
g3 (Kpo - )( KPORSLV)/Lm
84 = (1 - KPD)UTJVU-LSL /Lm

where Ky, > 0 is observer constant gain.

3.2. Stator Resistance Identification

In this paper, a stator resistance adaptation system is proposed using the machine model in the
z1 — zp subspace. This method can be utilized for any multi-phase machines. It is completely decoupled
from the rotor speed and the rotor time constant, whereas most of the conventional stator resistance
estimators, developed for three-phase machines, are related to these parameters. The proposed R;
estimator only depends on the stator leakage inductance L5, which can be approximately assumed to
be constant.

The state-space model of 6PIM in the z; — z, subspace, with consideration of i;;; and i, as the
state variables, can be derived from Equations (7) and (8) as follows:

: _Rs .

Izl | _ |7 T 0 Isz1 + 1 |vsn

i |l o — R Lis |o

522 Lis 522 Is 522
iszl 10 Z‘szl
. = . 20
|:1522:| I:O 1:| |:lszz:| (20)

In this case, the proposed states observer is given by

{Jéz = Azfz + Bouy 1)

7= Cotp
It should be noted that a correction term Gy (x, — £2) is neglected in Equation (21) due to the inherent

stability of the observer.
The proposed adaptation law for the stator resistance estimation is

Ry = Kprerg + Kiy | €rgydt (22)

where K;, and Kp, are the integral and proportional gains, respectively, and e, is the stator resistance
error signal
€Rg = ZAszl (iszl - iszl) + iszZ(iszz - iszZ) (23)

The proof for the stator resistance adaptation law is presented in Appendix A.

3.3. Rotor Speed Estimation

In order to design the speed adaptation law, it is considered as an unknown parameter. First,
an appropriate positive definite function is chosen as the Lyapunov candidate. Then, the adaptation
law is obtained using the Lyapunov criterion to ensure asymptotic stability of the system. The speed
adaptation law is

@ = Kpwew + Ky | €wdt (24)

where K, and Kj, are proportional and integral gains, respectively, and €, is the speed error signal
as follows:

€ = (isa — ;sw)l/}rﬁ - (isﬁ - fsﬂ)l/}m’ (25)



Energies 2020, 13, 1121 7 of 17

The proof for the speed adaptation law is presented in Appendix B.
4. DTC of 6PIM

4.1. ST-DTC Scheme

A six-phase VSI contains overall 2° = 64 different voltage space vectors, 60 active, and four zero
vectors, where the active voltage vectors are distributed in four non-zero levels depicted in Figure 3.
The electrical angle of each sectors is 30°. The 6PIM phase-to-neutral voltages can be calculated as

Vi 2 -1 -1 0 0 07/[S
v, -1 2 -1 0 0 0/|]|S
Vel Vae|-1 -1 2 0 o0 o0f]|s

= Yde 26
Vel 300 0 0 2 -1 —1||S (@6)
vy 0 0 0 -1 2 -1|]|s,
V. 0 0 0 -1 -1 2]][s;

where S; = {0,1},i = {a,x,b,y, ¢, z} is the switching state. When S; = 1 (S; = 0), the corresponding
stator terminal is connected to positive (negative) DC-link rail. The voltage space vectors are given by

1
v = g[Va+an+a4Vh+a5Vy+a8VC+a9Vz] (27)
1
v, = 5[va+a5vx+agvbJravy+a4VC+a9VZ} (28)
where v, = v5;1 + jvsp and a = elm/e.

The flux estimator is obtained from

lpsa = '/(Usa - Rsisat)di' (29)

lpsﬁ = /(vsﬁ - Rsisﬁ)dt (30)

and the toque estimator is obtained from (6). In the traditional ST-DTC, the torque and stator flux errors
are applied to hysteresis regulators to provide the sign of torque (er) and stator flux (ey). According
to gained signals and also the position of stator flux, a proper large voltage vector is selected based on
Table 1 during each sampling period. From Figure 3, the corresponding voltage vectors in the z; — z;
subspace will produce large current harmonics, when only large voltage vectors are used to control
the torque and flux. Hence, it can alleviate the current harmonics through reduction of the z; — z,
components by applying a combined voltage vector during each sampling period. This technique is
referred to as duty cycle control, where a virtual vector (synthesized by large and medium voltage
space vectors) is applied to the inverter in each sampling period because the large and medium voltage
vectors are in the opposite direction in the z; — z; subspace (see Figure 3). The duration of the applied
vectors is calculated in order to reduce the average volt-seconds in the z; — z, subspace [4]. The block
diagram of the proposed sensorless DTC strategy with the adaptive full-order observer is shown in
Figure 4a. In this figure, the speed control loop is based on the ADRC strategy, which will be discussed
in the next subsection.
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Figure 3. The & — B (top side) and the z; — z; (down side) vector subspaces for a six-phase VSL

Table 1. Switching table of DTC strategy

er €y Selected Voltage *

1 Vm +1
1 Vm +4
0 Vo

Vm—Z
Vm—S
is sector number.

1
0
1
0 0 Vo
1
0
*m
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Duty Labe 3
Cycle R
__»| Modified [s,,,.,| Voltage
Switching Source
> Table Inverter | |;
Ly
3

Adaptive
Full-order
observer

Sector
Determination

(@)

Nonlinear
control law

Nonlinear
differentiator

Figure 4. Block diagram of (a) the proposed sensorless DTC strategy; (b) ADRC.
4.2. ADRCin DTC

To enhance the robustness of the DTC technique against external disturbances and measurement
noises, the ADRC is proposed to replace with the conventional PI regulator in the outer speed control
loop. The block diagram of ADRC is shown in Figure 4b. It consists of three main elements: (1) nonlinear
differentiator; (2) extended state observer; (3) nonlinear control law.

In some industrial applications, the command values are changed as step function, which is not
suitable for the control system because of a sudden jump of output and control signals. To solve
this problem, the nonlinear differentiator is used, which makes a reasonable transient profile from
command signals for tracking [26]. The nonlinear differentiator can be expressed by

{vl(k+ 1) = vy(k) + hoa (k) 1)
va(k+1) = va(k) + hfy(v1 (k) — v(k), va(k), ro, ho)
where f7 is a nonlinear function as
_Jalk)/hg la(k)| < roho
fi(vr(k),va2(k), 70, ho) = {rosign(a(k)) a®)] > rohy 32)

with
alk) = {vz(k)+yo(k)/ho la(k)| < roh3
va(k) + (ag(k) —roho) /2 |a(k)| > rohg

yo(k) = v1(k) + hova (k)

ag(k) = 1/ (roho)? + 8rolyo (k)|
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where rg and h are the parameters of the nonlinear differentiator, and / is sampling period.

The extended state observer is an enhanced version of feedback linearization method to
compensate the total disturbances of the system. Using this observer, the state feedback term can be
estimated online; hence, it is an adaptive robust observer against model uncertainties and external
disturbances. The extended state observer is represented as follows:

Z1 (k + 1) =2z (k) + h[Zz(k) — ‘Blfz(f(k), 061,(51) + bou(k)}
2(k+1) = z3(k) — hpafa(e(k), a1, 1) (33)
e(k) = z1(k) — y(k)

where the nonlinear function f; is defined as

e(k)/51-® le(k)| < &

34
(k) sign(e(k) Je(K)| > 5 4

fZ(e(k)l &, 5) = {

where a1, 1, B1, B2, and by are the parameters of the extended state observer.

The conventional PI controller is based on the linear combination of proportional and integral terms
of error, which may degrade the performance of the DTC scheme. Different nonlinear combination of
error can be presented to overcome this problem. In this paper, the following nonlinear control law
is used:

ex(k) = 01 (k) — 21 (k)
o(k) = Bafa(er(k), a2, 62) (35)
M(k) = Mo(k) — Zz(k)/bo

where ay, B3, and &, are the parameters of nonlinear control law.

=

5. Experimental Validation

5.1. Description of Experimental Setup

The schematic and photograph of the experimental setup are shown in Figure 5a,b, respectively.
The principal elements are

e aTMS320F28335-based digital signal processor (DSP) board.

two custom-made two-level three-phase VSIs based on BUP 314D IGBTs and LEM LTS 6-NP
current transducers.

an LEM LV25-P voltage transducer.

an Autonics incremental shaft encoder.

a magnetic powder brake mechanically coupled to the 6PIM.

a bridge rectifier.

a 1-hp three-phase induction motor, which has been rewound to provide an asymmetrical 6PIM.
The specifications of the 6PIM are shown in Table 2.
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Figure 5. Experimental setup (a) schematic (b) photograph.

Table 2. The parameters of 6PIM.

Symbol Quantity Value
Ty Nominal torque 2Nm
P Pole pairs 1
Rs Stator resistance 4.08 Q)
R, Rotor resistance 3.73Q)
Lg Stator inductance 443.6 mH
L, Rotor inductance 443.6 mH
L Magnetizing inductance 429.8 mH
] Moment of inertia 0.000718 kg-m?

5.2. Experimental Results

The performance of the proposed sensorless DTC strategy has been experimentally surveyed
using DSP platform, programmed through Code Composer Studio (CCS v.3.3) and MATLAB. The
IQmath and digital motor control (DMC) libraries have been used to provide optimized code. A 10 kHz
sampling frequency with a 2s dead-band has been adopted. The experimental results have been
captured using an Advantech PCI-1716 data acquisition card (DAQ) and serial port with LABVIEW
and MATLAB, respectively. The serial communications interface (SCI) module has been employed to
provide a serial connection between host PC and DSP. An incremental shaft encoder has been used to
verify the performance of the speed estimation algorithm. All of the experiments have been carried
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out in sensorless mode as well as closed-loop adaptation of the stator resistance under various test
scenarios, emphasizing on the low-speed region.

The experimental results of the proposed parallel estimation system of stator resistance and rotor
speed under 50% initial stator resistance mismatch are shown in Figure 6. The speed command is 7%
rated speed under rated load torque. In this test, the electric drive is allowed to start with a wrong
stator resistance. This causes an error in estimated electromagnetic torque and actual speed. However,
the estimated speed and the stator flux follow their reference values because of the controller action.
It can be seen that the estimation error of the speed and the electromagnetic torque due to detuned
stator resistance are removed within short seconds after activation of the stator resistance estimator at
t=>5s.

0.1 .

Estimated speed
';: » # PO ' gt
= i Actual speed :
| | |
0'00 1 2 3 4 5 6 7 8 9 10
20 ! l T T T i
Al A it 111 ) RN ) | Vgl o . H HE H L T
=3 i Electromagnetic torque : ! 4 d
i i i i i i i
0'00 1 2 3 4 5 6 7 8 9 10
1.1 T T T T T T T T T
] : Stator flux: : : : : : :
3 B “ “ “ : ‘ : j Wil “‘
i i i i i i i i i
0'90 1 2 3 4 5 6 7 8 9 10
L I Estimaled stator résistance ! !
—1.0 i ; i ;
3
pe
0'00 1 2 3 = 6 7 8 9 10

5
tls]
Figure 6. Experimental results of the proposed parallel estimation system under initial mismatch of
stator resistance.

As already mentioned, the proposed parallel estimation system has the merit of avoiding overlap
between stator resistance and rotor speed estimators, whereby the stator resistance is independently
estimated from rotor speed using additional freedom degrees of 6PIM. The experimental results of
estimated stator resistance under speed changes and load change are shown in Figure 7a,b, respectively.
In Figure 7a, the speed command is changed as a step function from a very low speed to 17% rated
speed, and, in Figure 7b, a load torque is suddenly applied to the motor at t = 2s. It can be
clearly adjudged that the adaptation process of stator resistance is independent of speed and load
torque changes.

Disturbance-free operation of the ADRC-based speed controller is evaluated through a
comparative study of its performance and the conventional PI regulator. The experimental results for
the estimated speed under sudden load torque changes at 7% rated speed when the conventional PI
and introduced ADRC are utilized as speed controllers are shown in Figure 8. As can be seen, applying
the external load torque to the 6PIM leads to a larger overshoot (undershoot), when the conventional
PI regulator is employed. The ADRC properly improves the disturbance rejecting capability, which in
turn provides a robust performance against load torque changes.
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Figure 7. Experimental results of the estimated stator resistance under (a) speed changes (b) load

torque change.
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Figure 8. Experimental results of the estimated speed with PI and ADRC-based speed controllers
under load changes.

6. Conclusions

Multiphase electrical machines and drives have different advantages over their traditional three
phase counterparts. In recent years, multiple research works have been published to explore the
specific advantages of multiphase machines and drives. In this regard, a parallel estimation system
of the stator resistance and the rotor speed for direct torque-controlled 6PIM was proposed in this
paper. The speed estimator is based on an adaptive full-order observer, which estimates the speed
signal using the 6PIM model in the &« — § subspace, while the stator resistance estimator employs
the 6PIM model in the z; — z; subspace. Hence, the stator resistance is identified independently of
the rotor speed. The rotor speed- and the stator resistance-adaptation laws were derived using the
Lyapunov stability theorem. The performance of the proposed sensorless DTC was experimentally
investigated, where the obtained results confirmed its capabilities in terms of accuracy as well as no
overlap between the stator resistance and the rotor speed estimators. In order to provide a robust
performance for the DTC technique against external load torques, the PI regulator was replaced by an
ADRGC, as a well-known disturbance-free controller. The better performance of the DTC scheme based
on ADRC was verified through a comparative study with the conventional PI regulator.

Author Contributions: Conceptualization, methodology, validation, formal analysis, writing-original draft
preparation, H.H., M.H.H.; writing - review and editing, resources, A.R.; project administration, T.V.; investigation,
A K,; funding acquisition, D.V.L.; supervision, A.B. All authors have read and agreed to the published version of
the manuscript.

Funding: The research has been supported by the Estonian Research Council under grant PSG453 “Digital twin
for propulsion drive of autonomous electric vehicle” and was financially supported by Government of Russian
Federation (Grant 08-08).

Conflicts of Interest: The authors declare no conflict of interest.
Appendix A The Design of Adaption Law for Stator Resistance Estimation

The quadratic Lyapunov function for asymptotic stability of the proposed stator resistance
estimation system is defined as

AR?
Ar

V,= erTer + (A1)
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where A, is a positive constant, AR = R — R, R, is the estimated stator resistance, R, is the real stator
resistance, and e, is the error matrix of the state variables in the z; — z, subspace as
A . ~ . ~ T
er =X —Xp = [lszl szl lsz2 — 1522] (A2)

The asymptotic stability of the stator resistance estimator is assured when the Lyapunov candidate
function V, is positive definite as well as its time derivative pV, is negative definite. The time derivative
of the Lyapunov candidate function is calculated as

2 N
PV, = el pe, + perTer + )TARspRS (A3)
r

With some mathematical manipulation, Equation (A3) can be written as
PV, = el (Ay+ Ad)e, — [ef AAx% + 21 AAT e,

2 ;
+ 2 ARspR; (A4)
,

The first term of Equation (A4) is inherently negative definite. The stability of the system is eventually
assured, when the sum of the last two terms of Equation (A4) is zero as

2 N
T ARspR; — [eTAAx%y + 2T AATe, ] =0 (A5)
r
which leads to v
Ro=-= / ergdt (A6)
where the tuning signal eg, is
€Rg = iszl (iszl - ;521) + fSZZ(iSZZ - iszz) (A7)

A Pl regulator is employed to enhance the dynamic behaviour of the proposed estimator, instead of
Equation (A6) as
RS = preRS + Kj, GRSdt (A8)

where K;, and K, are the integral and proportional constants.

Appendix B The Design of Adaption Law for Speed Estimation

The Lyapunov candidate function for asymptotic stability of the speed estimation system is

Aw?
Aw

Vi = elew+ (A9)

where A, is a positive constant, Aw, = @, — wy, and e, is the error matrix of the estimated and real
values in a — B subspace as

ey = X1 — 9?71 (A].O)

R N N N T
= [iw =t iep—Ep Pra—Pra Prp— g



Energies 2020, 13, 1121 16 of 17

In this case, the first-order time derivative of Lyapunov function can be deduced as
PV = el [(A1 — GI1C1) + (A1 — G1C1) Tew (A11)

2
+ (ewA A%y + 220AAT ey + - dwrpay
w

The first term of Equation (A11) is guaranteed to be negative definite by suitable adopting of observer

gain matrix G;. The Lyapunov stability criterion is satisfied, if the sum of second and third terms of

Equation (A11) is zero. With some calculations, the adaptation law for speed estimator is acquired as

@ = Kpwew + Ky | €wdt (A12)
where the tuning signal €, is
€w = (iszx - Z¢soc)l/}r/f3 - (isﬂ - isﬁ)l/}m (A13)
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Abstract— High torque ripples associated with direct torque
control (DTC) of synchronous reluctance motor (SynRM) have
become a severe challenge in high-performance applications.
This paper proposes a modified method to suppress the torque
ripple for a vector controlled SynRM drive system. The
switching-table based DTC is opted to control the motor. The
method exploits the decoupled currents in the synchronous
reference frame in order to generate a more accurate set of
inputs for the switching table. In addition, the active voltage
application time is regulated to avoid high torque ripples. The
method reduced the high torque ripples of the SynRM by simply
using hysteresis controllers and switching table with different
inputs. Moreover, the pulse-width modulation algorithm is
avoided, resulting in less computation burden of the control. The
simulation results are carried out and the performance of the
method is validated.

Keywords—synchronous reluctance motor, direct torque
control, field-oriented control, torque ripples

I INTRODUCTION

The interest in synchronous reluctance motor (SynRM) in
the industry is growing due to the intrinsic high efficiency of
the motor [1]. With the simple structure of the rotor, SynRM
can offer high reliability, high overloadability, high dynamic,
and high power density [2], [3]. In fact, the variable speed
drives have provided the efficient application of this motor
type, which has convinced the leading manufacturers to
introduce their SynRM motor-drive package to the market
[4]. On the other hand, the high torque ripples of SynRM has
become a challenge for the researchers to overcome [5].
Many research works are carried out on the design of SynRM
to cover this drawback such as in [6]. Moreover, suppressing
the torque ripple is viable with a proper control method in the
variable speed drives [7], [8].

The field-oriented control (FOC) strategy offers an
interesting choice for researchers in terms of the control of
SynRM with low torque ripple. This is due to the decoupled
control of the currents in the synchronous reference frame,
which proposes a high-performance control in the steady-
state. However, its low dynamic and high computation burden
direct some research work to the other control methods [9],
[10].

Direct torque control (DTC) is one of the alternatives for
control of SynRM [11]. The direct control of the torque and
flux in the stationary reference frame with the hysteresis
controllers and the application of the command voltages by a
simple lookup-table provides a high dynamic and
straightforward control strategy. Though, the high torque
ripple and the variable switching frequency of DTC are the
undeniable shortcomings of this method[12], [13]. To take
SynRM’s high torque ripples into account, conventional DTC
of these motors causes sever torque ripples in the motor. Lack
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of current controller in DTC’s block diagram leads to high
torque ripples. Multilevel inverters have recently been a
proper solution for torque ripples, which are studied for DTC
in [14]. Another solution that amends the shortcoming of the
high torque ripple of DTC is the overmodulation scheme for
DTC of SynRM, presented by Zhang et al. in [7]. This method
keeps the simplicity of DTC, and in the meanwhile, decreases
the torque ripples and provides constant switching frequency.
One more viable approach is the duty ratio regulation-based
DTC, which is also known as dead-beat DTC [15]. Basically,
the method tries to apply the active voltages not for the whole
sampling period, as so the motors’ torque and similarly the
flux does not considerably pass the hysteresis limit. This
results in a notable reduction in torque ripple with the cost of
a little bit of imposing a complexity to the method, beside a
notably higher switching frequency. A more sophisticated
and more robust version of this method is applied by Foo et
al. in [16] for the DTC of SynRM.

In this paper, a combination of DTC and FOC techniques
is used in such a way that the decoupled currents of the d and
g-axes are applied to the switching table to obtain more
precise inputs and select the more precise voltage vectors in
each sampling period. Moreover, the active voltages are no
longer applied for the whole sampling period and the null
voltage vector is applied for a ratio of the period. This leads
the motor’s torque to not increase/decrease so higher than the
hysteresis band and the torque ripples dramatically decrease.
The duty ratio is selected according to a simple optimization
function to reduce the current errors.

In the rest of this paper, the proposed method is
investigated in section II. Section III presents the simulation
results for DTC and the proposed method for the SynRM
control. A conclusion of the study is presented in section V.

II. THE PROPOSED METHOD FOR TORQUE RIPPLE
REDUCTION IN DTC OF SYNRM

A. The Origin Of High Torque Ripple In DTC Of SYNRM

Basically, the DTC strategy aims to directly control the
stator flux magnitude and position by means of imposing the
active voltage vectors regarding the position of stator flux as
well as the sign of flux and torque. The torque and stator flux
are controlled by radial and tangential components of stator
flux. The block diagram of the classical DTC is shown in Fig.
1. In principle, the stator flux vector magnitude and position
as well as the electromagnetic torque are estimated using
measured DC-link voltage and phase currents. Then, the
estimated values are compared by the stator flux vector
reference, given as a command value, and the torque
reference, which is provided by the outer speed control loop.
The torque reference is obtained by the proportional-integral
(PI) control of the speed error signal between the command
value and the instant value of the speed. In the SynRM, the
stator flux vector is aligned with the rotor position.
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Fig. 2: The voltage vectors- active voltages (V; ) and the zero voltages
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TABLE I. SWITCHING TABLE OF CONVENTIONAL DTC

ener 0 6,16, 06;]6,]05] 0,

=1 | e,=1 |V, |V | Vy |Vs| Vs | Wy
er=0 |V, | Vs | Vs | Vs |V, | Ve
er=—1 |V |V, |V, | V5| VW] Vs
=0 | ep=1 |Vs |V, | Vs |Vs| Vs Vs
er=0 | Vo |Vy | Vs |V |Vs]| Vs
er=—1|Vs |V |V |Vy | V5| V2

In line with the flux and torque error signals, the stator flux
position is used as the inputs of a lookup table in order to
generate the command voltages to the motor. This lookup
table is known as the switching table, as it generates the
command switching states. The switching table is presented
in Table I. The generated switching states are applied to the
motor by means of a model of a three-phase voltage source
inverter. The active voltages are depicted in Fig. 2, which
denote the states of the inverter’s legs. The states of the upper
switch in each leg denote the state of the leg. In this figure,
the stator flux vector is also illustrated, which is aligned with
the d-axis. Also, the flux vector’s sectors are defined as 6, g,
which provides information about the position of the flux
vector for the switching table.

The high torque ripple of DTC originates from two
substantial reasons, which are related to parameter regulation
and the voltage application method. Inherently, the hysteresis
controllers provide the sign of error signals, which require the

active voltage usage for the whole sampling period,
regardless of the error signals’ amplitude. In addition, the
switching table is defined based on the error signals, which
makes the voltage selection more dependent on the
regulators. Moreover, the active voltages are applied to the
motor for all sampling periods, which can inevitably cause
the flux vector to pass the hysteresis bands.

B.  The Alternative Inputs For The Switching Table

The simple voltage application to the motor through the
DTC has altered the conventional PWM method. However,
this simplification leads to a variable switching frequency in
the method. In addition, the conventional DTC sacrifices the
precise control of the stator currents, which leads to high
torque ripples in the motor. The high torque ripple is avoided
in FOC by precise control of the motor. A combination of
FOC and DTC can provide precise control of the currents,
while can keep the simplicity of the method. The decoupled
currents of the SynRM are correspondent to the torque and
flux of the motor. Bearing in mind the FOC concept, the
traditional inputs of the torque and flux errors are replaced by
the d and g-axes currents’ error in the synchronous reference
frame, respectively. This concept is represented as follows:

{Te X ig
A X iy

(M

In this method, the currents in d, and g-axes are compared to
the reference values and the error signals are applied as inputs
of the hysteresis controller to produce the corresponding signs
for the switching table. The reference values are generated by
means of the PI regulator. The d-axis reference is produced
by the regulation of the error between estimated flux and the
reference flux. The g-axis reference is produced through a
comparison of the estimated torque and the reference torque,
which is generated from the regulation of the speed error
signal. The method’s block diagram is illustrated in Fig. 3. In
this figure, 4, and 4;, denote to the error signals’ sign of iy

and iy in the method. In this method, in case of demand for
increasing iy, the error signals’ sign is defined as 4; =
1. 4;, = 0 implies to no iy requirement. Similarly, with the
demand for decrement of i, 4;,=-1 is defined, and the
4;, =1 denotes to the required i; increment, and for no
change in iy, the indication is defined as 4;, = 0. The error

signals’ sign and the demand for the change in the d -axes are
obtained as:
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TABLE II. SWITCHING TABLE OF THE PROPOSED METHOD FOR DTC OF
SYNRM

e 0 [6,]6,]65]6,]06s] 64
e, =1 e =1 |V, | Vs | Vo |Vs]|Vs| W4
e =0 |V, | Ve |V, | Ve | Vs | Vg
e =—1 |V | Vi | Vo | Vs |V, | Vs
e, =0 e =1 | Vs | Va | Vs |Vs| ViV
e =0 |V | Vs [V |Vy| Vs | Vs
eig=—1 Vs | Ve |Vi | Va| V5| Ve

4, =1 if iy < ig" — |hysteresis band|
8, =0 if ig =i, )
A, =-1if iy > ig" + |hysteresis band|

With a similar definition, 4i, is described as:
4;, =1if iz <ig" — |hysteresis band| 3)
A, =0if iy > iy* + |hysteresis band)|

and the position of the stator flux vector. For instance, if the
flux vector is in the first sector, and the increment of the d and

g-axes currents is required, V, is selected by the switching
table to apply to the motor.

Table II defines the switching table for the proposed
method. According to this table, the active and zero voltages
are opted considering the signs of d, and g-axes currents’ error

C. The Duty Ratio Regulation Method

In classical DTC, the optimal active voltages are opted
through the switching table to apply to the motor. Whereas,
the application of the active voltages for the whole sampling
period causes the motor torque to increase/decrease to a
higher/lower value than the demanded torque. This is due to
the lack of control on the active voltage during one sampling
period. In this paper, the active and null vectors are employed
in the proposed method to significantly decrease the torque
ripples in SynRM. This decreases the torque ripple of the
proposed method for a lower value. Fig. 4 demonstrates the
concept of the duty ratio regulation, which on the top figure
the active and zero voltage applications are depicted and at
the bottom, the i, response is illustrated as an example. In this
figure, it is seen that the iy, as well as torque, can be adjusted
by altering the time duration of the voltage vector’s
application. Assuming the increment requirement for the iy,
the active voltage is applied for a shorter duration of time than
sampling time. Certainly, the applied voltage increases the i,
value of the motor. Particularly, if the defined sampling
frequency for the method is not high enough, the applied
voltage will cause the motor’s i,, as well as torque, increase
for higher value than the desired value. The duty ratio
regulation method prevents the i, to increase/decrease for
whole of the sampling time, which causes the i, to settle to
the desired value at the end of the sampling time. In order to
have torque ripple-suppressed control of the SynRM, the
proposed method is improved by regulating the duty ratio of
the active voltage’s application time. The ratio of the active
voltage application is calculated as follows:

Eig Eig| ia"~id,

e
‘g "lqo +
Ciq

d=|-4+ 0)

Cig Ciy Ciy
Where d is the duty of the active voltage application, i," is
the g-axis current reference value and i;" is the d-axis current
reference value; i, and iy, are the instant values of the q and

d-axes currents at the beginning of the sampling time,
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respectively; and C, 1> and C;, are the two constant values used

to determine the duty ratio of active voltage application. To
tune these constants, we made a tradeoff between dynamic
and steady-state responses. The larger the constant values are,
the less torque ripple will appear in the proposed method with
duty ratio regulation with the cost of the degraded dynamic
performance of the method.

III.  SIMULATION RESULTS

The SynRM’s  model  was  simulated in
MATLAB/SIMULINK according to the parameters of the
motor that are presented in [17]. The proposed method is
implemented in simulation to control the SynRM in line with
the simulation of the DTC method. The performance of the
method is compared with the conventional DTC. First, the
comparison is carried out by applying two different step loads
with no change in the speed command. The motor starts with
partial load and at t=1 s, a higher step load is applied. Second,
the performance of the proposed method is compared with
conventional DTC by changing the direction of the rotation
speed under no-load condition. In this test, SynRM is driven
at the beginning with the nominal speed. Then, at t=1 s, the
speed command changes to the negative direction with the
same value. The proposed method is tuned in order to have a
similar speed response as the classic DTC.

Figures 5-7 present the simulation results of DTC and the
proposed method for the first test. Fig. 5 shows the speed
response of the SynRM for the classical DTC and the
proposed method. The speed responses are similar, and the
SynRM tracks the speed in an acceptable dynamic with stable
responses in load changes. Fig. 6 shows that the torque
response of the proposed method can follow the loads in
steady-state and the SynRM stabilizes in a short period of
time with an acceptable peak in the transient mode. The
superiority of the proposed method against the classical DTC
is clear in terms of torque ripples reduction. It is worth
mentioning that for DTC of SynRM, the higher the load is,
the higher the torque ripple appears in the motor’s torque.
This issue is addressed by the proposed method, where the
torque ripples fairly remain low in higher loads, as well. Also,
the phase a current is illustrated in Fig. 7. This figure shows
that the proposed method slightly avoids the current ripples.
Hence, it presents a better current response than classical
DTC. In the loading condition, the proposed method has
roughly higher current in the transient mode.

Figures 8-10 present the simulation results for the speed
direction change of SynRM controlled by DTC and the
proposed method. In this test, the speed command of the
motor is the positive nominal speed and at the time of t=1 s,
the speed command changes to the negative nominal speed.
Fig. 8 shows the speed response of the model. In this figure,
the proposed method tracks the command speed. The
proposed method shows a desirable dynamic and the speed of
the motor has a comparable performance with DTC in the
transient mode. In the speed direction change, the proposed
method shows a high dynamic, which is comparable with fast
dynamic DTC method. In the steady-state, the speed of the
SynRM stabilizes in the command speed in both directions.
In Fig. 9, the torque response of the SynRM is presented. The
figure shows that at the beginning of the test, the proposed
method has comparable value to DTC in transient mode with
the lower ripples. This shows the superiority of the proposed
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Fig. 5: The speed response of the SynRM for DTC and the proposed

method for applied loads
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Fig. 6: The torque response of the SynRM for DTC and the proposed
method for applied loads
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Fig. 7: The phase a current response of the SynRM for DTC and the
proposed method for applied loads

method against the conventional DTC method. The results
show by far lower torque ripples in the speed direction
condition and better performance is achieved by the proposed
method. Also, in the steady-state, the torque ripples are lower
with the proposed method. Fig. 10 shows the phase-a current
response of the simulations. This figure shows less current
ripple in steady-state with the proposed method. In the speed
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direction test, the proposed method shows better performance
with lower ripples in the currents.

IV.  CONCLUSION

The concept of decoupled control of d and g-axes currents
in FOC was applied to DTC to obtain more precise inputs for
the switching table. In addition, a duty ratio regulation

method was implemented to dedicate a certain period to the
active voltages to apply to SynRM’s model. Imposing
suitable null voltage to the motor prevented the motor’s
torque from passing the hysteresis bands in one sampling
period. Application of both methods to the SynRM decreased
the torque ripples, significantly. The proposed method
maintained the fast dynamic of the DTC. The simulation
results verified the performance of the method. The method
will be implemented in a real-time test bench and will be
evaluated in terms of torque ripples, switching frequency, and
execution time in the future.
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Abstract: In this paper, a new vector control strategy is proposed to reduce torque ripples and
harmonic currents represented in switching table-based direct torque control (ST-DTC) of a six-phase
induction motor (6PIM). For this purpose, a new set of inputs is provided for the switching table
(ST). These inputs are based on the decoupled current components in the synchronous reference
frame. Indeed, using both field-oriented control (FOC) and direct torque control (DTC) concepts,
precise inputs are applied to the ST in order to achieve better steady-state torque response. By applying
the duty cycle control strategy, the loss subspace components are eliminated through a suitable
selection of virtual voltage vectors. Each virtual voltage vector is based on a combination of a large
and a medium vector to make the average volt-seconds in loss subspace near to zero. Therefore,
the proposed strategy not only notably reduces the torque ripples, but also suppresses the low
frequency current harmonics, simultaneously. Simulation and experimental results clarify the high
performance of the proposed scheme.

Keywords: direct torque control; duty cycle control; harmonic currents; six-phase induction motor;
torque ripple

1. Introduction

With the emergence of power electronic devices and adjustable-speed drives, multiphase machines
have attracted wide attention for special applications in the naval, automotive, and aerospace
industries [1,2]. The key features of these machines are high reliability, fault tolerant operation, low
rate of power switches, low torque pulsation and low dc-link voltage [3-7]. Among multiphase
motors, multiple three-phase winding motors have received more interest due to their advantage of
compatibility with conventional three-phase technology. Considering this benefit, the asymmetrical
6PIM, which is composed of two sets of three-phase windings spatially shifted by 30 electrical degrees,
seems desirable for many applications.

Direct Torque Control (DTC) is a simple and powerful scheme for variable speed 6PIM drives
that provides high-performance torque and stator flux control [8]. However, it suffers from some
serious drawbacks, including high torque ripples and low-frequency current harmonics, which can
strikingly degrade the performance of the drive system [9,10]. A great deal of effort has been invested
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in alleviating DTC high torque ripples, which mostly includes the modification of the hysteresis
controller [11,12], amending the switching table (ST) [13,14], or replacing hysteresis controllers with
other control strategies to provide Pulse Width Modulation (PWM)-based DTC [15]. A global minimum
torque ripple using modified switching pattern has been proposed in [16]. In [17], the torque ripples
have been reduced by applying active and zero voltage vectors in each sampling period using a
predictive DTC. With regard to a large number of voltage vectors in six-phase voltage source inverter
(VSI), elimination of loss subspace components seems possible through the vector space decomposition
(VSD) model. Aiming to reduce harmonic currents, elimination of z; — z; (loss subspace) components
using the duty cycle concept in DTC is proposed in [9,12] for a five-phase induction motor, and a
six-phase permanent magnet motor, respectively. Moreover, harmonic currents have been reduced by
adding an inductance filter to the 6PIM drive system [18]. On the other hand, structure reconfiguration
of 6PIM to minimize both harmonic currents and torque ripples has been done in [4]. On the other
hand, field-oriented control (FOC) can be easily applied to many types of electrical machines [19].

The main focus of this paper is on the parallel torque ripple and harmonic current reduction in
vector control of a 6PIM. To achieve these goals, a new vector control scheme is proposed, using a
combination of DTC FOC concepts to moderate steady-state torque ripples. To reduce harmonic
currents, twelve virtual voltage vectors are introduced by combination of large and single medium
voltage vectors (e.g., 48 and 57 in Figure 1a, respectively). The duration of each voltage vector
is determined such that the average volt-seconds in the z; — z, subspace becomes near to zero.
Consequently, low-frequency current harmonics experience a considerable reduction, current will be
much smoother, and the efficiency of the drive system will be increased.

Figure 1. 6PIM model in (a) « — , (b) z1 — z bspaces.

The rest of this paper is organized as follows: in Section 2, 6PIM modeling is presented.
The conventional DTC and its drawbacks such as torque ripples and harmonic currents are discussed
in Section 3. The proposed method to reduce torque ripples and harmonic currents is presented
in Section 4.

2. 6PIM Modelling

There are two common methods for modelling of 6PIMs: double d — g [20] and VSD [21].
According to the VSD approach, the machine’s parameters are mapped into active and loss subspaces,
which makes the control strategy more convenient and efficient. Moreover, the VSD method can
easily be extended to other types of motors. In this study, the 6PIM modelling is based on the VSD
strategy. According to this modelling technique, a 6PIM with near-sinusoidal distributed windings is
modelled in three orthogonal subspaces, which are commonly named as the « — 8, z; — zp, and 01 — 02
subspaces. The produced voltage space vectors by switching states of a two-level six-phase voltage
source inverter in the « — 3, z1 — zp subspaces are shown in Figure 1. Among these subspaces, only
the « — B components share useful electromechanical energy conversion, while z; — z, and 01 — 02
components do not generate any electromechanical energy in the air-gap and just produce losses.
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The fundamental components and also harmonics of the order 12n £ 1(n =1,2,3...) are mapped
into the « — 8 subspace. The losses of 6PIM are mapped into the z; — z; and 01 — 0, subspaces which
include harmonics by the order of 6n +1(n =1,3,5...) and 3n(n =1,2,3...), respectively. By the
assumption that the stator mutual leakage inductance is ignored, the components of z; — z; and 01 — 02
subspaces have the same form [21]. Since the active and loss components are investigated separately,
it is clear that the control of 6PIM will be more efficient by using VSD. Additionally, isolation of the
neutral points of two three-phase windings, makes the 0; — 0, subspace losses become zero [21].

2.1. 6PIM Model in & — 3 Subspace

As already mentioned, only the « —  subspace components contribute to the electrical energy
conversion. Using the VSD strategy, the normal six-dimensional electrical components of the 6PIM are
mapped into the « — 8, z1 — z5, and 01 — 0, subspaces by an appropriate matrix named Ty, which is
presented in Appendix A. The « — B voltage equations in the stationary reference frame are as follows:

{ K A M
0 =R, + p¥, — jw, ¥,

where, Vs = Usq + jvsﬁl Ts = lgy +jisﬁ, Tr = Iy +jir/3/ Ts = Psa +j1lisﬁ, ?r = Yo + jlprﬁ/ Rs is the

stator resistance, R; is the rotor resistance, w; is the angular speed, and p is the derivative operator.
The stator flux linkage (¥s) and rotor flux linkage (¥,) can be expressed as:

L. M[1
L]l :

where, Ls, Ly, and M are the stator, rotor and magnetizing inductances, respectively.

v,
v,

2.2. 6PIM Model in zq — zo Subspace

The 6PIM model in the z; — z; subspace behaves as a passive resistor-inductor (R-L) circuit as:

Rs + pLs 0 Isz, @)
0 Rs + pLys Isz,

Viz,
‘/SZZ

where, Lj; is the stator leakage inductance. In this paper, 6PIM is applied with two isolated neutral
points, with which this structure prevents the zero sequence currents. Hence, the 0; — 0, components
can be neglected.

3. Conventional DTC of 6PIM

In a six-phase voltage source inverter (VSI), there are 2° = 64 switching states. Each state produces
a voltage space vector (defined as V;) in the & — 8 or z; — z; subspaces, shown in Figure 1. As can be
seen, there are 12 large (e.g., 48), 12 single medium (e.g., 57), 24 double medium (e.g., 53), 12 small
(e.g., 54), and 4 null voltage vectors. The block diagram of conventional DTC is shown in Figure 2.
The stator flux in this approach is obtained as:

v, = / (Vs — R.I)dt @)
The electromagnetic torque can be calculated using the stator flux and current as:
T, = 1.5 P(¥s-1,) (5)

where, P is the number of pole pairs. The reference values of the stator flux and electromagnetic
torque are compared with the estimated ones, and the errors are applied to the hysteresis controller.
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The outputs of the hysteresis regulators denote the signs of torque and flux change. In order to
minimize the errors, the optimum vector is selected through ST, which is tabulated in Table 1.

Vabcdef Labeder
Torque and flux
estimation

D T,

@

Figure 2. Conventional DTC block diagram.

In this table, k is the number of the sector. Vj is the applied voltage vector to the inverter, which is
defined as binary numbers in switching states of VSI as in Table 2.

Table 1. ST of conventional DTC.

Ys/sector k At,=1 At,=0 Ar,=—1
Ag, =1 Vit Vo Viet10
Ay, = -1 Vicia Y Vier7

Table 2. Selected vectors in ST of conventional DTC.

Vo Vi V» V3 Vy Vs Vg V; Vg Vo Vo Vi Vi
0,21,42,63 48 56 60 28 12 14 15 7 3 35 57 49

In the conventional DTC, only the large voltage vectors in the « —  subspace are applied to the
6PIM to maximize the utilization of the dc-link. From Equation (4), it can be seen that the stator flux
variations and the applied voltage vectors have the same direction. Hence, the changes in the stator
flux depend on the applied voltage vectors. Compared to the stator time constant, the rotor time
constant is very large. Therefore, the rotor flux linkage changes are negligible and it can be assumed
constant during short transients [22]. By the application of the active voltage vectors, stator flux linkage
vector will be moved away from rotor flux linkage vector and the angle between them will be greater.
This leads to changes in torque according to Equation (5).

4. Harmonic Currents Reduction by Duty Cycle Control Strategy

From Figure 1, it can be seen that each voltage vector in the « — 8 subspace has a corresponding
vector in the z; — z, subspace with different position and magnitude. It is recommended to make the
average volt-second outcome in the z; — z; subspace near to zero. Accordingly, two voltage vectors
have been applied to the inverter in each sampling period. Active voltage vectors should be in a same
direction (in order to have high effect on torque) and their correspondents in z; — z; subspace should
be in an opposite direction (in order to have less losses). Therefore, the selected vectors will produce
high outcome in & — 8 subspace and low outcome in the z; — z; subspace.
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The applied voltage vectors in the &« — § subspace are expressed as:

{ VM%;; = ﬁvdc ©)
VLR,[; = ‘/ngﬁVdc
where, Vi, and Vi, are single-medium and large voltage vectors in the & — § subspace. A suitable
duty ratio is calculated as:
‘VMH% TMH%‘ = ’VLH% TL«—;&’ - T, ,=073T; @)
Thvg—p + TLkﬁ =T TMAC*‘B =027 Ts

where, T 5 and Ty, , are the duration of the large and single-medium voltage vectors application
in the « — B subspace, and T; is the sampling period. In this way, the losses in the z; — z; subspace
are reduced strikingly, while the reduction in the electromagnetic components is subtle. For instance,
vectors number 48 and 57 have the same direction in the « — 8 subspace and the opposite direction in
the z; — z5 subspace. These voltage vectors are applied to the motor as illustrated in Figure 3, where g,
is the number of legs in six-phase VSI, and Kj is the duty ratio defined as:

’VMH%‘
Ky=1- =027 ®)
‘VLH‘
57 48
gl
g2
3
g4
e5
go I
K, *1, A-K)*T,

Figure 3. Switching pattern.

If g, = 1 the upper switch is on and the lower switch is off. On the contrary, when g, = 0,
the lower switch becomes on and the upper switch turns off. The compound of these vectors in each
sampling period is named virtual vector, shown in Figure 4.
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Figure 4. Virtual vectors in a-f3 subspace.

Figure 3 shows that in two legs (among the six legs) of the inverter, the switches’ status has
been changed. Therefore, by this method has more switching frequency against DTC. This increase
in switching frequency is less than twice. The vectors in the @ — 8 subspace are replaced by virtual
vectors in ST shown in Table 2.

5. Proposed Control Algorithm for the 6PIM Drive

Using FOC framework [23], 6PIM’s mathematical equations are transformed to the synchronous
reference frame (d — g), which creates possibility of decoupled control of the torque and flux as a
permanent-magnet separated-excitation dc motor. In this reference frame, the stator flux vector is
located on d-axis which is shown in Figure 5.

Figure 5. 6PIM structure and stator flux vector in 3rd sector and applied inverter voltage vectors.

Orthogonal currents of the 6PIM are mapped into the synchronous reference frame using Park
transformation based on the flux vector position, which is achieved by field orientation process. For the
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6PIM control, iq is a torque -and i is a flux- producing components. Hence, the equations of the torque
and flux are related to stator currents in the d — g frame as follows:

{ T, iq ©)

/\50<id

In order to decrease the torque ripples in the 6PIM, a new approach is employed by modifying
the ST’s inputs. Since the inputs of the ST in the classical ST-DTC are the errors between command
and actual values of the electromagnetic torque and the stator flux, it seems effective to use the errors
between the set and actual values of the iy, iy, instead. In order to redesign the ST-DTC method to use
these inputs, the inputs of ST in the conventional DTC are used as inputs for PI regulators. The outputs
of PI regulators are the command values of the currents in the d — g axis. Replacing Ar,, Ay, by Aig,
Aiy in ST-DTC, respectively, the proposed method provides better inputs to the same ST presented
in Table 1 which leads to a better performance in 6PIM. Table 3 shows that through defining virtual
vectors, the ST is the same with conventional DTC with different inputs.

Table 3. The switching table of the proposed scheme.

Y /Sector k A;=1 A;,=0 A =—1
A, =1 Vier1 Vo Vit10
=1 Vitra Vo Vierz

Aj, and A;; imply that changing the signs of the i; and iy is required. If i; needs to be increased,
then A; = 1. If there is no i; requirement, then Aj, = 0. Also, Aj, = —1 denotes the decrease of
ig. All the states are defined as the same for the notation of A;,. These digital output signals of the
hysteresis controllers are described as:

A, =1 if iy <ig*—|hysteresis band|
A, =0 if =iy (10)
Ay =1 if ig> ig*+|hysteresis band|

Similarly, for the changes required for the d-axis of the stator current, Ai; is described as:

A, =1 if iy <ig*—|hysteresis band|

11
Ai, =0 if ig>ig*+|hysteresis band| (D

The block diagram of the proposed control strategy is shown in Figure 6. To concurrently achieve
low Total Harmonics Distortion )THD( of the motor currents and low torque ripples, the proposed
vector control scheme is synthesized with the duty cycle control strategy. The ST applies two voltage
vectors in each sampling period in order to eliminate z; — z; subspace components. In comparison with
the conventional DTC, the switching frequency of the proposed scheme is increased (less than twice
according to Figure 3.) because two voltage vectors are applied in each sampling period. In contrary,
both harmonic currents and torque ripples are reduced. Moreover, the proposed scheme has fast
dynamic response, similar to the conventional DTC, and does not need any PWM modulator that
creates complexity and time delay.
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(Duty ratio determination)

table

Switching

Sector

calculatio

( Rotor flux position ]
n

Torque and flux
estimation

Vector

8 of 14

y .

abcdef la/fcdcjf

matrix

Labedef

Incrementa
encoder

Figure 6. Block diagram of the proposed control scheme for 6PIM.

6. Simulation Results

The proposed and duty cycle control methods are simulated in MATLAB/Simulink. The sampling
period of both methods are set to 100 ps. All the parameters are assumed to be constant, although
each of them can be changed under the thermal effect, which is not within the scope of this essay.
The simulations are carried out based on real specifications for 6PIM. The 6PIM parameters are

specified in Table 4.

Table 4. 6PIM parameters.

Parameter, Unit Value Parameter, Unit Value
Rated power, W 700 Ly, mH 588
Rated voltage, V 200 Ls, mH 603.3
Rated current, A 2 L,, mH 604.4
Rated speed, rpm 1400 Rs, OO 15.0

Frequency, Hz 50 Ry, Q 7.91

The simulation results for the duty cycle and the proposed DTC strategies under load change from
0 to about 3.5 Nm at t = 0.5 s, speed command of 100 rad /s, and flux command of 0.5 Wb are shown
in Figures 7 and 8, a speed torque and stator flux reference signals are shown with red dashed lines.
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Figure 7. Load change condition of the 6PIM controlled by the duty cycle control strategy (a) and
proposed method (b).
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Figure 8. Speed direction change condition of the 6PIM controlled by the duty cycle control strategy (a)
and proposed method (b).

As it can be seen from the both simulations (Figures 7 and 8), the torque ripples and stator flux
fluctuations of proposed method is lower in compared to duty cycle control strategy. However, due to
additional PI controller is used for stator flux, Equation (4), running time is higher.

7. Experimental Setup

In addition to the simulations, the performance of the proposed method is validated
experimentally. Figure 9 shows the experimental setup, which contains the 6PIM and its coupled
load, the main processor, two three-phase VSIs, current and voltage transducers, shaft encoder, and
single-phase bridge rectifier.

The applied processor used in the driver is an eZDSP F28335 based on the floating point
TMS320F28335 chip. The motor speed is measured by an Autonics incremental shaft encoder (Autonics,
Busan, South Korea) mechanically coupled to the 6PIM with resolution of 2500 P/R. LEM LTSénp
current transducers are implemented to measure all the phases’ currents in order to be used in the
estimation and the control processes. The DC-link voltage is also measured using LV 25 — p voltage
transducer. A DC generator is applied as load machine and a PCI-1716 data acquisition card (DAQ,
Advantech, Milpitas, CA, USA) as an A/D converter. A 700-W, 24-stator slots three-phase squirrel-cage
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induction motor, which has been rewound to construct a 4-pole asymmetrical 6PIM is also tested
for the proposed method performance. The MATLAB/Embedded Coder is used to generate usable
code for the code composer studio development environment. The digital motor control and IQmath
libraries along with IQ17 data type are employed. The sampling period is set to Ts = 100 us with a
dead-time of 2 us.

Computer
Iy

paeyd g
L=
]

[n ]
Ganaralor

: Inverter
Board

e

Inverter Boards Reetifier Board

Figure 9. Experimental setup.

To demonstrate the torque ripples reduction precisely, the torque figures are shown within a short
time frame in Figure 10.

. Y= 0.8 (Nm)/div - Lo . “Y= 0.8 (Nm)/div
“X= 0.5 s/div i X . X=0.5 s/div .
g P | 4 " )
Time Time
a) b)

Figure 10. The torque response of the 6PIM in steady state with 4 Nm load, derived by (a) duty cycle
control strategy; (b) proposed method.
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The experimental results of the duty cycle control strategy and the proposed method under
the load changing from 0 to about 3.5 N/m are shown in Figure 11. In this test, the speed and flux
commands are 100 rad/s and 0.5 Wb, respectively. The provided tests illustrate the alleviation of
torque ripples in the proposed method compared with the duty cycle control strategy.

. % : . 4 v . . . . -
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§ﬁllll;llll;IIII;IIII;I!I.:I!. ¥=166 (rad/s)fdv vy v wnnn nanad
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y . =5 (Nm) Mdiv

© %= 0.5 s/div

=
-
=
n

T T T T T . 4 T T T T T

-
-
-
-
i

Ha?: R R R NN Y= 1Wh/dive 1 s

o X=0.5 sfdiv

A i i i i

é‘ ﬁ;_llll;lIII;IIII;I!!!I‘IIII:III Y= 166 (rad/s)/div "'EIIIII‘IIII-

¥=0.5 s/div

N " i i n

Cui Y= (Nmi/div;

E-‘QJ ;II (B RENR RN R
> . X= 0.5 s/div
» H . ' H k4 H . - H H
rwﬁ. - - - Yt = T Y Y
-5‘:‘ lrll;IIII;IIII;IIIl;ltl!;llll:lllI:Y=1Wh.|"di\l'I!lllrlllll;llll-l
: : : : : = . X=0.5s/div -
Time
(b)

Figure 11. Load injection experiment of 6PIM, controlled by duty cycle control strategy (a) and
proposed method (b).

In Table 5, the torque ripples in the no load condition are investigated to show the differences
between the proposed method and the conventional DTC and the duty cycle control-based DTC
strategies. It is clear that the torque ripples for the 6PIM is effectively decreased for the proposed
method in comparison with other two methods. Furthermore, as it is seen from current THD in
Figure 12, the low order harmonics of the stator currents, especially the fifth and seventh harmonics,
are considerably reduced for the proposed control method.
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Table 5. Torque ripples in three different conditions of 6PIM driving by three different methods.

Method No-Load Rated Load 50% Load
Conventional DTC %45 %49 %47
Duty cycle control %41 %37 %39
Proposed method %9 %12 %10
| 3 ! i ; 4 1 ] ﬁr.mmmmml DTC
- B I 1roposed method
208} J
3
2061 ]
S04 ]
E
02

0

Figure 12. Current THD of the conventional DTC and proposed method.
8. Conclusions

In this paper the performance of the 6PIM was improved by a new vector control strategy.
Using a new set of inputs for the ST in DTC method and applying the duty cycle control strategy
leads to decrease in both torque ripples and harmonic currents. From a complexity viewpoint,
the proposed technique falls between the DTC and FOC. This method is more simple compared
with FOC strategy due to the absence of PWM algorithm, and has a fast dynamic similar to DTC
strategy. The main limitation of the proposed technique is variable switching frequency compared
with FOC. The effectiveness of the proposed control strategy was confirmed using both simulation
and experimental tests.
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Appendix A
1 cos(4y) cos(8y) cos(y) cos(5y) cos(9y)
1 sin(4y) sin(8y) sin(y) sin(5y) sin(9y)
T— 1 | 1 cos(8y) cos(4y) cos(5y) cos(y) cos(97)
V3| 1 sin(8y) sin(4y) sin(5y) sin(y) sin(97y)
1 1 1 0 0 0
0 0 0 1 1 1

— T
where, y =a = ¢
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[bookmark: _Toc95827538]1. Introduction 

Electrical motor-drive systems are the single largest electrical end-use devices that consume roughly 45% of the global electricity. This attributes to 6040 Mt of CO2 emission, which is estimated to rise to 8570 Mt per year by 2030 [1]. The mid-size motors with an output of 0.75 kW to 375 kW attribute the largest proportion of the motor electricity consumption. Amongst different technologies, induction motor (IM) has been the most widely implemented technology [1]. However, it is projected to save up to 10% of the global electricity consumption by replacing this motor with cost-effective motor-drive systems [1]. 

In this work, the efficiencies of the designed synchronous reluctance motors (SynRMs) were studied along with the industrial IM. Since the motor-drive systems are broadly used in variable speed applications, to study the efficiency of a motor-drive system, an efficiency map of the system can solely be a trustworthy option to evaluate the performance of the system. An efficiency map can provide information on the 
motor-drive system in various speed and load operating conditions.

[bookmark: _Toc95827539]The motivation of the study

SynRMs have been around for almost a century, and there has not been a motivation for their development in the industry due to the poor performance of the initial designs of these machines. However, the advent of power electronic devices and the development of variable speed drives have opened new ground for these machines convincing the recent studies to dedicate a considerable portion to the development of these technologies. To realize the importance of studies in different fields of motor-drive systems, a deep study of the life cycle of the machine is required. Although each phase of the life cycle of these machines is of importance and requires study, some phases of the life cycle have a larger share in the source’s consumption and the environmental effects. A comprehensive study on the SynRMs in [2] shows the significance of the energy consumption of the SynRMs in the operation phase and presents a huge gap in the study to improve the efficiency and the performance of these machines. In addition, 
the environmental concerns are more highlighted in the operation phase since the biggest share of the energy consumption as well as energy losses occur in the operation phase. Hence, this thesis was motivated by the efficiency and the performance improvement of the SynRM in the use phase through more sophisticated control algorithms. 

[bookmark: _Toc95827540]The objective of the study

[bookmark: _Hlk86150391]The study aims to analyze the performance of the SynRM in the experiment and devise several control algorithms to improve the efficiency and the performance of the motors. By improving the performance of the system in the transient state and the steady-state, as well as increasing the efficiency of the SynRM drive, the thesis aims to save resources such as electrical energy and prolong the life expectance of the system. Moreover,
the study sets a goal to improve the performance of the system and increase the robustness against the uncertainties such as load disturbances. To implement the ideas in real-life, the motor and the drive system were simulated for the initial design of the proper control algorithm. Several algorithms were simulated, and the results showed a significant improvement in the motor performance in simulations. Then, an experimental setup was designed to implement the algorithms in real-time. Finally, the proposed algorithms were applied in real-time, and the results proved the performance of the proposed algorithm in practice. 

[bookmark: _Toc95827541]The novelties of the study

[bookmark: _Hlk86151300]In this thesis, the motor control algorithms are scrutinized and studied in detail, as well as the basic and novel control methods in the control engineering field. The various features and qualifications of the motor drive systems are studied, and the measures to analyze the qualifications are investigated. Different approaches and techniques to improve certain features are studied in order to provide a tool for comparison. Finally, the thesis presents a novel approach in the classification of the motor control algorithms based on the features that each algorithm possesses. In this classification, the most 
well-known motor control algorithms in line with the novel control theories are classified in terms of the derivation source and the strongpoint in control. 

Several approaches are studied to measure the motor parameters for the sake of control. As an alternative to isolated tests on the motor using DC power supply and 
multi-meters LCR meters, an identification algorithm is proposed to identify the system parameters through the processor, including not only the studied motor but also the cables and the nonlinearity of the power electronic switches in the inverter. 
This algorithm is based on a closed-loop system. In this algorithm, a current regulator in a synchronous reference frame on one of the direct or quadrature axis is applied to amplify the command voltage in order to nullify the error signal of the instantaneous value with the reference value. Then the desired current is achieved by the system. Having the information of the regulator and the current reference, the motor parameters such as resistance and the inductances in each axis are identified in standstill conditions. 

In this thesis, the conventional vector control algorithm is implemented on SynRM. 
To maximize the torque in the motor shaft with respect to the phase current, a control algorithm was devised to apply a dynamic current reference in the d-axis, which is obtained from the motor’s model. This algorithm not only increases the torque in the motor output but also improves the motor performance in the base speed region due to better exploiting the input current in different axes. 

The SynRM’s parameters are highly dependent on the conditions such as temperature and the input current. Moreover, the SynRM vector control is highly dependent on the motor parameters. Furthermore, a robust control algorithm is vital to implement to achieve a desirable performance from the motor drive system. Linear control algorithms do not present a robust behavior in case of parameters uncertainties and system disturbance. Hence, in this thesis, a nonlinear control algorithm is proposed and implemented in real-time to improve the robustness of the control against the parameter variation in the motor and the disturbances such as load in the system. This method presents a remarkable improvement in the output torque performance to avoid the speed from sudden changes in the condition of the load injection to the system. 

The torque ripples in SynRM associated with the slotting harmonics are extremely high, leading to very poor performance of the motor without current control. Apart from that, direct torque control (DTC) presents high torque ripples because of the instantaneous regulation of the torque and flux in a stationary reference frame without any pulse with modulation (PWM) and current regulation and transformation of the currents in the synchronous reference frame. In this thesis, an algorithm was proposed to apply synchronous reference frame components in the DTC of the SynRM. In this sense, the direct and quadrature components of the motor current in the synchronous reference frame are applied as the flux and torque correspondents to the switching table. Hence, the algorithm preserves the main structure of the DTC, including the switching table and the flux and torque estimation, and augments the transformation block to the control system to replace inputs to the switching table. Moreover, a duty ratio regulation algorithm is proposed to dedicate a certain time of the switching period for active and then apply a null voltage for the rest of the sampling period. The combination of the proposed algorithms results in a precise current controller, which leads to far lower torque ripples compared to the classical DTC method. 





[bookmark: _Toc95827542]State of the art of motor technologies and the motor control methods

This section is based on the publication [Paper I], and [Paper II] where the applications of the SynRMs are investigated in comparison with the conventional motor technologies. Besides, a detailed study of SynRMs is carried out regarding the performance characteristics. Then, the motor control methods are studied regarding their structure. A comprehensive classification of the motor control strategies in terms of the specific features is presented.

[bookmark: _Toc95827543]Motor technologies 

So far, the motor technologies have lost the market to their IM counterparts in many applications such as pumps and fans. This was mainly due to the line-start capability of IM, which had made it more convenient and affordable to implement in different industries. On the other hand, the production of the aluminum bars in the rotor causes a lot of difficulties and costs in the manufacturing lines. Apart from the cost in the manufacturing stage, the bars cause losses in the rotor in the usage phase, where the efficiency and reliability considerations are of paramount importance. To be more detailed, in the IM, the rotor losses have a share of roughly 20% of all losses in the motor [3]. 
This can not only lead to low efficiency of the motor but also cause some serious damages to the motor, which makes the motor less reliable. For instance, the high-temperature operation of the rotor leads to the high temperature of the bearings. As a consequence, mechanical damages to the bearings gain more probability, which is listed among the main causes of faults in these motors. 

Another motor technology that has dominated traction applications is the permanent magnet synchronous motor (PMSM) [4], [5]. The PMSM benefits from the magnets inside the rotor, which empowers the motor with high efficiency, and high torque density 
[6]–[8]. However, the back electromotive force (back EMF) issues with this motor concern some applications like electric vehicles (EVs) in high speeds regions. This issue has convinced EV manufacturers like Tesla and Toyota to employ the interior permanent magnet synchronous motor (IPM) in the products [9], [10]. Although the IPM has 
fairly solved the back EMF issue, the PMs are still the key element of the rotor. Neodymium-iron-boron (Nd-Fe-B) and samarium-cobalt (Sm-Co) are the most popular material among PMSM manufacturers. These materials are mainly rare-earth magnet elements that have recently seen a dramatic rise in price due to the limited resources [11], [12]. The availability of the PMs is an undeniable factor in the manufacturing stage of the PMSMs, which has directed the researchers to study the other alternatives for these applications. Besides, the faults in the PMs in the usage phase of the PMSM are a disputable topic that adds to the drawbacks of these motors.

The SynRM introduces a sophisticated rotor structure that distinguishes it from conventional motor technologies. In this technology, the bars or windings, or PMs are absent in the rotor. This can not only make the manufacturing process more convenient (and consequently less production cost) but also lead to the cold operation of the rotor in the usage phase [13]. Besides, the implementation of this technology is also so convenient, and the motor is service-friendly in the operation phase. 

The SynRM was initially attractive to the researchers on account of the high torque density that it produces. However, this technology owes its late popularity to the highly efficient SynRM drive. Thanks to the cold operation of the motor, higher efficiency is SynRM has become a hot topic among the researchers as well as the industries [14], [3], [15]. The motivation of the efficiency topic for motor technologies comes from the efficiency classes defined by the international energy-efficiency (IE) codes, where the higher the IE code is, the more efficient motor is mandatory in the industry to be employed. The efficiency class in the IEC 60034-30 Part 1,2 defines the efficiency classes to the motors [16], [17]. According to [3], the IE3 efficiency class (Premium class) has been mandatory for industries since 2015. So far, conventional motor technologies can meet the requirements for this standard. However, moving from IE3 to higher efficiency classes such as IE4 or IE5 can severely challenge these technologies. In the meantime, the newly designed SynRM drives can offer IE5 efficiency class, which provides a bigger chance for this technology to dominate the market [14]. The high efficiency of the SynRM decreases the costs for energy consumption of the motor under operation. For instance, the payback time of an IE4 motor against an IE2 is calculated as 1.6 years in the power range of 37 kW and 1500 rpm with 8000 annual running [18]. This can convince the industries to replace their conventional motors with highly efficient SynRM. 

SynRM introduces high loadability due to the cold rotor operation, especially at low speeds where it can be loaded up to 2.5 times higher than the nominal torque [19], [20]. The loadability of SynRM where the high breakout torque in a short time is presented in [Paper I]. As discussed in the paper, the motor is capable of operation in a wide speed range by continuous loading without separate cooling. Thanks to the simple rotor structure and high torque density, the motor presents a smaller size in the same power range as a motor with a lower moment of inertia and faster dynamic response [21], [22]. 

One of the topics that have attracted attention in research works towards SynRM technology is the reliability that this motor offers. SynRM mainly owes its reliability to two factors. Firstly, the low temperature of the rotor (and consequently the bearings) under operation lowers the probability of mechanical damages to the bearing, which have a big share in the faults in electrical motors. Secondly, the lack of cages or PM in the rotor structure results in less vulnerable components in the structure. As a result, having less vulnerable components omits the various types of faults in the structure. 

On the other hand, some difficulties still challenge the development of the SynRMs. One of the most important drawbacks of the SynRM is the severely low power factor of this technology [23]. In SynRM, the saliency ratio defines the power factor of the motor. In this sense, by increasing the saliency ratio in the design progress, one can increase the power factor of the motor. In [24], a sophisticated anisotropic design of the rotor laminations has increased the saliency ratio of the motor and improved the power factor of the motor significantly. The idea of the study was to apply some cut-offs in the laminations which control the flux path to obtain a higher saliency ratio. Another obstacle with the SynRM development is the high torque ripple that this motor inherits from the interaction between the spatial harmonics of magnetomotive force (MMF) and the rotor geometry [25]. The high torque ripples of the SynRM result in low performance of the motor and possibly low efficiency of the motor, as well as the high acoustic noise in this motor. To address this issue, many research works were carried out in the design of the motor as well as the control studies [26]–[31]. Recent design solutions have decreased the torque ripples significantly. For instance, it is claimed in [32] that skewing the rotor can halve the torque ripples in SynRMs. Also, it is claimed that the asymmetric rotor flux barriers result in two-thirds torque ripples in the motor shaft. As another example of the design improvements, the optimization tools for the rotor design are one of the popular approaches to suppress the torque ripples in the motor [33], [34]. 

As an important factor for the traction application, the SynRM resolves the back EMF issues of PMSM in the higher speeds region and presents a wide constant-power operation [35]. This is mostly due to the pure reluctance torque of the SynRM with no magnetic torque. However, it limits the flux density, which is resulted from the high saturation of the motor. Hence, removing the magnets from the rotor structure sacrifices the high performance of the motor. The permanent magnet-assisted synchronous reluctance motor (PMSynRM) addresses this issue with the introduction of a new version of SynRM with the usage of ferrite PMs in the rotor structure. With the peculiar characteristics of the rotor and benefiting from the magnetic torque, PMSynRM presents a competitive choice [36]. The popularity of these motors has experienced rapid growth among researchers for electrical vehicles (EV) applications [37]–[39]. This is mostly due to the high performance in with speed range and fulfilling the constant power speed range requirement [40], [41]. PMSynRM increases the performance of the SynRM while it avoids the rare-earth PMs in its structure. PMSynRM desirably addresses the power factor issues of the SynRM where it raises by 10% in low currents and 6% for high currents. Moreover, exploiting the magnetic torque in line with the reluctance torque results in a higher maximum torque per ampere (MTPA) of the motor. 

On the other hand, adding magnets to the rotor increases the cost for the material as well as the manufacturing process and the assembling in the production phase. Besides, the ferrite PMs show far lower performance in comparison with their rear-earth PM. Also, the possible faults in the magnet can decrease the reliability of the motor under operation. It is worth mentioning that the costs can also fairly increase in the usage phase with harder maintenance. 

It is worth mentioning that, lately, the manufacturers provide the control possibility of the drive of IM and SynRM with the identical variable speed drives (VSDs) as in ABB ACS880 [42]. This potentially provides the same cost for the purchasing of the motor drive systems of SynRM and IM, but the lower cost in the operation phase and less maintenance and higher reliability. This possibility presents a viable development base for the SynRMs. 

By skimming through the different SynRM design proposals in the literature, it can be concluded that the designs can be divided into high-speed and low-speed categories. 
In the designs for high-speed applications, the ribs in the rotor design are inevitable for mechanical considerations to increase the robustness of the structure at high speeds. This can severely decrease the power factor and the efficiency of the motor. On the other hand, the ribs can be removed from the rotor in applications where the motor is employed in low-speed ranges. Hence, very high efficiency and the high power factor of the motor can be anticipated. 

Generally, the SynRM present a decent alternative for the IM in the applications such as pump and fan on account of its high efficiency, where the PMSynRM can be projected in traction applications to replace the well-developed PMSM. These motor technologies are compared in terms of the structure and applications and regarding the advantages and the disadvantages in Table ‎21. This table aims to investigate the opportunities and the challenges with the SynRMs to replace the conventional motor technologies in different industries. 
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[bookmark: _Ref87872949][bookmark: _Toc88551279][bookmark: _Hlk86151817]Table ‎21: A comparison of the SynRMs with conventional motor technologies [Paper I].

		Motor Type

		Stator and Rotor Structure Sample

		Different Types

		Main Applications

		Superiorities

		Drawback(s)



		IM

		[image: C:\Users\guest02\Downloads\for Hamid\kate3.png]

		• Copper rotor

• Aluminium rotor

• Wound rotor

• Rotor skewing

		Industrial applications (pump, fan, etc.) 

		+ Low cost of material 

+ Line-start capability

		− Low power factor 

− Hard manufacturing

− Highly probable bearing fault



		PMSM

		[image: C:\Users\guest02\Downloads\for Hamid\kate2.png]

		• Interior PM

• Surface-mounted PM

• Line-start PMSM

		Traction, robotics, aerospace, medical, etc.

		+ Very high performance and efficiency 

		− Rare-earth material usage

− Hard manufacturing and maintenance





		SynRM

		[image: C:\Users\guest02\Downloads\for Hamid\kate4.png]

		• Line-start SynRM

• Skewed rotor 

• Rotor with asymmetric flux barriers

		Industrial applications (pump, fan, etc.)

		+ Reliable and highly efficient due to cold rotor operation 

+ High dynamic

+ High overloadability 

+ Very high-speed capability

+ Simple to manufacture and service-friendly

		− High torque ripple 

− Severe low power factor



		PMSynRM

		[image: kate5]

		• Rotor skewing 

• Asymmetric rotor structure

• Different barrier structure and PM material

		Traction applications

		+ High performance without rare-earth PMs

		− Hard manufacturing and maintenance 







[bookmark: _Toc74654134]
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[bookmark: _Toc95827544]Motor control methods

Motor-drive systems play a crucial role in many industries regardless of the grid-fed drive capability of the motors in the variable speed and even constant speed applications. This is mostly on account of high-performance control of the motors through VSDs. One can argue that the frequency converter adds up to the cost of these systems. But, considering the high-efficiency control of the motors that VSDs offer, the initial costs for purchasing the VSDs will be compensated by the less electricity consumption in the operation time [43]. The research and development in motor-drive systems are widespread where the focusses are mainly on three factors [44].

· design on the motors;

· design of the frequency converters; 

· design of the control unit.

The conventional motors have been competitively optimized in the industries to nearly the best capability of them where the emergence of the VSDs directs the research works towards the new technologies. The design of the frequency converters is mainly concerned with electronic and power electronic designs and devices where the performance and efficiency of the package along with reliability are of the largest importance. The possibility of the digital control implementation on the motors has provided a vast base for the development of the control unit in the motor-drive systems. 

The control unit of the motor-drive systems guarantees high-performance energy conversion.

The control unit mainly includes the peripheral modules and the main processor. 
The peripheral modules include the input and output modules which are employed for data exchanging. The input modules incessantly capture the data from the system via transducers in the form of digital and analog inputs. The output modules provide switching sequences for the inverter’s switches or send signals to auxiliary systems such as protection systems. As the second part of the control unit, the processor processes the computations and executes the control algorithms in real-time [45]. Digital control owes its remarkable flexibility to implement various control algorithms to the processor. The research in motor control strategies has leveraged the performance of every part of the motor-drive system in many terms. This section of the chapter surveys the motor control strategies proposed in the literature. A comparative study of the basic motor control methods will be carried out, and a comprehensive study and classification of the different control methods to improve the basic control methods will be presented. 

The digital motor control methods mainly employ open-loop or closed control on the motor. However, as far as the high-performance control of the motors in different operation conditions is concerned, only a feedback system can guarantee a solid solution to track the commanded reference. 

Among the motor control algorithms in the industry, scalar control is broadly implemented in many industries [46]. This algorithm simply maintains the air-gap flux in the motor constant through the control of the stator voltage and frequency simultaneously [47], [48]. The method owes its popularity to the low cost and very simple implementation, especially in open-loop control systems. However, various studies in the closed-loop implementation of scalar control have been carried out in the literature [49]. This method is mainly referred to as the V/f control method with different variations such as V/, V/f2, and I-f. 

To achieve higher performance of the control, the industries are seeking to apply vector control algorithms in VSDs which work with vector quantities. This method controls the parameters employing the space phasors. Vector control methods are mainly classified as field-oriented control (FOC), direct torque control (DTC), and predictive control (PC). Table ‎22 compares the vector control methods regarding the structure of the control methods. This table investigates the basic control methods in terms of the control principle and the controlled state-space vector as well as the flux angle information or the current controller and modulator requirement, the coordinate transformation, the switching frequency, and the type of the controller. These factors will be studied in detail in this section for each control method. 
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[bookmark: _Ref84258505][bookmark: _Toc88551280]Table ‎22: Structural comparison of the basic vector control methods [Paper I]

		Items

		DTC

		FOC

		MPDTC

		MPCC



		Coordinates reference frame

		Stationary reference frame

		Synchronous reference frame

		Stationary reference frame

		Synchronous reference frame



		Principle

		Stationary voltage equations

		Rotor reference frame equation

		Stationary voltage equations

		Rotor reference frame equation



		Controlled variables

		Torque and stator flux

		d, q-axes currents

		Torque and stator flux

		d, q-axes currents



		Rotor position measurement (estimation)

		Not required

		Required

		Required

		Required



		Current control

		Without

		With

		Without

		With



		Coordinate transformations

		Not required

		Required

		Not required

		Required



		Modulator

		Not required

		Required

		Not required

		Not required



		Switching frequency

		Varies widely around the average frequency

		Constant

		Varies around the average frequency

		 Varies around the average frequency



		Controllers

		Hysteresis controller 

		Proportional integral controller (PI)

		Cost function optimization

		Cost function optimization
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[bookmark: _Toc95827545]Field-oriented control

FOC is one of the most widely applied vector control methods, which presents a 
high-performance control of motors [50]. Conceptually, FOC applies two to four 
error-driven controllers in cascade to controller the currents, speed, or the position of the motor. The method transfers the motor currents from the stationary reference frame to the synchronous reference frame, which empowers the method with a high-resolution control of the motor currents. In the case of three-phase motors, this method decouples the motor currents to flux and torque correspondents, which replicates the DC motor providing a simple and precise control. The method observes the motor currents and transforms them to the synchronous reference frame. In the meanwhile, the optimum references of flux and torque correspondent are generated regarding the speed or position (varies with the control mode). Then the errors between the reference and instant values of the flux and torque correspondent get regulated by a controller to generate the correction voltages. Finally, the method applies the command voltages through the inverter to the motor through a modulator. 

Despite the emergence of various control methods, the general trend towards FOC still is dominant. This is mainly true where the high steady-state performance and high efficiency of the motor are preferred to the transient response such as mining and steel industries. Besides, the method offers constant switching frequency, which is critical for safety requirements in some applications such as EV [51]. FOC has gained popularity on account of precise current control, which leads to the low harmonic currents and low torque ripples in the shaft known as high steady-state performance. In addition, the method is simple to implement and scale to a different motor with marginal changes in the algorithm, which has resulted in the wide implementation of the method in different motors’ control. 

On the other hand, FOC suffers from some drawbacks which have constantly challenged the researchers and industries to improve the method or seek other alternatives. Although the current control in the synchronous reference frame provides a desirable control of motors, some issues such as the low dynamic of the motor in the transient status are risen by this concept. Moreover, the current controllers and the modulation system occupy a considerable portion of the processing, which makes the method fairly complicated from the processor point of view and the execution time [52]. Besides, the method is highly dependent on the motor parameters (especially in the case of IM for flux angle estimation), which significantly decreases the robustness of the control. 

Two popular approaches to FOC for decoupling the currents are direct field-oriented control (DFOC) and indirect field-oriented control (IFOC). DFOC estimates the rotor flux to obtain the angle information, whereas IFOC obtains the angle information through the mechanical position information, which is obtained by speed transducer. Many research works have been carried out to address the issue of low dynamics of FOC. Benefiting from DTC, direct-flux vector control (DFVC) offers a hybrid control method that combines FOC and DTC by regulation of the stator flux amplitude directly, instead of the flux correspondent current in the synchronous reference frame. On the other hand, the method regulates the torque correspondent current. This concept offers a desirable control for field-weakening (FW) operation where the flux and torque of the motor require a decouple control [40], [53], [54]. The concern over the low dynamic and complexity of FOC is overcome by rotor flux-oriented switching table-based control (RFSTC) [55], [56]. This method replaces the modulation system with a lookup table and applies two simple hysteresis controllers to provide the error signals for the lookup table.

[bookmark: _Toc95827546]Direct torque control

As its name suggests, DTC controllers the torque in the motor directly, meaning that there is no coordination transforming. The method estimates the instantaneous torque in the shaft and the flux linkage to compare with the reference values, which are generated by the speed controller and flux reference generator algorithm. This estimation algorithm employs the current feedbacks in the stationary reference frame and avoids the transformation to the synchronous reference frame. Then, the error the instantaneous and the reference values are simply controlled by the hysteresis controller to generate the error signals’ sign. The switching table provides the lookup table, which generates the switching sequence to the inverter’s gate drives based on the error signs and the sector information where the flux locates. 

Thanks to the direct control of the torque, DTC assures a very high dynamic and fast response in control [57]. This inclines the industries with high transient response performance requirements to DTC. Besides, the lack of transformation blocks and complicated controllers, as well as the absences of the complicated modulation system, make the control process so simple and reduces the execution time for the process significantly. This leads to lower cost in the processor, which convinces leading manufacturers to introduce their DTC-based VSDs to the market [58].

On the other hand, the simplifications in the method have led to severe drawbacks that require deep studies in each field. The direct control of the torque and flux 
(the absence of current control and the application of hysteresis controllers intrinsically results in severely high torque ripples in the shaft [59]. Hysteresis controllers are one of the main reasons for high torque ripples of DTC, meaning that in each control cycle, 
the method opts for the optimized voltage to apply to the motor regardless of the status of the torque and flux during the sampling period. For this purpose, many research works have studied duty ratio regulation schemes to avoid the torque and flux to pass the hysteresis band significantly. This method that is also known as dead-beat direct torque control (DDTC), estimates the torque which is generated by the application of the selected command voltage to the motor at the end of each control cycle. Considering the estimated torque and flux at the end of each cycle, the method applies zero voltage for a portion of the sampling period. The application of a combination of the active and zero voltage avoids the torque to pass the hysteresis band and fairly settles the torque and flux in the band by the end of the cycle. Therefore, the torque ripples, as well as the flux ripples, decrease significantly. However, the method scarifies the simplicity of DTC by imposing complicated processes in control. Besides, the switching frequency increases due to the application of two or more voltages in each sampling frequency. Another attempt was made in [60] with an overmodulation scheme to amend the shortcoming of high torque ripples in DTC. As an alternative approach, a reference flux vector calculator (RFVC) is applied in [61] to suppress the torque ripples in DTC. The RFVC replaces the hysteresis controllers, which covers the absence of the current controller leading to lower torque ripples.

Although the switching table in DTC proposes a simple approach to opt set of switching sequence for voltage application to the motor, it results in variable switching frequency. In some applications, such as EVs, the manufacturers must provide constant switching frequency for safety requirements. Hence, many studies have modified the classical DTC to achieve constant switching frequency. These studies mainly consider the replacement of the switching table with different modulation methods. In [61], [62], 
the application of the space vector modulation (SVM) method is considered, which attains a constant switching frequency. Direct torque flux control with SVM (SVM -DTFC) is studied in [63]. In another attempt towards alternative modulating methods, space vector pulse modulation-based DTC (SVPWM-DTC) is implemented in [52], [64]. The SVM and SVPWM methods are compared in [65]. It should be noted that the alternative approaches for the replacement of the switching table in DTC increase the complexity of the algorithm, which does not seem desirable for many applications with low-cost requirements for the processor. 

The robustness of DTC is another topic that has attracted researchers’ attention in recent studies [141]–[143]. The external disturbances such as load and the parameter variations of the motor are the main concerns in the motor control studies. Especially in the control of SynRM, the parameter variation is highly likely due to the high flux saturation condition in the rotor and the high temperature of the stator windings resulting in stator resistance and inductances variations. To increase the robustness of the DTC against parameter variations, [57] applies a torque limiting mechanism to modify the flux reference concerning the torque error sign, reducing the torque reference in the failure detection condition to achieve successful torque control. 

[bookmark: _Toc95827547]Predictive control

The predictive control (PC) methods have recently opened new ground in the field of motor control. The concept of this control method is to simply consider different constraints simultaneously and, with the calculation of the cost function in the predicted time, select the optimal switching sequences with regards to the motor status in the instantaneous time.

As this method can consider numerous constraints in the algorithm, high performance of the control can be achieved. However, the complicated processes add up to the computation burden, which requires stronger processors compared to the traditional control concepts [71], [72].

As an alternative for FOC with precise current control, the model-free predictive current control (MFPCC) is studied in [73]–[75]. MFPCC simply controls the currents of the motor by detecting the currents and applying the voltages to the motor based on the deviation from the reference current. Then, in the next sampling period, the variation of the current will be calculated, and the variation of the current will be estimated with regard to the application of a certain voltage. Then, regarding the cost function, the optimal switching status will be chosen. This method proposes the simplest predictive control method avoiding the motor parameters and back-emf estimations.

By the emergence of powerful microprocessors in the industry, more sophisticated model-based predictive control (MPC) algorithms have gained popularity among researchers [76], [77]–[79]. Despite their model-free counterparts, MPC methods take the whole motor drive systems model into account and predict the future status of the system by application of the command voltages. The optimal switching states define the optimal command voltage application in the next sampling period. Model-based predictive current control (MPCC) is an example of this method which controls the currents in the motor with a model-based approach to the predictive control with cost function calculations. Akin to MFPCC, this method proposes current control with high performance control. In another attempt to predictive control of motors, model-based predictive direct torque control (MPDTC) is proposed in [71], [66]. This method is an alternative for DTC where the torque and flux values are the state values and the command voltage is selected to minimize the cost function achieving the desired torque at the end of each cycle [76]. This method is also known as predictive torque control (PTC). Thanks to the direct control of the torque, this method presents a high dynamic behaviour where it sacrifices the high steady-state performance [80]. As common for all the predictive methods, this method imposes a huge complexity to the control process requiring a powerful microprocessor [81]. The most popular MPDTC is known as finite control set MPDTC (FCS-MPDTC), considering the discrete nature of the system [82]. 
This method avoids any modulation system in its structure, resulting in a highly dynamic and fairly simpler method. However, the torque ripples issue is a critical concern with this method. On the other hand, continuous control set MPDTC (CCS-MPDTC) employs modulation systems resulting in constant switching frequency and higher performance in steady-state.

[bookmark: _Toc95827548]Novel control theories in motor-drive systems

The need for high-performance and precise control of motors is increasingly growing in many industries. On the other hand, the traditional control algorithms inherently cannot respond to the call that these industries have for higher performance. Hence, many novel control concepts are increasingly being employed in motor control systems. This section studies the more widely applied methods in motor control.

As an alternative for the traditional motor control concepts, [83] proposes a deviation model-based control (DevC) which simplifies the motor’s model obtaining the deviation model through normalization. Then the control algorithm employs the deviation model. Due to the applied normalized model, the method presents a fast dynamic behaviour with considerable robustness [84]. 

Sliding mode control (SMC) is another novel approach towards robust control purposes [85]. In motor control systems, this method is mainly applied in observers for torque and flux estimation. In [62], a simple observer based on SMC is applied for the online detection of stator resistance variation. The method employs SMC in a variable-structure 
control-based DTC, resulting in higher robustness of the control. It should be noted that the method increases the computational burden on the processor.

The traditional approach for control systems that usually consider the system’s model or define a certain strategy for control has been lately altered by artificial intelligence theory. These methods can work without any information from the analytical model of the system. Adaptive neural network (ANN), fuzzy logic (FL), adaptive recurrent fuzzy neural network (ARFNN) are examples of the artificial intelligence-based control methods that are widely applied in motor control studies [86]–[89]. These methods can work with continuous values, which is compatible with physical components leading to lower cost, higher reliability, and performance in control [90], [91]. The methods provide a possibility to emulate human deductive thinking, but on the other hand, it requires high expertise, as well as big data, which makes it less viable for some applications. 

[bookmark: _Toc95827549]Classification of the motor control methods

In this section, an approach is proposed to classify the motor control methods regarding their type and highlighted features. Figure ‎21 shows the diagram of the classification. The figure categorizes different motor control methods to scalar or vector control methods. Then each method is classified into different categories concerning the specific features that distinguish them from the others. Besides, there are categories of control methods that benefit from two different control methods, which are classified into different groups. The motor control methods are shown in a round shape in the figure. The novel control theories that were discussed in the previous section are presented in the diagram as a separate category. These methods are applied in some of the control methods to empower them with specific features. These methods are depicted in a rectangular shape in the figure. One factor that distinguishes the classification approach from the other classifications is the features of control methods. In this figure, the highlighted qualities that motor control methods can present are shown in rectangular shapes with different colours. Each colour implies a specific feature. To demonstrate these specific features of the control methods, a round shape block with the colour of that feature is attached to the method. The size of each coloured round shape indicates the merit of the control method from that feature. On the other hand, the lack of one colour or smaller size of the coloured round shape can be interpreted as a weakness for a control method in that feature with the specific colour. For instance, DTC acquires features such as simplicity, high dynamic, high performance in high speed, and robustness, and the colours correspondent for these features are present in the figure. It can be deducted from this that the method lacks features such as low torque ripples and low harmonics and constant switching frequency as the colours of these features are absent in the method. As an example for improving some features of DTC in the derived control methods, SVPWM-DTC proposes a method with the colour correspondent to constant switching frequency. This indicates that the method has modified the DTC method to obtain constant switching frequency. It should be noted that the size of the color for simplicity in this method has decreased compared to DTC. This means that although the method presents constant switching frequency, it imposes some extra computational burden on the method that results in less simplicity of the method. 
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[bookmark: _Ref84343123][bookmark: _Toc88551283]Figure ‎21: Motor control methods classification [Paper I].
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[bookmark: _Toc95827550]Section summary 

[bookmark: _Hlk86152566]This section shortly surveyed the SynRMs as well as the conventional motors background and the design developments. The study showed a striking development of SynRM and a potential dominancy of these motors against IMs in pump and fan applications. Then, a comprehensive study was carried out to investigate the implemented control algorithms for the sake of motor control. The basic algorithms were deeply studied and described. A comparison of the basic control algorithms concerning their structure was carried out. The study showed a research gap in the robustness increment and the torque ripple suppression in vector control algorithms. The call for high-efficiency SynRM drives was recognized as a critical topic in the field, which requires a deeper study in every stage of the life-cycle, especially in the usage phase. The trends in the motor control studies were studied, and the improvements in the control algorithms were scrutinized. Finally, the section presented a novel approach to the motor control algorithms classification considering the improvements in the conventional control methods and the application of the novel control theories. Moreover, the classification considers the features of each algorithm, which can come in handy for the researchers and the industries to opt for a proper control algorithm based on the requirements that their application demands. 

[bookmark: _Toc95827551]Efficiency map study of the studied motor-drive systems

In this section, a SynRM was studied in the lab along with an IM, and a Permanent 
Magnet (PM) assisted SynRM in the same power range and frame size. For this purpose, a double-layered sinusoidally distributed windings stator with a frame size of 132 M and a power of 10.5 kW was designed in the lab. Figure ‎31 shows the rotors of the studied motors. The sketch of the designed SynRMs is illustrated in Figure ‎32. This figure presents the schematic details about the stator and the rotor structure. 
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[bookmark: _Ref82521937][bookmark: _Toc88551284]Figure ‎31: Rotors of the tested electrical motor; from the left: industrial IM, the designed SynRM and PMSynRM, respectively.





[bookmark: _Ref87873258][bookmark: _Toc88551285]Figure ‎32: The sketch of SynRM (left side) and PMSynRM (right side) stator and rotor structure.

The rotors were assembled to the designed stator and tested under the same condition. By this, a fair test condition was provided to investigate the performance of the motors with the same stator and test condition. The tests were designed in two different categories. Firstly, the motors were tested under no load and constant load conditions with grid-fed and inverter-fed drives. This set of tests was designed to study the harmonic behaviour of the whole motor drive systems in the no-load, loaded, 
grid-fed, and inverter-fed conditions. Secondly, the motors were tested under ramp load with variable speed conditions. This set of tests was designed to study the efficiency of the whole drive system, including the motors in different speed and torque regions. Figure ‎33 shows the test bench that was designed to study the motor-drive systems. 
The details of the setup are presented in [Paper II].

[image: ]

[bookmark: _Ref82523454][bookmark: _Toc88551286][bookmark: _Hlk84052108]Figure ‎33: The experimental setup for performance analysis of SynRMs.

To investigate the efficiencies of the motor-drive systems in different speed and torque conditions, a set of tests were designed and conducted in the lab. Accordingly, the test motors were driven at a certain constant speed starting from 200 rpm to 
1800 rpm with the steps of 200 rpm. Then, at each speed step, a ramp load starting from 0 Nm to 60 Nm was imposed on the motors by the loading motor. In this study, to draw the efficiency maps of the different parts of the system in different speed and torque ranges, an interpolation scheme was used to estimate the efficiency of the non-measured speeds.

The inputs of the frequency converter, including the currents and voltages, were measured by the current transducers and the data acquisition setup, respectively. 
The results were registered, and the input power of the system was calculated as  , where,  denotes the input power of the frequency converter, , and  indicate the phase voltage and currents, and  represents the angle between the voltage and current or the power factor. It is worth mentioning that the input power of the frequency converter was the grid power output power. 

The output voltage and current of the frequency converter were also measured and registered. With the same definition of power, the output power of the frequency converter was calculated. It should be noted that the output power of the frequency converter was fed to the motor, meaning that it was equal to motor input power (). Having the input and output powers of the converter, efficiency was calculated.

The mechanical output power of the motor () was obtained by multiplying the out speed and torque of the motor. By division of the output mechanical power of the motor to the input electrical power of the motor, the efficiency of the motor was also calculated. The output data from the speed and torque of the test motors were obtained by the torque transducer and registered by the data acquisition setup. 

To calculate the whole motor-drive systems’ efficiency, the output power of the motor was divided into the input power of the frequency converter. 



Figure ‎34 shows the Efficiency maps of the motors, VSDs, and the motor drive systems of the IM, SynRM, and PMSynRM. 
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[bookmark: _Ref83531033][bookmark: _Toc88551287]Figure ‎34: Efficiency maps of the motors, VSDs, and the motor drive systems of the IM, SynRM, and PMSynRM. 
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It can be seen from the figure that the efficiency of the motor at a lower speed is roughly independent of the load, and the motors show fairly low efficiency in this region. Similarly, regardless of the speed, the motors show far lower efficiency in the low torque region. In the nominal speed range and the partial load, the motors present their highest efficiency region. This is an important factor for the industries to consider choosing the motors regarding their highest efficiency region in all the applications. More specifically, in the constant speed regions, the highest efficiency of the motors should be considered to choose the motors. 

The figure shows that the designed SynRM presented fairly higher efficiency than 
the industrial IM in all of the speed-torque regions of the motors. The highest efficiency for SynRM was calculated as 91.46 %, which was 1.39 % higher than IM with 90.07 % efficiency, and this is mostly due to the absence of iron losses in the rotor of the
 SynRM while the rotor of the IM operates with a higher temperature. It can be seen that the SynRM presented a wider range of very high efficiency in the nominal speed 
range and the partial load. Thanks to the ferrite PMs, the PMSynRM showed far higher efficiency than the SynRM, with maximum efficiency of 93.7 %. This is on account of 
the magnetic torque, which increases the torque concerning the input current (consequently the power) of the motor. As a result, for the same input power, the motor showed higher torque (output power), and the efficiency increased significantly. 
This resulted in higher efficiency in all the speed-torque regions. It is worth mentioning that despite the very high efficiency of the PMSynRM against SynRM (and IM), this motor is not an economical choice for the applications such as pumps and fans. It should be noted that the copper losses and iron losses in the stator, as well as the friction losses, were present in all the motors. On the other hand, the losses in the rotor are absent in SynRMs.

The frequency converters are highly efficient and do not attribute a large proportion of the losses in the system. However, the devices are not ideal, and some losses, including the switching and conducting losses in the switches and the losses in all the devices, lead to heat in the package. This heat should be dissipated by a fan which adds to the energy consumption of the system. With a brief look at the efficiency maps of the VSDs of motors, it can be seen that the frequency converter showed fairly higher efficiency in the operation of the SynRMs comparing the IM. This can be due to the fairly higher current in the IM for the same torque, which adds up to the conducting losses in the power electronic devices as well as the wires and boards in the package. It can be seen that the VSDs showed higher efficiency in the higher output power meaning high speeds and torque. This can be due to the presence of constant losses such as the switching losses and the fan in all the power range and the relatively higher power to loss ratio in the high output power condition. Consequently, the frequency converter showed higher efficiency in the higher power ranges. 

The total efficiency maps of the motor-drive systems are presented in the figure. 
The figures show that the total efficiency maps of the systems resemble the efficiency maps of the motor. This indicates a significant proportion of the power consumption as well as the losses of the motors in the system. Akin to the efficiency maps of the motors, it can be seen that the motor drive systems showed high efficiency in the high output power range. The IM-drive showed a less efficient drive system compared to the designed SynRM, which can be interpreted as less power losses and less costs in the production phase. In a broader view, the SynRM-drive system is more environmentally friendly in the sense of less electricity consumption which can lead to high CO2 emissions. The wider high-efficiency region of the SynRM is also a factor that can be attractive for variable speed applications. The PMSynRM-drive system showed the highest efficiency, which was expectable based on the high efficiency of the PMSynRM in all the power ranges.

[bookmark: _Toc95827552]Section summary

[bookmark: _Hlk86154196]The SynRM was assembled along with the IM and PMSynRM in an identical stator to study the efficiency of the motors in experiments. The efficiency maps were chosen as a reliable tool for efficiency analysis of the motors in a wide range of speed and torque. The efficiency of the motors in line with the drivers was studied, and the results showed that the total systems efficiency map resembled the motor efficiency indicating the significance of the motor efficiency on the motor drive systems. The PMSynRM showed a higher efficiency compared to the other technologies. However, it should be noted that due to PMs, this motor has a higher cost compared to its SynRM counterpart. The SynRM presented a more efficient motor comparing the IM, proving the claims for a lower temperature in the rotor and less losses. 

[bookmark: _Toc95827553]Modelling, parameter identification, and vector control of studied synchronous reluctance machine

This section is based on publication [Paper III], [Paper IV], [Paper V], [Paper VI], [Paper VII], and [Paper VIII]. For control, this chapter presents different approaches for SynRM modelling and studies different approaches for parameter identification of the motor-drive systems. Then, the chapter investigates the classical vector control method and focuses on the improvement of different aspects of control, including efficiency, robustness, and torque ripples. 

[bookmark: _Toc95827554]Synchronous reluctance machine modelling 

As the name indicates, the operation of the SynRM is based on the reluctance torque. 
In this sense, the changing magnetic reluctance (magnetic resistance) is the source of torque. In this motor, the stator produces magnetic flux, which flows into the lowest magnetic resistance in the rotor. With the assumption of the unalignment of the rotor with the flux, the produced magnetic flux by the stator will tend to flow into the lowest magnetic resistance. This leads to the production of the reluctance torque in the motor. As a result, reluctance torque spins the rotor in a certain direction to achieve the lowest magnetic resistance. This concept of variable reluctance is also known as saliency, which generates the MMF in the SynRM and rotates the rotor. The alignment of the magnetic flux with the lowest magnetic reluctance in the rotor is also known as synchronization, where the synchronous term in the name suggests. In this section, different models of the SynRMs which are applied for control are discussed.

For the sake of control, the SynRMs are commonly modeled in the rotor reference frame. The dynamic equations of the motor known as Park’s equations in the rotor reference frame are presented in this section. The Park’s equations for direct and quadrature (d, q)-axes fluxes are as below

[bookmark: _Ref24804551]	 , ,	‎4.1

	,	‎4.2

where  denote the fluxes in d and q-axes, respectively and  is the total stator flux.  imply the inductances in d and q-axes, which are different in value due to the anisotropic design.  denote the currents in d and q-axes in synchronous reference frame resulting from the transformation of the three-phase currents by Park’s transform. 

 denotes the magnetic flux, which is resulted from the PMs in the rotor for PMSynRM. It should be noted that the magnetic flux in the d-axis distinguishes the PMSynRM from its reluctance counterpart, where the equations for SynRM solely contain the fluxes coming from the saliency of the motor. Hence, the magnetic flux is indicated by different colours, meaning that it is absent in SynRM equations. Since the laminations of the rotors were identical, the fluxes only differ from each other in the presence of magnetic flux in their flux equations. 

The voltage equations in the synchronous reference frame are obtained as:

[bookmark: _Ref81487640]		4.3

[bookmark: _Ref81487717]	 ,	4.4

where  demote the voltages in the d and q-axes, respectively.  implies to the stator resistance and  is the electrical speed of the motors in rad/s where  and  is the mechanical speed and  is the number of pole pairs. It is worth mentioning that the d-axis voltage in PMSynRM is independent of magnetic flux, where the magnetic flux is present in the q-axis voltage equation. Besides, the magnetic flux has no effect on the voltage in the standstill condition. At a standstill, the voltages in the d-axis for the motors are independent of the q-axis current. This is true for the voltage in the q-axis, where it is only dependent on the q-axis current. 

The reluctance torque, as well as the power factor, are functions of the saliency ratio. The saliency ratio can be developed from the equation below



	 ,	‎4.5

where  is the saliency ratio.

The power factor equation is defined as below

[bookmark: _Ref87960622]	,	 ‎4.6

	 ,	4.7

where  is the angle between voltage and current vectors in the synchronous reference frame. This phase lag results in less power factor in the motor, which is desired to be minimized.  represents the flux and current angle which is known as torque angle. 
This factor is desired to be maximized to increase the torque and the power factor



[bookmark: _Ref87960380]	,	 ‎4.8
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Both of the motors benefit from the reluctance torque coming from the saliency of the rotor. It should be noted the magnetic torque is only present in the torque equation for PMSynRM, which comes from the multiplication of the magnetic flux to the q-axis current. 

The vector diagram of the motors is presented in Figure ‎41. It can be seen that 
adding ferrite magnets to the rotor resulted in a bigger torque angle and, as a result, 
the improvement of the power factor. 







[bookmark: _Ref84505029][bookmark: _Toc88551288]Figure ‎41: The SynRMs vector diagram.

Figure ‎42 presents the d-q equivalent circuit of the motors where the fluxes in the d-axis are different, resulting in different voltages in the q-axis. 





[bookmark: _Ref84505236][bookmark: _Toc88551289]Figure ‎42: The d-q equivalent circuit of SynRMs.

[bookmark: _Toc74654141][bookmark: _Toc95827555]Parameters identification

The parameters of the motors are of critical importance for acquiring a more precise model of the motors. Moreover, the parameters of the motors are widely employed to define different control parameters not only in model-based control methods but also in the error-driven control approaches. In this study, two main approaches are presented to obtain the motor parameters. Firstly, the motor parameters were measured by the measurement devices in two isolated tests. Then, an approach is proposed using a microprocessor in a closed-loop to identify the motor parameters along with the inverter and cables.

[bookmark: _Toc95827556]Measurements with LCR meters 

The first method that was employed in this study was to simply use an LCR meter to measure the resistance of the phases. This method was initially used to measure the motor parameters for the motor simulation. In this test, the line-to-line resistances were measured, as shown in Figure ‎43. The relation of the measured resistance and the phase resistance was as follows

	 .	‎4.10





[bookmark: _Ref81586509][bookmark: _Toc88551290]Figure ‎43: Measurement circuit for parameters measurements using LCR meters.

The next step was to measure the motor inductances in the d- and q-axes, which were employed in the simulation of the motor, as well as the control algorithm. To measure the inductances with this setup, the LCR meter was set to inductance measurement, and the measurements were carried out. The inductances in the SynRM are dependent on the rotor angle as follows

	 ,	‎4.11

where, Ls is the self-inductance of the stator, and Lms is the mutual inductance of the stator. These inductances are independent of the position of the rotor. Apart from these constant inductances, the saliency of the motor results in variable inductance, which is a function of Lm (stator inductance) and P (number of pole pairs). 

With the transformation of the SynRM parameters to the synchronous reference frame using Park transform, the inductances in this axis can be obtained from



	 ,	‎4.12

	 .	‎4.13

Measuring the inductances according to the circuit demonstrated in Figure ‎44, the line to line inductance can be expressed as:

	.	‎4.14

The inductance of the motor in the synchronous reference frame can be derived by applying 4.14 to 4.12 and 4.13 as

	 ,	‎4.15

	 ,	‎4.16

where LABmax and LABmin are the maximum and minimum inductances of the AB terminals of the motor, measured by the LCR meter, respectively. According to equations 2.15 and 2.16, the inductances in the synchronous reference frame were acquired by measuring the maximum and minimum line to line inductances while rotating the rotor. 

[bookmark: _Toc74654142][bookmark: _Toc95827557]Measurements with DC power supply and current transducer (DC decay test)

In this test, a more sophisticated test design was proposed to measure the motor inductances in different axes in the synchronous reference frame. The motor terminals were connected according to Figure ‎44. The test required a precise determination of phase a. For this purpose, a DC voltage was applied to the terminals to align the motor to phase A. Then, the motor was locked in this position. With the assumption of the locked rotor, referring to equation ‎4.3, the effect of the flux linkage in the voltage was eliminated. Simplifying this equation, with the application of a step voltage to the terminals of the test circuit and profile of the current, the d-axis current was obtained as follows

	,	4.17

where, is the time constant of the circuit. In this test, the q-axis inductance was measured with the same method considering the voltage equation for in the q-axis and locking the rotor in this axis. It should be noted that this method could heat and damage the motor, which was resulted from a long-term DC test and exposure to the high temperature. This term is more valid when obtaining a wide range of inductance values that were objected in the current higher than the nominal current. 





[bookmark: _Ref81401732][bookmark: _Toc88551291]Figure ‎44: Measurement circuit for DC decay test.

[bookmark: _Toc74654143][bookmark: _Ref87952109][bookmark: _Toc95827558]The whole system parameters identification through the controller with the utilization of the inverter 

The proposed methods for the parameters’ identification were limited to the motor parameters. Apart from the isolated test without considerations of the inverter and the cables, the proposed methods could not accurately obtain the parameters due to the wide uncertainties in the measurement devices and the approximations in the measurement. Moreover, the motor parameters severely change in different current ranges. Hence, a comprehensive method is required to calculate the system parameters with the processor, which considers the nonlinearities of the switches in the inverter and the cables as well as the variable parameters of the motor in different currents. 

This study implements a closed-loop method through a processor to obtain the system parameters with the utilization of a three-phase inverter. Hence, the parameters of all the systems in the loop, including the motor, inverter, and wires, were identified. 

By converting the real-time variables to the complex variable, equations 4.3, and 4.4 can be simplified. Also, by testing the motor at a standstill, the SynRM voltage equations can be rewritten in Laplace transform domain as

	‎,	4.18

	 .	4.19

These equations provide a relation between the voltages and currents of SynRM in the synchronous reference frame. To benefit from these equations for parameters’ identification purposes, the motor current equations were transformed to the synchronous reference frame using Park’s transform. Then, a proper set of references in d, and q-axes were applied to the system to remain the motor in standstill status. 
The current errors were regulated by particular PI controllers to generate the command voltages in the synchronous reference frame. The generated voltages were transformed to the stationary reference frame using inverse Park’s transform and applied to the motor through the inverter. Figure ‎45 shows the block diagram of the implemented algorithm to measure the motor parameters through the microprocessor. 





[bookmark: _Ref85794001][bookmark: _Toc88551292]Figure ‎45: Parameter identification algorithm.

The reference voltages, which were generated by the algorithm as the output of the controller, were applied to the motor terminal with the application of the inverter and through wires. Hence, there was a voltage drop on the reference voltages resulting from the switches in the inverter and the connecting wires. The relation between the reference voltages and the terminal voltages on the motor can be represented as

[bookmark: _Ref87973600]	,	‎4.20



[bookmark: _Ref87973602]	‎,	4.21

where the  and  are the resulting resistances of the wires and the switches in the d, and q-axes, respectively.  are the terminal voltages of the motor and the  are the command voltages in the synchronous reference frame.  are the measured current in the d, and q-axes, respectively. 

The reference voltages in the synchronous reference frame can be calculated according to Figure ‎46 as follows

[bookmark: _Ref87973604]	 ‎,	4.22

[bookmark: _Ref87973605]	 ‎,	4.23

where the  is the bandwidth of the current controller.  are the resistance and  of the whole system in the d, and q-axes, respectively. For simplification, the constants can be defined as , , , . These constants will be used in the control of SynRM in the next section.

By combining ‎4.20, and 4.21 with ‎4.22, and  ‎4.23, the current equations can be obtained independently from voltage equations. Hence, the constant parameters can be easily obtained. The current equations can be written as

	‎,	4.24

	‎,	4.25

hence, 

	 ,	4.26

	 ,	‎4.27

where  and  are the resistances and the inductances of the loop including all components, respectively. 

To calculate the resultant resistance of the whole system by the proposed algorithm, a constant value was applied to the current reference in one of the axes, and a zero value was applied to the other axis. Employing (the last equation d) and applying , 
the relation between the reference current in the d-axis and the measured current can be rewritten as

	‎.	4.28

A step function was applied to the d-axis current, and a zero value was applied to the q-axis current. Using (the top equation), one can calculate the d-axis current in the time domain as 

	 .	4.29

By the assumption of the too small inductance of the motor compared to the summation of the resistance and the proportional constant, the steady-state current in the d-axis can be derived as 

	 .	4.30

Finally, by simplifying the (top equation), the d-axis resistance of the whole system can be obtained as,

	‎.	4.31



Similarly, the equation for the q-axis resistance can be obtained as

[bookmark: _Ref87973937]	‎.	4.32

By exploiting equation ‎4.32 and measuring the current from the motor, and transforming it to the synchronous reference frame, the resistances in both axes were measured. It is to note that the  was chosen an arbitrary value as large as the measured current was close to reference current in the steady-state. 

To measure the inductance of the whole system in different current ranges, the equations (deviation equation) can be rewritten by expanding the constant value as follows

[bookmark: _Ref87973988]	‎.	4.33

Equation ‎4.33 is a second-degree function of the reference and measured currents in the Laplace transformed domain. By applying a step function in d-axis reference and zero value in q-axis and by applying  for integral constant, the transient state current equation in the d-axis can be obtained as 

	 ,	4.34

where 

	 

	 

	‎,	4.35

	 .



[bookmark: _Hlk86154515]An experimental setup was designed to measure the parameter of the systems in experiments. Figure ‎46 shows the block diagram of this setup, and Figure ‎47 shows the test bench. The design and implementation of this setup were presented in [Paper VI]. 
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[bookmark: _Ref86154400][bookmark: _Toc88551293]Figure ‎46: The block diagram of the experimental setup [Paper V].
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[bookmark: _Ref86154425][bookmark: _Toc88551294]Figure ‎47: The experimental setup for the control of SynRM.

[bookmark: _Toc74654144][bookmark: _Toc95827559]Field-oriented control of synchronous reluctance machine

This section aims to provide a base for the control of the SynRM. As discussed in [Paper I], SynRMs suffer from high torque ripples mainly coming from the slotting harmonics. This requires precise control of the currents of the motor. Apart from that, the recent attention on the SynRM is on account of the high efficiency of the motor, which makes the FOC a promising candidate for the sake of control. To implement FOC on the SynRM, firstly, the model of the motor was simulated in the Plecs platform. Then, the d-q model of the motor was controlled by conventional FOC in the simulation. For this purpose, 
the motor currents were transformed to the synchronous reference frame. Then, two PI current controllers were employed to control the currents in the synchronous reference frame. The regulated signals were transformed to the stationary reference frame to apply to the motor’s model through the model of the inverter. To generate the q-axis current reference, an outer speed controller was employed, and for d-axis current, 
a constant value was used. Figure ‎48 shows the block diagram of the implemented FOC algorithm. 







[bookmark: _Ref87948040][bookmark: _Toc88551295]Figure ‎48: FOC of SynRM.

The results of the simulation are presented in Figure ‎49. This figure shows that by applying a ramp speed reference, the control algorithm applies increasing voltage in the q-axis. Hence, the q-axis current tends to increase to a certain value. According to 4.9, and considering a non-zero value of the d-axis current, the torque in the motor shaft raises to a non-zero value. Therefore, the rotor starts spinning, and the speed of the motor follows the reference speed. The results showed that the model of the motor was simulated properly, and the model was functioning. Besides, the performance of the control algorithm was proved in simulation. Hence, the ground was founded to apply new algorithms and methods in simulation, leading to faster and less cost in the test phase for the implementation of the new algorithm. 

[image: ]

[bookmark: _Ref87948258][bookmark: _Toc88551296]Figure ‎49: The simulation results of FOC of SynRM.

In this section, the results of the tests are organized in an identical sequence. In this sense, in the presented results, Ia shows the measured phase a current;  is the measures speed, and the reference speed is presented by ; id represents the direct axis current and the direct axis current reference is shown by idref ; the quadrature axis current is presented as iq, and the quadrature axis current reference is shown by iqref; Vdq show the direct and quadrature axis voltages, respectively;  is the mechanical angle of the rotor.

The simulated algorithm was implemented in real-time in the experimental tests. For this purpose, rapid control prototyping was applied using Plecs RT Box 1. The design of the experimental test bench was described in detail in [Paper VI]. Figure ‎410 shows the experimental results of the FOC of the SynRM. The results show that the experimental results match the simulation results meaning that the simulation results are reliable. Hence, the base was founded for implementing the algorithms in simulations rather than real-time implementation. This resulted in less cost and time and more safe tests for the control algorithms implementations. Since the results were in good agreement, 
the simulation results for the rest of the tests were neglected, and only the experimental results will be presented. 



[image: ]

[bookmark: _Ref87951075][bookmark: _Toc88551297]Figure ‎410: The experimental results of FOC of SynRM.

It should be noted that there were marginal differences between simulation and experimental results. One of the most important factors was the flux angle calculation. Since the FOC algorithm highly relies on the flux position information, this value is of paramount importance. The flux angle was calculated through the model’s equations resulting in very precise information of the flux position. On the other hand, the flux position was obtained using the incremental encode. Section ‎4.2.3 described the adjustment of the encoder output to acquire precise information from the encoder. 
It should be noted from Figure ‎411 that there was a spike in the speed output resulting in a spike in the other parameter. This resulted from the noise in the encoder output. 
To address this issue, the differential output of the encoder channels was measured to remove the noise from the encoder output, and in the rest of the tests, the noise encoder output was avoided. 

To analyse the performance of the implemented algorithm, a step load was applied and removed in steady-state to the motor. Figure ‎411 shows the experimental results for loading and unloading the motor in steady-state. The figure shows that by applying load in the time of 1.5 s, the algorithms increased the q-axis voltage and decreased the q-axis voltage. By this, the current in the q-axis saw a rapid change and the current in 
d-axis roughly remained constant. According to equation 4.9, the increment in the q-axis current along with the constant parameters and d-axis current resulted in higher torque in the motor. Hence, initially, the motor speed dropped to a lower value than the reference speed. Then, with a good dynamic, the motor produced more torque and dominated the injected load resulting in the compensation of the higher load in the shaft. Therefore, the motor speed followed the reference speed, and the motor ran in the steady-state with the same speed but higher torque, meaning higher current in the motor windings. In the second phase of the test, after reaching the steady-state, the injected load was removed from the shaft in the time 6.7 s. Since the motor was under load, the produced torque was high, and by removing the load from the shaft, the motor started to speed up, resulting in higher speeds than the reference speed. Then, the control algorithm increased the d-axis voltage and decreased the q-axis voltage leading to a decrement in the q-axis current. Consequently, the torque in the motor dropped, and a good dynamic motor speed followed the reference speed. It should be noted that the current in the winding was smooth, meaning that the slotting harmonics in the phase current were removed by properly regulating the current in the motor. 



[image: ]

[bookmark: _Ref87952441][bookmark: _Toc88551298][bookmark: _Hlk74060834]Figure ‎411: Loading test of FOC in the experimental setup.



One of the extreme conditions for the motor drive systems is the step response of the motor. When the motor speed reference sees a sudden change, the derivation of the speed tends to increase to an infinite value. According to the mechanical equation of the motor, the torque in the motor tends to be infinite, which is an extreme condition for the motor. This control algorithm should be designed in a very precise way to avoid this condition and control the motor speed. This test was conducted in the experiments, and the performance of the control was analysed. Figure ‎412 shows the step response of the control at different speeds. The figure shows that by applying step reference to the motor, the current in the q-axis saw a rapid raised as a result of a sudden increment in the q-axis voltage. Then, the motor speeded up to a speed higher than the reference speed. Then, the motor followed the reference speed, and the current in q-axis dropped to a lower value near zero due to the no-load condition of the test. The motor showed similar behaviour in the downward step speed change where the motor showed an undershoot in the q-axis voltage and current. Consequently, the motor speed saw an undershoot and recovered to the reference speed after a short period. It is worth mentioning that at the beginning of the control, the flux position was not recognized since the correct information of the flux depending on the index pulse position from the encoder. It can be seen from the rotor position graph that in the time 1 s, the index pulse was received, and the flux position was corrected. Then, the control was properly carried out with correct flux position information. 

[image: ]

[bookmark: _Ref87958484][bookmark: _Toc88551299]Figure ‎412: Speed step response of FOC in different speeds in the experimental setup.

[bookmark: _Toc74654145][bookmark: _Toc95827560]Maximum torque per ampere control strategy for synchronous reluctance machine

One of the key specifications of the SynRM, especially in the speeds below base speed, is the high efficiency of the motor. One of the approaches to improve the efficiency of the motor in the base speed region is to reduce copper losses. For this purpose, it is essential to maximize the torque concerning the phase current of the motor. This algorithm is commonly known as the MTPA algorithm. The MTPA operation is essential for the efficient operation of the SynRM in the base speed region. Besides, the desirable performance of the motor can only be obtained by the MTPA operation of the motor. 

To obtain the MTPA operation of SynRM, the torque equation of the motor is considered. The current of the motor should be controlled to achieve the optimum torque angle. As the FOC provides a decoupled control on the currents in the synchronous reference frame, it is convenient to generate the desired current references in this frame. For this purpose, the current angle in the d,q reference frame is defined as . The maximum of the torque equation can be obtained by calculating the derivative of equation 4.9. The torque equation ‎4.8 as a function of the current angle can be rewritten as follows. 

	‎	4.36

[bookmark: _Ref87965830]	‎	4.37

	‎	4.38

The derivative of the torque equation is as calculated as follows

	‎	4.39

In the maximum torque, the derivative of torque should be equal to zero. Hence, to achieve the optimum current angle in which the torque is maximum, the derivative is considered as zero. 

[bookmark: _Ref87960519]	‎	4.40

This current angle governs the optimum control of the current in the synchronous reference frame. To implement this algorithm in the FOC, the q-axis current reference should be obtained by the speed regulator, and then the angle between the d and q-axis current should be governed using equation 4.40. 

It is to be said that this MTPA algorithm can provide the optimal performance of the motor under certain circumstances. For instance, in the condition of iron saturation, 
the rotor will show different behaviour where the inductances will vary from their initial values. In that case, different inductances should be considered in control. Apart from that, by increasing the current angle more than the MTPA value, the power factor will increase according to equation  ‎4.6. Moreover, a big portion of the losses in the motor results from iron loss which needs a deeper study on MTPA operation, and a trade-off between copper loss (which is minimized by the MTPA algorithm) and iron loss should be carried out. 

To evaluate the performance of the proposed method, the motor was driven by conventional FOC, and the control algorithm was switched on the MTPA algorithm. Figure ‎413 the results of the test. The results show that by applying the MTPA algorithm, the currents in the d-q axes decreased significantly. The peak-to-peak current in classic FOC was 5.9 A which dropped by 2.8 A to 3.1 A with applying MTPA to the algorithm. 
As a consequence, for the same loading condition, the controller injects far less current in the stator winding resulting in less coper losses in the motor. It should be noted that by optimized control on the motor, better performance in terms of the currents, voltages, and speed was achieved when it comes to less ripples and distortions. 

[image: ]

[bookmark: _Ref87963675][bookmark: _Toc88551300]Figure ‎413: Applying the MTPA algorithm in the experimental setup.

To analyse the performance of the control in different scenarios, firstly, the speed direction change was tested in experiments. For this, the motor was driven in the opposite direction in a steady state. The reference speed was changed to a positive value employing a ramp reference. Figure ‎414 shows the results of this test. By changing the motor rotation direction, the voltage and current in the d-axis recovered to the initial steady-state value after a short transient period when the motor was changing the direction and speeding up to the constant reference speed. On the other hand, the control algorithm applied positive voltage and current values replacing them with negative values resulting in positive torque instead of the negative torque to the motor shaft. Consequently, the control algorithm could change the direction of the rotation of the motor and follow the reference speed. It is to note that the current frequency dropped to zero for a period when the speed dropped to zero. This can be seen from the position of the motor where the encoder showed a constant speed value in the output of the shaft. 



[image: ]

[bookmark: _Ref87951630][bookmark: _Toc88551301]Figure ‎414: Speed direction change experimental results.

To analyse the performance of the implemented algorithm in step response condition, a set of step references to the speed reference in different speeds in upward and downward directions. Figure ‎415 shows the results of this test. The results show that the algorithm presents a desirable performance with a good dynamic following the reference speed in a short period with a marginal overshoot and undershoots. It is worth mentioning that the motor speed followed reference speed and all the applied speeds, including zero speed where a DC current was injected to keep the speed zero. Regarding the currents, it can be seen that the motor saw a sudden change in currents in the step time, and after the transient time, the motor speed followed the reference speed, and a steady-state was achieved. The stator current was smooth sinusoidal, and the slotting harmonic current was properly regulated. 
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[bookmark: _Ref87958471][bookmark: _Toc88551302][bookmark: _Ref87958450]Figure ‎415: The speed step response of the experimental implemented MTPA algorithm of SynRM in different speeds, including zero speed .

[bookmark: _Toc95827561]Field-weakening operation of synchronous reluctance machine

As discussed in [Paper I], in speeds higher than base speed, the speed induced voltage (back EMF) will dominate the motor input voltage. This disables the controller to inject current to the motor through the inverter, which avoids higher speed achievement in the motor shaft. Besides, the back EMF grows higher than the DC link, which can result in severe damages to the inverter resulting in lower reliability of the system. To address this issue, the controller drops the flux in the motor leading to less back EMF, and the speed can rise to even higher values. 

In the control of the SynRM, there are limits for currents and voltages in d, q-axes, which should be considered. The limits are as follows

	‎,	4.41

	‎,	4.42

where and  are the maximum phase current and voltage, respectively.  where  is the DC-link voltage of the inverter. 

Field-weakening operation point can be obtained by the voltage limit consideration of the motor at higher speeds than base speed. In this way, an optimum angle of the d and q-axes current should be governed in control to meet the voltage limits leading to lowering the flux in the motor to dominate the speed induced voltage by the input voltage of the motor. With the assumption of high speed, the resistance voltage drop can be neglected with a comparison with the speed induced voltage. Besides, the derivative term can be omitted, assuming the steady-state operation of the motor. Hence the voltage limit equations can be rewritten by a combination of 4.3 and 4.4

	‎.	4.43

Considering the equation 2.37

	,	‎4.44

	 ,	4.45

	‎,	4.46

	‎.	4.47

Equation 4.47 provides the optimum angle of the currents in d, q-axes at speeds higher than base speed. Using this equation, the reference currents for d and q-axes will be generated. It should be noted that the algorithm for reference current generation differs from each other in different speed regions. 

[bookmark: _Toc95827562]Robust vector control of synchronous reluctance machine employing an adaptive disturbance rejection controller

Novel digital control methods for electrical motors can be categorized into error-driven and model-based technologies. Although the modern-based motor control methods have proved high-performance methods, the trend towards vector control (which is an error-driven technology) has not yet been dominated by the model-based methods. 
The concept of transformation to the synchronous reference frame and simple application of the voltage vector to the motor through modulation blocks and, more importantly, the control on the current have increasingly raised high demand for this popular method in the industry. The vector control provides the possibility of the control of a three-phase AC motor with a DC motor control concept having a comparable performance of the motor. 

On the other hand, FOC utilizes classical PI controllers leading to lower performance, especially in the transient state compared to the model-based methods. The PI controllers have been around for almost a century and have dominantly developed in various industries. These controllers proposed a simple control concept in the analog control era that later was widely employed in digital control systems. Despite the analog control systems, the newly designed microprocessors have enriched the digital control systems of opportunities that convince the industries to investigate more sophisticated controllers for their feedback control systems. The PI controller is inherently inadequate for the raised demand for high efficiency, high dynamic, smooth transient profile, and robustness in the feedback control systems. The existing PI controllers mainly suffer from four general drawbacks. Firstly, they lack any control on the input setpoint resulting in a poor dynamic of the control, especially in step function inputs that result in a sudden jump. Secondly, the linear combination of the proportional and integration does not produce the optimal control law. Thirdly, the integral term in the controller can cause saturation resulting in reduced stability in the system. Finally, the controller does not facilitate the system with any noise tolerance tracking differentiator. In motor control systems, the main drawbacks of the PI controllers come from the lack of adaptability to the parameter mismatch or variation due to temperature change in the operation. Additionally, the recovery period of the PI controller is long, which degrades the performance of the control system in the presence of the load disturbance. There are numerous studies around online parameters identification methods in motor control methods to compensate for the variations of the parameters in the motor [92]. Nonetheless, the slow dynamic and low accuracy of PI controllers remain severe challenges. Besides, the parameters in the motor highly depend on each other, which requires complicated systems for online parameters estimation leading to a high computation burden on the control. Hence, many alternatives have been advised in the literature to replace the traditional PI controller, mainly to improve the robustness, rapidity, and accuracy of the control systems. 

Among the modern error-driven controllers, adaptive disturbance rejection controller (ADRC) has proved an accurate and high dynamic controller that offers a high tolerance to uncertainties and disturbances in the system [93]. This sophisticated yet simple to use controller provides a nonlinear feedback control resulting in a precise control law generation. The other superiority of the ADRC against other controllers is the applied nonlinear differentiator on the setpoint, which generates a transient profile to avoid sudden jumps, especially in the step references. Last but not least, the ADRC estimates and then rejects the disturbances in the system using an extended system observer, leading to higher robustness of the systems.

In this study, the outer speed controller in the cascade control of the SynRM was substituted by a nonlinear controller based on a first-order ADRC. The controller was mainly designed to enrich the control with robustness against the load disturbances. To do so, the states of the controller were extended in one order through an observer to estimate not only the system state but also the disturbances. Hence, by imposing a load on the system, the observer estimates the disturbance, and an appropriate control law generation recovers the system state in a short time avoiding high overshoots and undershoots in the speed output of the system. Moreover, a non-linear differentiator was employed on the reference value resulting in a smooth speed output of the system, especially for the step reference values. Figure ‎416 shows the block diagram of the implemented non-linear controller for the speed control of the motor. In the rest of this chapter, the control method will be described in detail. Firstly, the transient profile generator will be discussed. Then, the extended state observer will be investigated to estimate the states, as well as the disturbances. And finally, the nonlinear system error feedback controller will be determined to generate the control law.





[bookmark: _Ref85613987][bookmark: _Toc88551303]Figure ‎416: The block diagram of the ADRC of speed.

One of the main drawbacks of the PI controller as a speed controller is the lack of a nonlinear control on the reference value, meaning that the error signal is directly generated by comparing the reference and the instantaneous speed value. This issue causes a severe problem in the output speed of the motor. Especially, a step reference can servery cause sudden changes in the output with a dramatically high overshoot. Apart from the sudden changes in the reference speed, PI has no control over the noise of the system. To smoothen the output speed of the motor with change in the reference speed and filter the noise in the system, a nonlinear algorithm was employed as follows 

	,	‎4.48

	‎,	4.49

where  is the reference speed.  is the output of the nonlinear differentiator on the reference speed and  is the derivative of .  is the step size of the speed controller.  is the growing rate coefficient of reference speed which directly defines the speed of convergence of the  to the .  are the filtering factor in reducing the noise in the system.  is a nonlinear function of the error between the reference speed and the output of the nonlinear differentiator as well as the differentiator of the output, the nonlinear differentiator, and the constant parameters. This function is given as

	‎,	4.50

where, , and



	‎,	4.51

and

	‎,	4.52

	.

The robustness increment was the main motivation for the implementation of this control algorithm. Thanks to the extended state observer, the implemented nonlinear algorithm was capable of estimating the disturbances in the system. This empowered the control algorithm to remain the performance of the control despite the uncertainties and disturbances. To introduce the extended state observer, firstly, the motor's mechanical equations will be presented. Then, the observer will be defined to extend the states in one order. 

Based on the mechanical equation of the SynRM, the torque-speed relation can be written as

[bookmark: _Ref87965938]	‎,	4.53

[bookmark: _Ref87965940]	‎.	4.54

Considering the torque equation in the motor, by combining the equations of 4.54 with equation 4.9, the derivative of the mechanical speed can be obtained as follows

	‎.	4.55

where  is the load on the motor, and  denotes the rotor’s moment of inertia. 

The disturbances and the motor parameter constants can be defined as follows

	‎,	4.56

	,	4.57

where  can be considered as the disturbance in the system with direct relation to the imposed load by the coupled motor.  is the constant that directly relates to the motor’s parameter, which can vary under certain circumstances. Hence, the speed equation can be written as follows

	.	4.58

To compensate for the load disturbances or the uncertainties in the parameters of the system, an observer can be defined as 



	,	4.59

where  are the system state estimation and the extended state  is the disturbance estimation.  is the motor speed which is considered as system output.  represents the error between the systems state estimation and the output of the system. The constant parameters of , , , and  are adjustable and can be tuned to optimize the performance of the control. In this system, the nonlinear function NEF is represented by

	.	4.60

The nature of nonlinearity of the implemented ADRC provides the opportunity for the proper control on the control states, as well as the reference input and the disturbances. Hereafter, a nonlinear function will be defined to produce the control law to the systems. In other words, exploiting the output of the nonlinear differentiator for the transient profile generator and the output of the extended state observer, a nonlinear system error feedback is employed to give control to the system. The control function is represented by

	,	4.61

where  is the generated control law for the systems and , , , and  are adjustable constant values in the system that are tuned to have the optimal solution for the control. It is to be noted that the  function governs the control similar to the nonlinear function in the extended system observer. The constant of  is in the range between 0 to 1 and  defines the dynamic performance of the system. Since the output control law In this controller is the current in the q-axis, increasing  leads to faster convergence of the speed to the reference speed by increasing the q-axis current. 
It should be noted that the MTPA algorithm was employed in this system resulting in a higher d-axis current application in case of disturbances in the system. It is worth mentioning that too large  can lead to high overshoot and divergence of the control function. 

In this study, the constant parameters were adjusted intuitively by hit and trial.  could be defined in the range between 0 to 1, where the smaller value for this parameter would lead to the higher capability of the disturbance estimation.  defines the width of the linearity area.  and  directly relates to the dynamic of the method where  defines the dynamic performance of the system state estimation and  defines the dynamic performance of the disturbances. However, opting for too large values can lead to the divergence of the estimated values and the states. These parameters can be further optimized by using optimization methods such as particle swarm optimization or the Taguchi method. 

The proposed algorithm was initially simulated and applied to the model of the motor in simulation. Then, the real-time implementation of the algorithm was carried out in the experimental setup. Figure ‎417 shows the results of the implemented non-linear algorithm on SynRM. A ramp function was applied as a reference speed to observe the behavior of the motor with the implemented algorithm. The results show that the motor current increased concurrently to impose a positive torque on the shaft resulting in the rotation of the motor in the positive direction. This resulted from the d,q-axes voltage application by the inverter to the motor. The speed profile shows that the motor speeded up to the reference speed where the constant speed was commanded to the motor. Then in the steady-state, the motor followed the reference speed and the currents and voltages in both axes fairly remained constant with negligible ripples. It can be seen that the phase current was nearly sinusoidal, indicating a proper control on the current and high performance of the control. 

[image: ]

[bookmark: _Ref87966213][bookmark: _Toc88551304]Figure ‎417: The experimental results of ADRC of SynRM.

The nonlinear algorithm was mainly proposed to increase the robustness of the control against the load disturbances. To evaluate the performance of the motor in the loading condition, a set of tests were designed to compare the method with the classical PI controller. In this sense, a step load was injected into the motor in the same condition for both of the methods, and the speed output of the motor was profiled in the tests. Figure ‎418 shows the experimental results of the loading for both the PI and ADRC methods with constant speed reference. The figure shows that the ADRC algorithm showed far more robustness against the load disturbance in comparison with the PI controller. To be more detailed, by applying a step load to the motor in both algorithms, the motor speed in the PI algorithm dropped to 48.5 rad/s from 52.3 rad/s, where the speed roughly dropped to 51.9 rad/s in the ADRC algorithm. This can be interpreted as a 7 % speed drop in the speed in the PI algorithm compared to only a 0.8 % drop in the speed response of the motor. Apart from the undershoot in the speed output, the recovery time was by far less in the ADRC algorithm compared to the PI algorithm. In the ADRC algorithm, the speed reached the steady-state in 0.6 s where the recovery time for the PI algorithm was roughly 2.5 s meaning that in this particular test, its recovery period was more than four times bigger for PI in comparison to the ADRC algorithm. 

[image: ]

[bookmark: _Ref87967551][bookmark: _Toc88551305]Figure ‎418: Loading test of PI controller and the ADRC method in the experimental setup.

A similar test was designed to assess the robustness of the implemented algorithm against the disturbance load. To do so, the motor was under load, and at a certain time, the load was removed from the motor leading to a sudden increment in the motor speed output. Figure ‎419 shows the results of the unloading test under the same conditions for PI and ADRC control. It can be seen that the speed in the motor with PI controller raised from 52.3  rad/s to 56.7  rad/s, meaning 8 % of the reference speed. However, the motor raised only to 54.2  rad/s, meaning 3 % of the reference speed. 

[image: ]

[bookmark: _Ref87968348][bookmark: _Toc88551306]Figure ‎419: Unloading test of PI controller and the ADRC method in the experimental setup.

It can be concluded that the proposed algorithm showed a desirable performance in control. More specifically, the algorithm showed by far more robust against the load disturbances resulting in higher performance of the motor in comparison with the PI controller. 

[bookmark: _Toc95827563]Torque ripple suppression in the direct torque control of synchronous reluctance machine

As discussed, SynRM severely suffers from high torque ripples. Similarly, the DTC-based drive systems face a severe challenge when the high torque ripples are concerned. Having said that, the DTC-based SynRM drive systems require a deep study to suppress the torque ripples in the shaft. A detailed study was carried out in the second section on the torque ripple reduction techniques. This section proposes a method to reduce the torque ripples in the DTC of SynRM using the FOC concept and duty ratio regulation concept. 

[bookmark: _Toc95827564]Direct torque control of synchronous reluctance machine

As its name suggests, DTC directly controls the flux and torque generating voltage vectors by switching table. Figure ‎420 shows the block diagram of the DTC of SynRM. In this method, simple hysteresis controllers provide the flux and torque error sign for the switching table. Along with the error signs, the estimated flux sector information is also utilized in this lookup table to simply generate the voltage vectors with no need for modulations. Figure ‎421 shows the voltage vector of the switching table using a 
three-phase inverter. It can be seen that the lookup table generates six active voltages and three null voltages. Table ‎41 presents the switching table in the DTC of SynRM. 
The switching table generates the voltages considering the flux position sector and 
two-level flux error sign and three-level torque error sign. 

On the other hand, the hysteresis controller and switching table-based control lead to high torque ripples in the motor shaft. Moreover, the lack of control on the current deteriorates the performance of the control, especially in SynRM, due to the presence of the severe slotting harmonics. 





[bookmark: _Ref88036254][bookmark: _Toc88551307]Figure ‎420: DTC of SynRM.

[image: ]

[bookmark: _Ref88036818][bookmark: _Toc88551308]Figure ‎421: The voltage vectors- active voltages (V_(1…6)) and the zero voltages (V_7 (000), V_8 (111)).

[bookmark: _Ref88036934][bookmark: _Toc88551281]Table ‎41: The switching table of conventional DTC.

		  

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		





[bookmark: _Toc95827565]The proposed method

As discussed earlier, in the literature, the research works focus on the modification or replacement of the switching table with different modulation techniques for torque ripples reduction. Another popular approach is to replace hysteresis controllers with other controllers in DTC to amend the shortcoming of high torque ripples. 

This study aims to reduce the torque ripples in the DTC of the SynRM by changing the input voltages rather than modification or replacement of the controllers or the switching table. For this purpose, the FOC concept was borrowed to transform the flux and torque of the motor to their d- and q-axes in the synchronous reference frame. 
By this, more precise inputs were utilized in the switching table to generate the voltage vector for the control purpose. The correspondent currents for torque and flux are described as

	‎	4.62

Moreover, a duty ratio regulator technique was employed to suppress the torque ripples further in the shaft. Figure ‎422 shows the block diagram of the proposed method that reduces the torque ripples in the motor shaft, and it can be seen the method preserves the structure of the method by changing the inputs of the hysteresis controllers. 









[bookmark: _Ref88038249][bookmark: _Toc88551309]Figure ‎422: A proposed method for SynRM control.

Table ‎42 presents the switching table for the proposed method. It can be seen that the switching table preservers the conventional structure by changing only the inputs of the lookup table. 



[bookmark: _Ref88038753][bookmark: _Toc88551282]Table ‎42: Switching table of the proposed method for DTC of SynRM.

		  

		

		

		

		

		

		



		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		







Figure ‎423 shows the duty ratio regulation algorithm to decrease the torque ripple further in control. By this method, the generated torque is estimated in the next sampling period. Having the ultimate torque value in mind, the optimized chosen active voltage in the next period is applied in a certain period, and a null vector was applied to settle down the final torque in the desired torque (or iq correspondent in this method). By this algorithm, the torque will pass the hysteresis band, and the torque ripples reduce in the shaft. It should be noted that this method increases the switching frequency up to 1.5 times due to the application of two voltage vectors in each sampling time. Hence, 
a proper null vector should be chosen to avoid more switches to change the status in the switching between the active voltage vector and null vector. 

[image: ]

[bookmark: _Ref88039702][bookmark: _Toc88551310]Figure ‎423: The demonstration of the duty ratio regulation of the q-axis current. 

Figure ‎424 presents the torque output results of the DTC and the proposed method for no-load and loading conditions. It can be seen that the proposed method shows a similar dynamic with far less torque ripples, especially in the loading condition. 

[image: ]

[bookmark: _Ref88040339][bookmark: _Toc88551311]Figure ‎424: The torque response of the SynRM for DTC and the proposed method for applied load.

[bookmark: _Toc95827566]Section summary

This section studied and simulated the model of SynRM. The parameters of the motor were identified using lab equipment with two tests. A method was proposed using the microprocessor to identify the parameters of not only the motor but also the cables and the inverter. The FOC of the motor was simulated in the Plecs platform. The control was carried out in real-time. The experimental and simulation results were in good agreement, assuring that the simulation could be utilized for the initial implementation of the proposed algorithms. An MTPA algorithm was implemented in practice to improve the efficiency of the motor. A nonlinear algorithm was proposed to improve the robustness of the control. A control method was proposed to suppress the torque ripples in the DTC of SynRM. The results proved the performance of the proposed methods and validated the simulated algorithms. 

[bookmark: _Toc95827567]Conclusion

This study surveyed the SynRMs developments along with the drive systems. The study investigated the potential development fields for SynRM drives by scrutinizing the strength points of these systems and highlighting the challenges that they encounter. The study focused on the control field in motor-drive systems. To do so, different control algorithms were studied with regard to their structure, the drawbacks, and the benefits that they offer to the different industries. A novel classification method was proposed to summarise the control algorithms regarding their derivation source and the features they obtain. In this classification, modern control theories which were applied in motor control systems were studied and classified based on their highlighted specifications. 
As a field study in the experimental setup to found a base for the thesis, three motors of IM, SynRM, and PMSynRM were mounted in a rig and driven by an industrial frequency converter, and loaded by an industrial IM-drive. A comprehensive study was carried out on the efficiency maps of the motors to prove the superiority of the SynRMs to the IM technology. In this study, the SynRM presented 1.39 % higher maximum efficiency than IM, which can be desirable for fixed-speed applications. This was extended to the whole speed-torque region where the SynRM had not only higher efficiency but also a wider high-efficiency region which is attractive for variable speed applications. The PMSynRM showed 3.63 % higher maximum efficiency than IM and, similar to SynRM, a very wide range of high efficiency in various speed-torque operations. It can be concluded from the study that the motors define the efficiency of the whole motor-drive systems, while the figures for VSD resemble the motors’ figures. Hence, the PMSynRM and SynRM drive systems had higher efficiency than the IM drive system. 

In this study, firstly, the d-q model of the SynRM was simulated as a faster and safer tool for control algorithms implementation. Then, the parameters of the motor were initially measured in isolated test using a power supply and measuring devices in 
DC-decay test. Then, the FOC and the DTC algorithms were simulated on the simulated model as a base for the control. To verify the simulation results and the performance of the simulated algorithms, a test-bench was designed based on Plecs RT box1 to implement the algorithms in simulation. In this setup, an incremental encoder was used for the position and speed information from the motor, and a board based on the Hall effect sensor was designed to measure the phase current from the system. Then, 
the FOC algorithm was implemented in real-time in the experimental setup. 
The experimental results matched the simulation results with acceptable precession, which proved the performance of the implemented control algorithms. Therefore, 
the simulated model was employed for control algorithms prototyping. As a first step to improve the control algorithms, a closed-loop algorithm based on the microprocessor was designed at a standstill to identify the system parameters. This algorithm identified not only the motor but also the inverter and the wires in the loop in different conditions, especially in high currents. The algorithm measured the system parameters in a wide current range and considered the nonlinearity of the switches in the loop. By applying the values of the updated parameters in the control parameters, a more precise control was achieved in the experimental setup. The next study to improve the performance of the FOC algorithm was to implement a MTPA algorithm to apply a dynamic direct axis current that tunes the current demand based on the output speed and torque of the motor. In this algorithm, the MTPA of the motor was achieved by proposing an analytical algorithm. The algorithm was implemented in the simulation as well as the experimental setup. To profile the performance of the algorithm, a test was designed to monitor the behavior of the motor under both classical and the proposed algorithm. By applying the MTPA algorithm, the current dropped by roughly 50 % in the motor phase. In another attempt to improve the performance of the system, a nonlinear algorithm was proposed, designed, simulated, and implemented in real-time to increase the robustness of the control algorithm against the parameters variations and the load disturbances. A step load was injected into the system under both the FOC algorithm and the ADRC to compare the behavior of the algorithms in the identical test condition. The robustness of the nonlinear control algorithm against load disturbances was increased by 6.2 % compared to the classical FOC. Additionally, by applying the proposed method, the recovery time for the speed control loop to settle down on the reference speed was shortened by four times which proved the effectiveness of the implemented algorithm. In another study, a novel approach was proposed to decrease the torque ripples in the DTC-driven motor. In this approach, the direct and quadrature components of the motor current in the synchronous reference frame were employed to replace the torque and flux components in the algorithm. This resulted in more precise inputs of the switching table, which could decrease the torque ripples in the motor shaft. Additionally, a duty ratio regulation method was devised to modify the switching table where it applied an active voltage for a portion of a sampling period, and for the rest of the sampling period, a null voltage vector was applied to the motor. The results proved the performance of the proposed methods where the torque with the proposed algorithm was far less than the classical DTC, especially where the loaded condition of the motor was concerned. 

[bookmark: _Toc95827568]Future studies

To benefit the highest performance of the SynRMs, it is crucial to analyze the electromagnetic behavior of the motor in different conditions. For this purpose, the FEA model of the motor offers a substantial tool that provides a comprehensive understanding of the electromagnetic behavior of the motor. In this study work, the FEA model of the motor was designed in Magnet Simcenter (by Siemens) software to estimate the inductances of the motor for the sake of initial control. It is projected in the study as a future plan to design a lookup table based on the outputs of the FEA model. This lookup table will provide information about inductances based on the current in the motor as well as the flux in the motor and the voltages with respect to the motor position and speed, and torque. Initially, the control of the FEA model (lookup table) will be carried out and compared with the analytical model and the experimental results. 
This model is projected to behave more similarly than the analytical model to the experimental setup since it considers the material saturations and crosses saturations in the motor, as well. Therefore, the FEA model will be utilized in future works for simulation instead of the d-q model. Moreover, a lookup will be designed based on the relationship between currents and the inductances in the motor from the FEA model. This lookup table will monitor the currents and regulate the control parameters in the real-time control based on the relationship between current and inductances. Due to the high precision of the FEA model, it is predicted to increase the performance of the control with the updated control parameters. 



In this study, a motor drive system as an isolated intelligent system was designed based on the Plecs RT box 1 real-time target machine. The next step for a more sophisticated design of the system is to implement a supervisor for the system based on the AI algorithms. For this, initially, Speedgoat real-time performance target machine was used to register the data from the parameters such as input voltages and current as well as the output speed and torque of the motor. Then, various empirical models of the SynRMs were designed based on the experimental results from the setup utilizing various AI algorithms and with a different number of samples as well as a different number of layers. It is projected to compare different models of the system and opt for the optimal model for the sake of implementation of the digital twin of the system. After selecting the optimal model, a digital twin of the system will be designed. The digital twin can be used for the predictive maintenance of the system, which not only reduces the risk of any type of damages in the system but also prolongs the lifetime of the system and reduces the cost for the maintenance. Apart from the predictive maintenance purpose, the digital twin can be utilized to improve the performance of the control by providing information about the most efficient control scenarios. Figure ‎61 shows the block diagram of the motor drive systems along with the digital twin. 
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*The scale of the devices is different



[bookmark: _Ref91672331]Figure ‎61:The block diagram of the motor drive system and the digital twin.
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This PhD thesis studied the MTPA operation of the SynRM to improve the efficiency of the motor. It is projected as future work to investigate the effect of the MTPA algorithm on the losses in the motor, including copper losses and core losses. Then, 
the efficiency map of the motor with the proposed algorithms will be studied. Finally, 
an in-depth study of the efficiency of the motor at different speeds and current situations will be carried out to obtain the optimum operation of the motor.

Another topic regarding the MTPA operation of the motor is the selection of the optimum torque angle of the motor. In this study, the optimal angle was chosen by analytical calculation with neglecting the cross-saturation effect. In practice, this assumption results in deviated optimal angles, particularly in high currents. Due to the cross saturation, the MTPA point differs from the analytical estimation. Hence, as a future study, the MTPA operation point will be achieved from the FEM model of the motor. The results will be used to design a lookup table. The lookup table will be employed to govern the optimum angle of the d and a-axes currents angle. 

For the more realistic calculation of the MTPA working point, a test will be designed to measure the MTPA points of the motor in the experimental setup. To do so, the motor will be coupled to a torque transducer, and the shaft of the torque transducer will be locked from the other side. Then, current will be injected into the motor with different amplitude and different angles. By monitoring the output torque of the motor from the torque transducer, the optimal current angle in different current amplitudes will be obtained with very high precision. Then, a lookup table will be designed based on the results. The lookup table will be utilized in the control algorithm to implement the MTPA based on the numerical experimental results of the current magnitude and angle with respect to the torque. 

In this study, a duty ratio algorithm was applied to reduce the torque ripple in the motor shaft. By the application of two voltage vectors instead of one voltage vector to the motor, the switching frequency will be increased. However, the increment in the switching will be approximately 1.5 times higher than the classical switching table-based DTC. This is due to the same status of some of the switches for active voltages and the null voltage. This topic requires a deep study on the effect of the proposed algorithm on power electronic devices. Hence, the switching losses will be analytically calculated based on the measured gate drivers signals to investigate the effect of higher switching frequency on the switches. On the other hand, a higher switching frequency might result in less ripple current on the DC-link, which can positively affect the lifetime of the capacitors. This topic will be studied in practice. 

The proposed algorithms can bring complexity and, as a result, higher execution time for the microprocessor, which might not be applicable for some applications. The execution time of the proposed algorithms will be studied in an experimental setup to compare with the conventional method in terms of the computation burden. 

In this PhD thesis, the loading tests on the motor for different algorithms were conducted by coupling an industrial IM driven by an industrial VSD. Using this loading setup, the load was injected into the motor in the opposite direction. The applied load was assumed to be a step load since the applied torque reference in the VSD was chosen to be a step torque reference. In practice, there is no ideal VSD that can generate step torque by application of the step torque command. Moreover, the applied load was coupled to the motor, and the reaction between two motors requires a deep study to analyze the behavior of the motor under the load. To do so, it is crucial to study the behavior of the loading motor independently and along with the motor. In the future, the outputs of the loading motor will be measured, and the behavior of the loading motor will be investigated to scrutinize the interaction of the two motors to specify the effect of the coupled motor on the system. Moreover, the replication of different scenarios in real applications will be studied. Finally, the performance of the motor will be studied regarding the behavior of the applied torque in transient status as well as the steady-state. 

In this study, the control parameters were defined by analytical calculation. 
As discussed, the analytical calculations were carried out by some assumptions such as neglecting the cross saturation, which can result in a not optimal selection of the control parameters such as PI regulator coefficients of the ADRC method constants. It is projected in future works to implement an approach to optimize the control parameters with the objectives of better steady-state performance such as low torque ripples. The control parameters will be optimized in both classic PI controllers and the ADRC method. Firstly, the Taguchi method will be utilized as an optimization algorithm. Then, the other AI methods will be applied, such as a neural network. The results will be compared regarding the better performance of the motor and the complexity of the method. The best approach will be defined and chosen for control parameter optimization. 

As discussed in the first chapter, SynRM sacrifices the high torque output and efficiency and the power factor of PMSM to avoid rare-earth magnets in the rotor. 
On the other hand, PMSynRM utilizes ferrite magnets which can be manufactured in the mass production range, and it is environmental-friendly. Therefore, PMSynRM can be a suitable candidate for traction application as an alternative for PMSMs. Since the manufactured PMSynRM in the lab owns the identical stator and the rotor lamination with the studied SynRM, it is convenient to extend the studied approaches on the PMSynRM. The simulations were carried out, and the classical FOC of the PMSynRM was implemented in experiments. As an extensive study in the future, the proposed algorithms for SynRM will be implemented in simulation and experiments on the PMSynRM.
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Development of control methods for synchronous reluctance motors

This Ph.D. dissertation presents motor technologies and motor control methods. The study focused on the improvement of the control methods for synchronous reluctance motor (SynRM).

The motor technologies were scrutinized and the superiorities and the drawbacks of the SynRMs were recognized. Different motor control methods were studied and compared concerning the structure. A holistic approach was employed to classify the motor control strategies which included the different control theories considering the features of each control strategy. 

A test bench was designed based on industrial frequency converters to study the designed SynRMs in experiments along with an industrial induction motor. The efficiency maps of the motors were studied in a comparative approach.

The SynRM was modeled in the Plecs platform and the field-oriented control (FOC) and the direct torque control (DTC) were implemented in the simulation. A test bench was designed to implement the algorithms in real-time. Using the designed motor 
drive system, the parameters of the motor and the inverter, and the cables were measured with high precision. The FOC of SynRM was implemented in real-time and the experimental results matched the simulation results. An algorithm was implemented 
to apply the maximum torque per ampere (MTPA) in the control to improve the 
efficiency of the motor in base speed range operation. The results showed far less 
current injection to the motor for the same loading condition. For higher speeds, 
a current angle was defined to be governed to meet the voltage limits of the motor. 
A nonlinear algorithm was proposed to improve the robustness of the control using 
the adaptive disturbance rejection control (ADRC) concept. The results showed far 
higher robustness of the proposed algorithm against the load disturbances compared to the conventional proportional-integral (PI) controller. An algorithm was proposed to suppress the torque ripples in the DTC of SynRM by employing torque and flux correspondent in the synchronous reference frame to the switching table. The results showed a significant decrease in the torque ripples.



[bookmark: _Toc95827572]Lühikokkuvõte

Sünkroonreluktantsmootorite juhtimismeetodite edasiarendus 

Käesolev doktoritöö käsitleb mootorite tehnoloogiat ja nende juhtimismeetodeid. Uurimus on keskendunud sünkroonreluktantsmootorite juhtimismeetodite edasiarendusele.

Mootorite tehnoloogiat uuriti süvendatult ning sünkroonreluktantsmootorite eelised ja puudused tuvastati. Uuriti erinevaid mootorite juhtimismeetodeid ja neid võrreldi omavahel, keskendudes nende struktuurile. Mootorite juhtimisstrateegiad uuriti terviklikult, mille hulgas vaadeldi erinevaid juhtimisteooriaid, arvestades nende spetsiifilisi omadusi.

Rajati tööstuslikel sagedusmuunduritel põhinev katsepink, et katsetada projekteeritud sünkroonreluktantsmootoreid koos tööstusliku asünkroonmootoriga. Koostati ja omavahel võrreldi ka mõlema mootori efektiivsuskaarte.

Sünkroonreluktantsmootor mudeldati kasutades Plecs tarkvara, mille simulatsioonides kasutati vektorjuhtimist (ingl.k. field-oriented control, ehk FOC) ja momendi otsejuhtimist (ingl.k. direct torque control, ehk DTC). Algoritme katsetati katsepingil reaalajas. Projekteeritud mootor-ajami süsteemis mõõdeti suure täpsusega mootori, muunduri ja kaablite parameetreid. Sünkroonreluktantsmootori vektorjuhtimist katsetati reaalajas ning katsetulemused kattusid modelleerimistulemustega. Loodi algoritm, et rakendada juhtimisstrateegias elektrivoolu kohta maksimaalset momenti, tõstes seeläbi mootori efektiivsust nimikiiruse talitluses. Tulemused näitasid, et sama koormuse korral võimaldas antud strateegia oluliselt madalamat voolusisestust. Kõrgematel kiirustel talitlemiseks defineeriti voolujuhtimisnurk, mida juhtides on võimalik jõuda mootori pinge piirideni. Pakuti välja mittelineaarne algoritm, mille abil on võimalik tõsta juhtimise stabiilsust kasutades kohanduvat häiringu tõkestamise juhtimise (ingl.k. adaptive disturbance rejection control, ehk ADRC) kontseptsiooni. Tulemused näitasid välja pakutud algoritmi puhul oluliselt suuremat stabiilsust koormuse häiringute suhtes võrreldes tavapärase PI kontrolleri kasutamisega. Lisaks pakuti välja algoritm, mille abil saab vähendada momendi värelust sünkroonreluktantsmootori momendi otsejuhtimise korral (DTC), kasutades momenti ja voogu, mis vastab lülitustabeli sünkroonsele taustsüsteemile. Tulemused näitasid olulist momendi väreluse langust.







78

[bookmark: _Toc460831058][bookmark: _Toc95827573]Appendix 



































Paper I

Heidari, H., Rassõlkin, A., Kallaste, A., Vaimann, T., Andriushchenko, E., Belahcen, A., and Lukichev, D. V. (2021). A review of synchronous reluctance motor-drive advancements. MDPI Sustainability (Switzerland), 13(2). https://doi.org/10.3390/su13020729




79







































Paper II

Heidari, H., Rassõlkin, A., Kallaste, A., Vaimann, T., and Belahcen, A. (2019). Harmonics Distortion in Inverter-Fed Motor-Drive Systems: Case Study. 2019 Electric Power Quality and Supply Reliability Conference (PQ) & 2019 Symposium on Electrical Engineering and Mechatronics (SEEM), 1–4. https://doi.org/10.1109/PQ.2019.8818230





119



	































Paper III

Heidari, H., Andriushchenko, E., Rassõlkin, A., and Demidova, G. L. (2020). Comparison of Synchronous Reluctance Machine and Permanent Magnet-Assisted Synchronous Reluctance Machine Performance Characteristics, 2020 27th International Workshop on Electric Drives: MPEI Department of Electric Drives 90th Anniversary (IWED), 2020, 
pp. 1–5, doi: 10.1109/IWED48848.2020.9069583





125



































Paper IV

Heidari, H., Rassõlkin, A., Kallaste, A., Vaimann, T., Andriushchenko, E., A Comparison of the Vector Control of Synchronous Reluctance Motor and Permanent Magnet-Assisted Synchronous Reluctance Motor, 2021 XVIII International Scientific Technical 
Conference Alternating Current Electric Drives (ACED), 2021, pp. 1–6, doi: 10.1109/ACED50605.2021.9462265





133





	

































Paper V

Heidari, H., Rassõlkin, A., Kallaste, A., Vaimann, T., Andriushchenko, E., Belahcen, A. Design of a Research Laboratory Drive System for a Synchronous Reluctance Motor for Vector Control and Performance Analysis, Inventions 2021, 6(4), 64; https://doi.org/10.3390/inventions6040064





141







































Paper VI 

Heidari H, Rassõlkin A, Holakooie MH, Vaimann T, Kallaste A, Belahcen A, Lukichev DV. 
A Parallel Estimation System of Stator Resistance and Rotor Speed for Active Disturbance Rejection Control of Six-Phase Induction Motor. Energies. 2020; 13(5):1121. https://doi.org/10.3390/en13051121





165





	





























Paper VII

Heidari, H., Rassõlkin, A., Kallaste, A., Vaimann, T., & Andriushchenko, E. Vector Control of Synchronous Reluctance Motor with Reduced Torque Ripples, 2020 XI International Conference on Electrical Power Drive Systems (ICEPDS), 2020, pp. 1–5, doi: 10.1109/ICEPDS47235.2020.9249309





185



































Paper VIII

Heidari H, Rassõlkin A, Vaimann T, Kallaste A, Taheri A, Holakooie MH, Belahcen A. 
A Novel Vector Control Strategy for a Six-Phase Induction Motor with Low Torque Ripples and Harmonic Currents. Energies. 2019; 12(6):1102. https://doi.org/10.3390/en12061102





193

[bookmark: _Toc460831061][bookmark: _Toc95827574]Curriculum vitae

Personal data

Name: 			Hamidreza Heidari

Date of birth: 		5.04.1989

Place of birth: 	Islamic Republic of Iran

Citizenship:		Iranian



Contact data

E-mail: 			hamidrezaheidari1989@gmail.com



Education

2018–2022 		PhD, Tallinn University of Technology (Electrical Power Engineering and Mechatronics)

2015–2017 		MSC, Zanjani ülikool (Electrical and Computer Engineering)

2013–2015 		BSC, Zanjani ülikool (Digital Electronics)



Language competence

Persian			Native

English 			Fluent

Estonian			Beginner



Field of research (CERCS - classifier)

T190 Electrical Engineering

T170 Electronics

T455 Motors and propulsion systems



Grants and projects

PUT1260 	“Lifecycle Influenced Optimization Methodology for Electrical Motor-Drives” (1.01.2016−31.12.2019); Principal Investigator: Anouar Belahcen; Tallinn University of Technology

PSG453 	“Digital twin for propulsion drive of autonomous electric vehicle” (1.01.2020−31.12.2023); Principal Investigator: Anton Rassõlkin; Tallinn University of Technology

[bookmark: _Toc460831062][bookmark: _Toc95827575]Elulookirjeldus

Isikuandmed

Nimi: 				Hamidreza Heidari

Sünniaeg: 			5.04.1989

Sünnikoht: 		Iraani Islamivabariik

Kodakondsus: 	iraanlane 



Kontaktandmed

E-post: 			hamidrezaheidari1989@gmail.com



Hariduskäik

2018–2022 		PhD, Tallinna Tehnikaülikool (Elektroenergeetika ja mehhatroonika)

2015–2017 		MSC, Zanjani ülikool (Elektro- ja arvutitehnika)

2013–2015 		BSC, Zanjani ülikool (Digitaalne elektroonika)



Keelteoskus

Pärsia keel 		emakeel

Inglise keel		kõrgtase

Eesti keel			algtase



Teadustöö põhisuunad

T190 Elektrotehnika

T170 Elektroonika

T455 Mootorid ja ajamid



Jooksvad projektid

PUT1260 “Elutsüklit arvestav elektrimootorajamite optimeerimismetodoloogia” (1.01.2016−31.12.2019); Vastutav täitja: Anouar Belahcen; Tallinna Tehnikaülikool

PSG453	“Isejuhtiva elektrisõiduki veoajami digitaalne kaksik” (1.01.2020−31.12.2023); Vastutav täitja: Anton Rassõlkin; Tallinna Tehnikaülikool

210

image1.png

SSSSS






image2.jpeg

* %

* *
* *
* *
* 5k
f —
European Union Investing
European Regional in your future

Development Fund






image3.png







image4.png







image5.png







image6.png







image7.png







image8.jpeg

Control
Methods

_ Constant switching frequency







image9.jpeg







image10.emf

LdLqFerrite magnets Flux pathsFlux barriers




Microsoft_Visio_Drawing.vsdx

Ld
Lq
Ferrite magnets
Flux paths
Flux barriers





image11.jpeg

Load-side converter = : . L] or-: 5|de converter
DEWUOI’! measurement system

gTorque and
speed sensor







image12.emf

Efficiency of the IM


50010001500


Speed (rpm)


20


40


60


T


o


r


q


u


e


 


(


N


m


)


20


40


60


80


Efficiency of the VSD of IM


50010001500


Speed (rpm)


20


40


60


T


o


r


q


u


e


 


(


N


m


)


50


60


70


80


90


Efficiency of the IM-drive system


50010001500


Speed (rpm)


20


40


60


T


o


r


q


u


e


 


(


N


m


)


20


40


60


80


Efficiency of the SynRM


50010001500


Speed (rpm)


20


40


60


T


o


r


q


u


e


 


(


N


m


)


20


40


60


80


Efficiency of the VSD of SynRM


50010001500


Speed (rpm)


20


40


60


T


o


r


q


u


e


 


(


N


m


)


50


60


70


80


90


Efficiency of the SynRM-drive system


50010001500


Speed (rpm)


20


40


60


T


o


r


q


u


e


 


(


N


m


)


20


40


60


80


Efficiency of the PMSynRM


50010001500


Speed (rpm)


20


40


60


T


o


r


q


u


e


 


(


N


m


)


20


40


60


80


Efficiency of the VSD of PMSynRM


50010001500


Speed (rpm)


20


40


60


T


o


r


q


u


e


 


(


N


m


)


50


60


70


80


90


Efficiency of the PMSynRM-drive system


50010001500


Speed (rpm)


20


40


60


T


o


r


q


u


e


 


(


N


m


)


20


40


60


80


91.46


90.07


93.7




image13.emf

φPMSynRMφSynRM idqdqVdqPMSynRMSynRMdqVδϕ




Microsoft_Visio_Drawing1.vsdx




φPMSynRM
φSynRM
idq
d
q

VdqPMSynRM

VdqSynRM
δ
ϕ









image14.emf

LqRSIqsVq+ -+-LdRSIdsVd+ -+-φqφdωe*φdωe*φq




Microsoft_Visio_Drawing2.vsdx

Lq

Rs




Iqs
Vq


+ -
+
-
Ld

Rs




Ids
Vd


+ -
+
-

φq

φd
ωe*φd
ωe*φq





image15.emf

LsRsLsRsLsRsRotorABCMeasuring terminals




Microsoft_Visio_Drawing3.vsdx

Ls

Rs


Ls
Rs
Ls
Rs





















Rotor
A
B
C
Measuring terminals





image16.emf

LsRsLsRsLsRsRotorABCMeasuring terminals




Microsoft_Visio_Drawing4.vsdx

Ls

Rs


Ls
Rs
Ls
Rs





















Rotor
A
B
C
Measuring terminals







image17.emf

Lqωcc ωcc SynRMsEncoder3/2InverteriαβVabciabciqidrefid2/3Vαβ mVabc mθeʃθeθMeasurediqref ωcc Rdʃ ωcc RqθmθOffset+_++++Vdq m Ld 




Microsoft_Visio_Drawing5.vsdx

Lq
ωcc
ωcc
SynRMs
Encoder
3/2
Inverter

iαβ
Vabc
iabc

iq

idref
id
2/3

Vαβ m
Vabc m
θe
ʃ
θe
θMeasured
iqref



ωcc
Rd
ʃ

ωcc
Rq

θm
θOffset
+
_
+

+
+

+
Vdq m

Ld






image18.emf

INVERTERSEMICRONSynRMCURRENT LEM TRANSDUCERSENCODERPROCESSOR RT Box 1VOLTAGEPROBSLEVEL SHIFTERA/DA/DcntPWMAdjustable Ac-Dc converter3-phase 400 V, 50 HzAdjustable DC-link+    -5 V15 VPowerSignalHost PCNCTE TORQUE SENSORABB 7.5 kW IMABB ACS880DEWETRON DATA AQUIITION SETUPFLUKE CURRENT CLAMPS




Microsoft_Visio_Drawing6.vsdx


INVERTER
SEMICRON
SynRM


CURRENT LEM
 TRANSDUCERS
ENCODER

PROCESSOR RT Box 1

VOLTAGE
PROBS

LEVEL 
SHIFTER
A/D
A/D
cnt
PWM

Adjustable
 Ac-Dc converter
3-phase 
400 V, 50 Hz
Adjustable DC-link
+    -
5 V
15 V
Power
Signal

Host PC

NCTE TORQUE SENSOR


ABB 7.5 kW IM

ABB ACS880

DEWETRON DATA AQUIITION SETUP

FLUKE CURRENT CLAMPS





image19.jpeg







image20.emf

ωref3/2iαβωr/3iabceωriqrefiqidrefid2/3vαβ vabcSynRMEncoderSpeed controllerid controller iq controller Inverse Clarke transformClarke transformInverterKPKIʃInverse Park transformPark transformθeKPKIʃKPKIʃθe d/dtθm




Microsoft_Visio_Drawing7.vsdx



ωref
3/2


iαβ
ωr
/3
iabc
eωr

iqref
iq


idref
id
2/3

vαβ
vabc
SynRM
Encoder
Speed controller
id controller
iq controller
Inverse Clarke transform
Clarke transform
Inverter
KP
KI
ʃ
Inverse Park transform
Park transform
θe
KP
KI
ʃ
KP
KI
ʃ
θe
d/dt
θm





image21.emf



image22.emf



image23.emf



image24.emf



image25.emf



image26.emf



image27.emf



image28.emf

SynRM- drive systemyExtended state observerControl law generatorTransien profile generatoreuz1rb1/bz2+_u0+_x1




Microsoft_Visio_Drawing8.vsdx

SynRM- drive system
y
Extended state observer
Control law generator
Transien profile generator
e
u
z1
r
b
1/b
z2

+
_
u0

+
_
x1





image29.emf



image30.emf

0.511.522.533.54


Time(s)


10


4


49


50


51


52


53


 


(


r


a


d


/


s


)


Rotor speed


ref


PI


ADRC




image31.emf

00.511.522.533.54


Time(s)


10


4


52


53


54


55


56


 


(


r


a


d


/


s


)


Rotor speed


ref


PI


ADRC




image32.emf

ω* Torque and flux estimationφs ω/3vabc, iabceωTe* ΔTevabcSynRMSpeed controllerTorque hysteresis controllerPIFlux hysteresis controlerInverterΔφsStator flux position calculatorθTeφs φs*Switching table




Microsoft_Visio_Drawing9.vsdx


ω*
Torque and flux estimation

φs
ω
/3
vabc, iabc
eω

Te*

ΔTe
vabc
SynRM
Speed controller
Torque hysteresis controller
PI
Flux hysteresis controler

Inverter


Δφs

Stator flux position calculator
θ
Te

φs
φs*
Switching table





image33.emf

ܸͳ(100)ܸʹ(110)ܸ͵(010)ܸͶሺͲͳͳሻܸͷ(001)ܸ͸(101)ߠͳߠʹߠ͵ߠͶߠͷߠ͸߶ݏܸ݀͵ܸ͸ܸʹܸͷݍ




image34.emf

ω* Torque and flux estimationφs ω/3vabc, iabceωTe* Δiqvabc SynRMSpeed regulatorInverterTorque hysteresis controllerKPKIʃFlux hysteresis controlerSwitching tableΔidStator flux position calculatorθTeφs φs KPKIʃKPKIʃFlux regulatorTorque regulator3/2Clarke/ Park trasformeriabceideiqDuty ratio regulatorTd




Microsoft_Visio_Drawing10.vsdx


ω*
Torque and flux estimation

φs
ω
/3
vabc, iabc
eω

Te*

Δiq
vabc
SynRM
Speed regulator
Inverter
Torque hysteresis controller
KP
KI
ʃ
Flux hysteresis controler

Switching table


Δid

Stator flux position calculator
θ
Te

φs
φs
KP
KI
ʃ
KP
KI
ʃ


Flux regulator
Torque regulator
3/2
Clarke/ Park trasformer
iabc
eid
eiq

Duty ratio regulator
Td





image35.emf

ܶ௦Active voltageapplicationZero voltageapplicationVoltage݅௤݀ܶ௦݅௤כ




image36.png

Torque (N.m)

IS

(=]

—DTC
—— Proposed method

0.5

Time(s)

1.5 2






image37.emf

INVERTERSEMICRONSynRMCURRENT LEM TRANSDUCERSENCODERPROCESSOR RT Box 1VOLTAGEPROBSLEVEL SHIFTERA/DA/DcntPWMAdjustable Ac-Dc converter3-phase 400 V, 50 HzAdjustable DC-link+    -5 V15 VPowerSignalHost PCNCTE TORQUE SENSORABB 7.5 kW IMABB ACS880DEWETRON DATA AQUIITION SETUPFLUKE CURRENT CLAMPSSpeedgoat performance real-time target machineMotor-drive systemDigital-twin0101010101




Microsoft_Visio_Drawing11.vsdx


INVERTER
SEMICRON
SynRM


CURRENT LEM
 TRANSDUCERS
ENCODER

PROCESSOR RT Box 1

VOLTAGE
PROBS

LEVEL 
SHIFTER
A/D
A/D
cnt
PWM

Adjustable
 Ac-Dc converter
3-phase 
400 V, 50 Hz
Adjustable DC-link
+    -
5 V
15 V
Power
Signal

Host PC

NCTE TORQUE SENSOR


ABB 7.5 kW IM

ABB ACS880

DEWETRON DATA AQUIITION SETUP

FLUKE CURRENT CLAMPS
Speedgoat performance real-time target machine
Motor-drive system
Digital-twin
0101010101







