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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. 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.  

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 



11 

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 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. 

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]. 

Motor Type Stator and Rotor
Structure Sample Different Types Main Applications Superiorities Drawback(s) 

IM 

• 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 

• 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 

• 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 

• Rotor skewing
• Asymmetric rotor
structure
• Different barrier
structure and PM
material

Traction applications + High performance
without rare-earth PMs 

− Hard manufacturing 
and maintenance
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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]. 

• 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/√f, V/f2, and 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 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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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 



 

24 

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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Figure 2-1: Motor control methods classification [Paper I].
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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.  

 

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

Lq

  
 

  
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 II]. 

SynRM PMSynRM IM 
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Figure 3-3: 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 
𝑃𝑃𝑉𝑉𝑉𝑉𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 3 ∗ 𝑉𝑉 ∗ 𝐼𝐼 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , where, 𝑃𝑃𝑉𝑉𝑉𝑉𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 denotes the input power of the frequency 
converter, 𝑉𝑉, and 𝐼𝐼 indicate the phase voltage and currents, and 𝑐𝑐 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 
(𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖). Having the input and output powers of the converter, efficiency was 
calculated. 

The mechanical output power of the motor (𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) 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 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. 
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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. 
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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 [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.  

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, q)-axes fluxes are as below 

 𝜙𝜙𝑑𝑑 = 𝐿𝐿𝑑𝑑𝑖𝑖𝑑𝑑 + 𝜙𝜙𝑚𝑚 , 𝜙𝜙𝑞𝑞 = 𝐿𝐿𝑞𝑞𝑖𝑖𝑞𝑞, 4.1 

 𝜙𝜙𝑠𝑠 = 𝜙𝜙𝑑𝑑 + 𝜙𝜙𝑞𝑞, 4.2 

where 𝜙𝜙𝑑𝑑,𝑞𝑞 denote the fluxes in d and q-axes, respectively and 𝜙𝜙𝑠𝑠 is the total stator flux. 
𝐿𝐿𝑑𝑑,𝑞𝑞  imply the inductances in d and q-axes, which are different in value due to the 
anisotropic design. 𝑖𝑖𝑑𝑑,𝑞𝑞 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.  
ϕm 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: 

 𝑉𝑉𝑑𝑑 =  𝑅𝑅𝑠𝑠𝑖𝑖𝑑𝑑 + 𝑑𝑑𝜙𝜙𝑑𝑑
𝑑𝑑𝑚𝑚

− 𝜔𝜔𝑒𝑒𝐿𝐿𝑞𝑞𝑖𝑖𝑞𝑞 , 4.3 

 𝑉𝑉𝑞𝑞 =  𝑅𝑅𝑠𝑠𝑖𝑖𝑞𝑞 + 𝑑𝑑𝜙𝜙𝑞𝑞
𝑑𝑑𝑚𝑚

+ 𝜔𝜔𝑒𝑒𝐿𝐿𝑑𝑑𝑖𝑖𝑑𝑑 + 𝜔𝜔𝑒𝑒𝜙𝜙𝑚𝑚 , 4.4 
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where 𝑉𝑉𝑑𝑑,𝑞𝑞 demote the voltages in the d and q-axes, respectively. 𝑅𝑅𝑠𝑠 implies to the stator 
resistance and 𝜔𝜔𝑒𝑒 is the electrical speed of the motors in rad/s where 𝜔𝜔𝑒𝑒 = 𝑝𝑝

2
 𝜔𝜔𝑚𝑚  and 

𝜔𝜔𝑚𝑚 is the mechanical speed and 𝑝𝑝 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 
 
 𝜁𝜁 = 𝐿𝐿𝑑𝑑

𝐿𝐿𝑞𝑞
 , 4.5 

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

 𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑) = 𝑐𝑐𝑖𝑖𝑠𝑠(𝛿𝛿),𝜑𝜑 = 90 − 𝛿𝛿,  4.6 

 𝑃𝑃𝑃𝑃 = 𝜁𝜁−1
𝜁𝜁+1

 , 4.7 

where φ 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. δ 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 
 
 𝑇𝑇 = 3

2
𝑝𝑝�𝜙𝜙𝑑𝑑𝑞𝑞�������𝚤𝚤𝑑𝑑𝑞𝑞�����𝑐𝑐𝑖𝑖𝑠𝑠 (𝛿𝛿),  4.8 

 𝑇𝑇 = 3
2
𝑝𝑝�𝐿𝐿𝑑𝑑 − 𝐿𝐿𝑞𝑞�𝑖𝑖𝑑𝑑𝑖𝑖𝑞𝑞 + 𝜙𝜙𝑚𝑚𝑖𝑖𝑞𝑞  . 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 q-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.  
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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 q-axis.  
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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 
 𝑅𝑅𝑠𝑠 = 𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴/2 . 4.10 
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Figure 4-3: 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 

  𝐿𝐿(𝑐𝑐) = �
𝐿𝐿𝑠𝑠 𝐿𝐿𝑚𝑚𝑠𝑠 𝐿𝐿𝑚𝑚𝑠𝑠
𝐿𝐿𝑚𝑚𝑠𝑠 𝐿𝐿𝑠𝑠 𝐿𝐿𝑚𝑚𝑠𝑠
𝐿𝐿𝑚𝑚𝑠𝑠 𝐿𝐿𝑚𝑚𝑠𝑠 𝐿𝐿𝑠𝑠

� +

𝐿𝐿𝑚𝑚 �
𝑐𝑐𝑐𝑐𝑐𝑐 (2𝑃𝑃𝑐𝑐) 𝑐𝑐𝑐𝑐𝑐𝑐 (2𝑃𝑃𝑐𝑐 − 2𝜋𝜋/3) 𝑐𝑐𝑐𝑐𝑐𝑐 (2𝑃𝑃𝑐𝑐 + 2𝜋𝜋/3)

𝑐𝑐𝑐𝑐𝑐𝑐 (2𝑃𝑃𝑐𝑐 − 2𝜋𝜋/3) 𝑐𝑐𝑐𝑐𝑐𝑐 (2𝑃𝑃𝑐𝑐 + 2𝜋𝜋/3) 𝑐𝑐𝑐𝑐𝑐𝑐 (2𝑃𝑃𝑐𝑐)
𝑐𝑐𝑐𝑐𝑐𝑐 (2𝑃𝑃𝑐𝑐 + 2𝜋𝜋/3) 𝑐𝑐𝑐𝑐𝑐𝑐 (2𝑃𝑃𝑐𝑐) 𝑐𝑐𝑐𝑐𝑐𝑐 (2𝑃𝑃𝑐𝑐 − 2𝜋𝜋/3)

�, 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 
 
 𝐿𝐿𝑑𝑑 = 𝐿𝐿𝑠𝑠 − 𝐿𝐿𝑚𝑚𝑠𝑠 + 1.5𝐿𝐿𝑚𝑚  , 4.12 

 𝐿𝐿𝑞𝑞 = 𝐿𝐿𝑠𝑠 − 𝐿𝐿𝑚𝑚𝑠𝑠 − 1.5𝐿𝐿𝑚𝑚 . 4.13 

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

 𝐿𝐿𝐴𝐴𝐴𝐴 = 2𝐿𝐿𝑠𝑠 − 2𝐿𝐿𝑚𝑚𝑠𝑠 − 3𝐿𝐿𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐(2𝑃𝑃𝑐𝑐 − 2𝜋𝜋/3). 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 
 𝐿𝐿𝑑𝑑 = 𝐿𝐿𝐴𝐴𝐴𝐴 𝑚𝑚𝐴𝐴𝑚𝑚/2 , 4.15 
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 𝐿𝐿𝑞𝑞 = 𝐿𝐿𝐴𝐴𝐴𝐴 𝑚𝑚𝑚𝑚𝑚𝑚/2 , 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.  

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 

 𝑖𝑖 = 𝑉𝑉
𝑅𝑅𝑠𝑠

(1 − 𝑒𝑒−
𝑖𝑖
𝜏𝜏 ), 4.17 

where, 𝜏𝜏 = 𝐿𝐿/𝑅𝑅𝑠𝑠 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.  
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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 

 𝑉𝑉𝑑𝑑(𝑐𝑐) = (𝑅𝑅𝑠𝑠 + 𝑐𝑐𝐿𝐿𝑑𝑑)𝑖𝑖𝑑𝑑(𝑐𝑐), 4.18 

 𝑉𝑉𝑞𝑞(𝑐𝑐) = �𝑅𝑅𝑠𝑠 + 𝑐𝑐𝐿𝐿𝑞𝑞�𝑖𝑖𝑞𝑞(𝑐𝑐) . 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 4-5 shows the block diagram of the implemented 
algorithm to measure the motor parameters through the microprocessor.  
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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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 𝑉𝑉𝑑𝑑𝑚𝑚 (𝑐𝑐) = 𝑉𝑉𝑑𝑑(𝑐𝑐) + 𝑅𝑅𝑑𝑑𝑠𝑠𝑖𝑖𝑑𝑑(𝑐𝑐), 4.20 

 
 𝑉𝑉𝑞𝑞𝑚𝑚(𝑐𝑐) = 𝑉𝑉𝑞𝑞(𝑐𝑐) + 𝑅𝑅𝑞𝑞𝑠𝑠𝑖𝑖𝑞𝑞(𝑐𝑐), 4.21 

where the 𝑅𝑅𝑑𝑑𝑠𝑠 and 𝑅𝑅𝑞𝑞𝑠𝑠 are the resulting resistances of the wires and the switches in the 
d, and q-axes, respectively. 𝑉𝑉𝑑𝑑,𝑞𝑞 𝑚𝑚 are the terminal voltages of the motor and the 𝑉𝑉𝑑𝑑,𝑞𝑞 are 
the command voltages in the synchronous reference frame. 𝑖𝑖𝑑𝑑,𝑞𝑞  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 4-6 as follows 

 𝑉𝑉𝑑𝑑𝑚𝑚(𝑐𝑐) = 1
𝑠𝑠
�𝑖𝑖𝑑𝑑𝑚𝑚𝑒𝑒𝑑𝑑(𝑐𝑐) − 𝑖𝑖𝑑𝑑(𝑐𝑐)� ∗ (𝑅𝑅𝑑𝑑𝜔𝜔𝑐𝑐𝑐𝑐 + 𝑐𝑐𝐿𝐿𝑑𝑑𝜔𝜔𝑐𝑐𝑐𝑐) , 4.22 

 𝑉𝑉𝑞𝑞𝑚𝑚(𝑐𝑐) = 1
𝑠𝑠
�𝑖𝑖𝑞𝑞𝑚𝑚𝑒𝑒𝑑𝑑(𝑐𝑐) − 𝑖𝑖𝑞𝑞(𝑐𝑐)� ∗ (𝑅𝑅𝑞𝑞𝜔𝜔𝑐𝑐𝑐𝑐 + 𝑐𝑐𝐿𝐿𝑞𝑞𝜔𝜔𝑐𝑐𝑐𝑐) , 4.23 

where the 𝜔𝜔𝑐𝑐𝑐𝑐  is the bandwidth of the current controller. 𝑅𝑅𝑑𝑑,𝑞𝑞 are the resistance and 𝐿𝐿𝑑𝑑,𝑞𝑞 
of the whole system in the d, and q-axes, respectively. For simplification, the constants 
can be defined as 𝐾𝐾𝑝𝑝𝑑𝑑 = 𝑅𝑅𝑑𝑑𝜔𝜔𝑐𝑐𝑐𝑐, 𝐾𝐾𝑝𝑝𝑞𝑞 = 𝑅𝑅𝑞𝑞𝜔𝜔𝑐𝑐𝑐𝑐, 𝐾𝐾𝑚𝑚𝑑𝑑 =  𝐿𝐿𝑑𝑑𝜔𝜔𝑐𝑐𝑐𝑐, 𝐾𝐾𝑚𝑚𝑞𝑞 =  𝐿𝐿𝑞𝑞𝜔𝜔𝑐𝑐𝑐𝑐 . 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 

 1
𝑠𝑠
�𝑖𝑖𝑑𝑑𝑚𝑚𝑒𝑒𝑑𝑑(𝑐𝑐) − 𝑖𝑖𝑑𝑑(𝑐𝑐)� ∗ �𝐾𝐾𝑚𝑚𝑑𝑑 + 𝑐𝑐𝐾𝐾𝑝𝑝𝑑𝑑� = (𝑅𝑅𝑠𝑠 + 𝑐𝑐𝐿𝐿𝑑𝑑)𝑖𝑖𝑑𝑑(𝑐𝑐) + 𝑅𝑅𝑑𝑑𝑠𝑠𝑖𝑖𝑑𝑑(𝑐𝑐), 4.24 

 1
𝑠𝑠
�𝑖𝑖𝑞𝑞𝑚𝑚𝑒𝑒𝑑𝑑(𝑐𝑐) − 𝑖𝑖𝑞𝑞(𝑐𝑐)� ∗ (𝐾𝐾𝑚𝑚𝑞𝑞 + 𝑐𝑐𝐾𝐾𝑝𝑝𝑞𝑞) = �𝑅𝑅𝑠𝑠 + 𝑐𝑐𝐿𝐿𝑞𝑞�𝑖𝑖𝑞𝑞(𝑐𝑐) + 𝑅𝑅𝑞𝑞𝑠𝑠𝑖𝑖𝑞𝑞(𝑐𝑐), 4.25 

hence,  
 𝑖𝑖𝑑𝑑𝑚𝑚𝑒𝑒𝑑𝑑(𝑐𝑐) − 𝑖𝑖𝑑𝑑(𝑐𝑐) = 𝑅𝑅𝑑𝑑+𝑠𝑠𝐿𝐿𝑑𝑑

𝐾𝐾𝑖𝑖𝑑𝑑+𝑠𝑠𝐾𝐾𝑖𝑖𝑑𝑑
𝑐𝑐 𝑖𝑖𝑑𝑑(𝑐𝑐) , 4.26 

 𝑖𝑖𝑞𝑞𝑚𝑚𝑒𝑒𝑑𝑑(𝑐𝑐) − 𝑖𝑖𝑞𝑞(𝑐𝑐) = 𝑅𝑅𝑞𝑞+𝑠𝑠𝐿𝐿𝑞𝑞
𝐾𝐾𝑖𝑖𝑞𝑞+𝑠𝑠𝐾𝐾𝑖𝑖𝑞𝑞

𝑐𝑐 𝑖𝑖𝑞𝑞(𝑐𝑐) , 4.27 

where 𝑅𝑅𝑑𝑑,𝑞𝑞 and 𝐿𝐿𝑑𝑑,𝑞𝑞 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 𝐾𝐾𝑚𝑚𝑑𝑑 = 0,  
the relation between the reference current in the d-axis and the measured current can 
be rewritten as 
 𝑚𝑚𝑑𝑑(𝑠𝑠)

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑠𝑠)
= 𝐾𝐾𝑖𝑖𝑑𝑑

𝑠𝑠𝐿𝐿𝑑𝑑+𝑅𝑅𝑑𝑑+𝐾𝐾𝑖𝑖𝑑𝑑
. 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  

 𝑖𝑖𝑑𝑑(𝑡𝑡) = 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑚𝑚)𝐾𝐾𝑖𝑖𝑑𝑑
𝑅𝑅𝑑𝑑+𝐾𝐾𝑖𝑖𝑑𝑑

(1 − 𝑒𝑒
𝑅𝑅𝑑𝑑+𝐾𝐾𝑖𝑖𝑑𝑑

𝐿𝐿𝑑𝑑
𝑚𝑚
) . 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  
 𝑖𝑖𝑑𝑑(𝑡𝑡) = 𝐾𝐾𝑖𝑖𝑑𝑑

𝑅𝑅𝑑𝑑+𝐾𝐾𝑖𝑖𝑑𝑑
𝑖𝑖𝑑𝑑𝑚𝑚𝑒𝑒𝑑𝑑(𝑡𝑡) . 4.30 

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

 𝑅𝑅𝑑𝑑 = 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑚𝑚)

𝑚𝑚𝑑𝑑(𝑚𝑚)
𝐾𝐾𝑝𝑝𝑑𝑑 − 𝐾𝐾𝑝𝑝𝑑𝑑. 4.31 

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

 𝑅𝑅𝑞𝑞 = 𝑚𝑚𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑(𝑚𝑚)

𝑚𝑚𝑞𝑞(𝑚𝑚)
𝐾𝐾𝑝𝑝𝑞𝑞 − 𝐾𝐾𝑝𝑝𝑞𝑞 . 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 𝐾𝐾𝑝𝑝𝑑𝑑  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 
 𝑚𝑚𝑑𝑑(𝑠𝑠)

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑠𝑠)
= 𝜔𝜔𝑐𝑐𝑐𝑐(𝑅𝑅𝑑𝑑+𝑠𝑠𝐿𝐿𝑞𝑞)

𝐿𝐿𝑑𝑑𝑠𝑠2+�𝜔𝜔𝑐𝑐𝑐𝑐𝐿𝐿𝑞𝑞+𝑅𝑅𝑑𝑑�𝑠𝑠+𝑅𝑅𝑑𝑑𝜔𝜔𝑐𝑐𝑐𝑐
. 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 𝐾𝐾𝑚𝑚𝑑𝑑 = 𝑅𝑅𝑑𝑑𝜔𝜔𝑐𝑐𝑐𝑐  for integral constant, the transient state 
current equation in the d-axis can be obtained as  

 𝑖𝑖𝑑𝑑(𝑡𝑡) = 𝑖𝑖𝑑𝑑𝑚𝑚𝑒𝑒𝑑𝑑(𝑡𝑡) + 𝑘𝑘1𝑒𝑒−𝛿𝛿𝑚𝑚𝑖𝑖𝑑𝑑𝑚𝑚𝑒𝑒𝑑𝑑(𝑡𝑡) + 𝑘𝑘2𝑒𝑒−𝛾𝛾𝑚𝑚𝑖𝑖𝑑𝑑𝑚𝑚𝑒𝑒𝑑𝑑(𝑡𝑡) , 4.34 

where  
 𝑘𝑘1 = 𝜔𝜔𝑐𝑐𝑐𝑐

𝐿𝐿𝑑𝑑

1
𝛾𝛾−𝛿𝛿

�𝐿𝐿𝑑𝑑 −
𝑅𝑅𝑑𝑑
𝛿𝛿
�,  

 𝑘𝑘2 = 𝜔𝜔𝑐𝑐𝑐𝑐
𝐿𝐿𝑑𝑑

1
𝛾𝛾−𝛿𝛿

�𝑅𝑅𝑑𝑑
𝛾𝛾
− 𝐿𝐿𝑑𝑑�,  

 𝛿𝛿 = (𝜔𝜔𝑐𝑐𝑐𝑐𝐿𝐿𝑑𝑑+𝑅𝑅𝑑𝑑)−�(𝜔𝜔𝑐𝑐𝑐𝑐𝐿𝐿𝑑𝑑+𝑅𝑅𝑑𝑑)2−4𝐿𝐿𝑑𝑑𝜔𝜔𝑐𝑐𝑐𝑐𝑅𝑅𝑑𝑑
2𝐿𝐿𝑑𝑑

, 4.35 

 𝛾𝛾 = (𝜔𝜔𝑐𝑐𝑐𝑐𝐿𝐿𝑑𝑑+𝑅𝑅𝑑𝑑)+�(𝜔𝜔𝑐𝑐𝑐𝑐𝐿𝐿𝑑𝑑+𝑅𝑅𝑑𝑑)2−4𝐿𝐿𝑑𝑑𝜔𝜔𝑐𝑐𝑐𝑐𝑅𝑅𝑑𝑑
2𝐿𝐿𝑑𝑑

 . 

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 4-6: The block diagram of the experimental setup [Paper V].
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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 q-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 
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.  
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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, Ia shows the measured phase a current; ω is the measures 
speed, and the reference speed is presented by ωref; 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; θm 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 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  
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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.  
 

 
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 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.  

 
Figure 4-12: Speed step response of FOC in different speeds in the experimental setup. 
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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 
𝛾𝛾. 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.  
 𝑖𝑖𝑑𝑑 = 𝐼𝐼𝑠𝑠𝑐𝑐𝑖𝑖𝑠𝑠𝛾𝛾 4.36 

 𝑖𝑖𝑞𝑞 = 𝐼𝐼𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾 4.37 

 𝑇𝑇𝑒𝑒 = 3
2
𝑝𝑝�𝐿𝐿𝑑𝑑 − 𝐿𝐿𝑞𝑞�𝐼𝐼𝑠𝑠2𝑐𝑐𝑖𝑖𝑠𝑠𝛾𝛾𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾 4.38 

The derivative of the torque equation is as calculated as follows 

 𝑑𝑑𝑇𝑇𝑑𝑑
𝑑𝑑𝛾𝛾

=
3
2𝑝𝑝�𝐿𝐿𝑑𝑑−𝐿𝐿𝑞𝑞�

2
. 2. 𝐼𝐼𝑠𝑠2𝑐𝑐𝑐𝑐𝑐𝑐2𝛾𝛾 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.  

 𝑑𝑑𝑇𝑇𝑑𝑑
𝑑𝑑𝛾𝛾

= 0 ⇒ 𝑐𝑐𝑐𝑐𝑐𝑐2𝛾𝛾 = 0⇒  𝑐𝑐𝑐𝑐𝑐𝑐2𝛾𝛾 = 𝑐𝑐𝑐𝑐𝑐𝑐90°⇒  𝛾𝛾𝑀𝑀𝑇𝑇𝑀𝑀𝐴𝐴 = 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 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. 
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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.  

 
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.  
 

 
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 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 

 𝑉𝑉𝑠𝑠 𝑚𝑚𝐴𝐴𝑚𝑚
2 = 𝑉𝑉𝑑𝑑2 + 𝑉𝑉𝑞𝑞2, 4.41 

 𝐼𝐼𝑠𝑠 𝑚𝑚𝐴𝐴𝑚𝑚
2 = 𝑖𝑖𝑑𝑑2 + 𝑖𝑖𝑞𝑞2, 4.42 

where 𝑉𝑉𝑠𝑠 𝑚𝑚𝐴𝐴𝑚𝑚  and 𝐼𝐼𝑠𝑠 𝑚𝑚𝐴𝐴𝑚𝑚  are the maximum phase current and voltage, respectively. 
𝑉𝑉𝑠𝑠 𝑚𝑚𝐴𝐴𝑚𝑚 = 𝑉𝑉𝑑𝑑𝑐𝑐

2
 where 𝑉𝑉𝑑𝑑𝑐𝑐  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 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 

 𝑉𝑉𝑠𝑠 𝑚𝑚𝐴𝐴𝑚𝑚
2 = (𝜔𝜔𝑒𝑒𝐿𝐿𝑞𝑞𝑖𝑖𝑞𝑞)^2 + (𝜔𝜔𝑒𝑒𝐿𝐿𝑑𝑑𝑖𝑖𝑑𝑑)^2. 4.43 

Considering the equation 2.37 

 𝑉𝑉𝑠𝑠 𝑚𝑚𝐴𝐴𝑚𝑚
2 = 𝜔𝜔2𝐼𝐼𝑠𝑠2(𝐿𝐿𝑞𝑞2 𝑐𝑐𝑐𝑐𝑐𝑐2 𝛾𝛾 + 𝐿𝐿𝑑𝑑2 𝑐𝑐𝑖𝑖𝑠𝑠2 𝛾𝛾), 4.44 

 𝑉𝑉𝑠𝑠 𝑚𝑚𝐴𝐴𝑚𝑚
2 = 𝜔𝜔2𝐼𝐼𝑠𝑠2(𝐿𝐿𝑞𝑞2 (1 − 𝑐𝑐𝑖𝑖𝑠𝑠2 𝛾𝛾) + 𝐿𝐿𝑑𝑑2 𝑐𝑐𝑖𝑖𝑠𝑠2 𝛾𝛾) , 4.45 

 𝑐𝑐𝑖𝑖𝑠𝑠2 𝛾𝛾 = 𝑉𝑉𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚
2 −𝜔𝜔𝑑𝑑2𝐿𝐿𝑞𝑞2𝐼𝐼𝑠𝑠2

𝜔𝜔𝑑𝑑2𝐼𝐼𝑠𝑠2(𝐿𝐿𝑑𝑑
2−𝐿𝐿𝑞𝑞2 )

, 4.46 

 𝛾𝛾 = 𝑐𝑐𝑖𝑖𝑠𝑠−1 �
𝑉𝑉𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚
2 −𝜔𝜔𝑑𝑑2𝐿𝐿𝑞𝑞2𝐼𝐼𝑠𝑠2

𝜔𝜔𝑑𝑑2𝐼𝐼𝑠𝑠2(𝐿𝐿𝑑𝑑
2−𝐿𝐿𝑞𝑞2)

. 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.  

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 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 



 

52 

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 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 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  

 𝑥𝑥1(𝑠𝑠 + 1) = 𝑥𝑥1(𝑠𝑠) + 𝑐𝑐. 𝑥𝑥2(𝑠𝑠), 4.48 

 𝑥𝑥2(𝑠𝑠 + 1) = 𝑥𝑥2(𝑠𝑠) + 𝑐𝑐.𝑁𝑁𝑃𝑃(𝑥𝑥1(𝑠𝑠) −  𝑟𝑟(𝑠𝑠), 𝑥𝑥2(𝑠𝑠),𝑔𝑔, 𝑓𝑓), 4.49 

where 𝑟𝑟(𝑘𝑘) is the reference speed. 𝑥𝑥1(𝑘𝑘) is the output of the nonlinear differentiator on 
the reference speed and 𝑥𝑥2(𝑠𝑠) is the derivative of 𝑥𝑥1(𝑠𝑠). 𝑐𝑐 is the step size of the speed 
controller. 𝑔𝑔 is the growing rate coefficient of reference speed which directly defines the 
speed of convergence of the 𝑥𝑥1(𝑠𝑠) to the 𝑟𝑟(𝑠𝑠). 𝑓𝑓 are the filtering factor in reducing the 
noise in the system. 𝑁𝑁𝑃𝑃 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 

 𝑁𝑁𝑃𝑃 (𝑚𝑚1(𝑠𝑠), 𝑥𝑥2(𝑠𝑠),𝑠𝑠, 𝑓𝑓) = − �
𝐴𝐴.𝐴𝐴(𝑚𝑚)
𝐴𝐴.𝑑𝑑

, |𝑎𝑎(𝑠𝑠)| ≤ 𝑔𝑔. 𝑓𝑓

𝑔𝑔. 𝑐𝑐𝑔𝑔𝑠𝑠�𝑎𝑎(𝑠𝑠)�, |𝑎𝑎(𝑠𝑠)| > 𝑔𝑔. 𝑓𝑓
, 4.50 

where, 𝑚𝑚1(𝑠𝑠) = 𝑥𝑥1(𝑠𝑠) −  𝑟𝑟(𝑠𝑠), and 
 

 𝑎𝑎(𝑠𝑠) = �
𝑥𝑥2(𝑠𝑠) + 𝐴𝐴0(𝑚𝑚)−𝐴𝐴.𝑑𝑑

2
, |𝑦𝑦(𝑠𝑠)| > 𝑔𝑔. 𝑓𝑓2

𝑥𝑥2(𝑠𝑠) + 𝑦𝑦(𝑚𝑚)
𝑑𝑑

, |𝑦𝑦(𝑠𝑠)| ≤ 𝑔𝑔. 𝑓𝑓2 
, 4.51 

and 

 𝑎𝑎0(𝑠𝑠)  = (𝑔𝑔2. 𝑓𝑓2  +  8𝑔𝑔 |𝑦𝑦(𝑠𝑠)|)
1
2, 4.52 

 𝑦𝑦(𝑠𝑠)  =  𝑥𝑥1(𝑠𝑠)  +  𝑓𝑓𝑥𝑥2(𝑠𝑠). 

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 
 𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑙𝑙 = 𝑗𝑗 𝑑𝑑𝜔𝜔

𝑑𝑑𝑚𝑚
, 4.53 

 𝜔𝜔. = (𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑙𝑙)/𝑗𝑗. 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 

 𝜔𝜔. =
3
2𝑝𝑝�𝐿𝐿𝑑𝑑−𝐿𝐿𝑞𝑞�𝑚𝑚𝑑𝑑𝑚𝑚𝑞𝑞−𝑇𝑇𝐿𝐿

𝑗𝑗
. 4.55 

where 𝑇𝑇𝐿𝐿  is the load on the motor, and 𝑗𝑗 denotes the rotor’s moment of inertia.  
The disturbances and the motor parameter constants can be defined as follows 

 𝐷𝐷(𝑡𝑡) = −𝑇𝑇𝐿𝐿∗𝑝𝑝
𝑗𝑗

, 4.56 

 𝐶𝐶 = 3
2
𝑝𝑝(𝐿𝐿𝑑𝑑 − 𝐿𝐿𝑞𝑞), 4.57 

where 𝐷𝐷(𝑡𝑡) can be considered as the disturbance in the system with direct relation to 
the imposed load by the coupled motor. 𝐶𝐶 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 
 𝜔𝜔. = 𝐶𝐶 ∗ 𝑖𝑖𝑑𝑑𝑖𝑖𝑞𝑞 + 𝐷𝐷(𝑡𝑡). 4.58 

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

 �
𝑒𝑒(𝑠𝑠)  =  𝑧𝑧1(𝑠𝑠)  −  𝑦𝑦(𝑠𝑠)

𝑧𝑧1(𝑠𝑠 +  1) =  𝑧𝑧1(𝑠𝑠) +  𝑐𝑐. (𝑧𝑧2(𝑠𝑠) −  𝛽𝛽1.𝑁𝑁𝑁𝑁𝑃𝑃 (𝑒𝑒(𝑠𝑠),𝛼𝛼, 𝛿𝛿) + 𝑏𝑏𝑏𝑏(𝑠𝑠))
𝑧𝑧2(𝑠𝑠 +  1) =  𝑧𝑧2(𝑠𝑠) −  𝑐𝑐.𝛽𝛽2𝑁𝑁𝑁𝑁𝑃𝑃 (𝑒𝑒(𝑠𝑠),𝛼𝛼, 𝛿𝛿)

, 4.59 

where 𝑧𝑧1(𝑠𝑠) are the system state estimation and the extended state 𝑧𝑧2(𝑠𝑠) is the 
disturbance estimation. 𝑦𝑦(𝑠𝑠) is the motor speed which is considered as system output. 
𝑒𝑒(𝑠𝑠) represents the error between the systems state estimation and the output of the 
system. The constant parameters of 𝛼𝛼, 𝛿𝛿, 𝛽𝛽1, and 𝛽𝛽2 are adjustable and can be tuned to 
optimize the performance of the control. In this system, the nonlinear function NEF is 
represented by 

 𝑁𝑁𝑁𝑁𝑃𝑃(𝑒𝑒(𝑘𝑘),𝛼𝛼, 𝛿𝛿) = �
|𝑒𝑒(𝑘𝑘)|𝛿𝛿𝑐𝑐𝑔𝑔𝑠𝑠�𝑒𝑒(𝑘𝑘)�, |𝑒𝑒(𝑠𝑠)| > 𝛿𝛿

𝑒𝑒(𝑘𝑘)
𝛿𝛿1−𝛼𝛼

, |𝑒𝑒(𝑠𝑠)| ≤ 𝛿𝛿 
. 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. 
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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 

 �
𝑒𝑒1(𝑠𝑠)  =  𝑥𝑥1(𝑠𝑠)  −  𝑧𝑧1(𝑠𝑠)

𝑏𝑏0(𝑠𝑠)  =  𝛽𝛽3𝑁𝑁𝑁𝑁𝑃𝑃 (𝑒𝑒1(𝑠𝑠),𝛼𝛼1, 𝛿𝛿2)
𝑏𝑏(𝑠𝑠)  =  𝑏𝑏0(𝑠𝑠)  −  𝑧𝑧2(𝑠𝑠)/𝑏𝑏

, 4.61 

where 𝑏𝑏(𝑠𝑠) is the generated control law for the systems and 𝛼𝛼1, 𝛽𝛽3, 𝑏𝑏, and 𝛿𝛿2 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 𝑁𝑁𝑁𝑁𝑃𝑃 function governs the control similar to the 
nonlinear function in the extended system observer. The constant of 𝛼𝛼1 is in the range 
between 0 to 1 and 𝛽𝛽3 defines the dynamic performance of the system. Since the output 
control law In this controller is the current in the q-axis, increasing 𝛽𝛽3 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 𝛽𝛽3 can lead to high overshoot and divergence of the control 
function.  

In this study, the constant parameters were adjusted intuitively by hit and trial.  
𝛼𝛼 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. 𝛿𝛿 defines 
the width of the linearity area. 𝛽𝛽1 and 𝛽𝛽2 directly relates to the dynamic of the method 
where 𝛽𝛽1 defines the dynamic performance of the system state estimation and 𝛽𝛽2 
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.  
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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 
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 4-18 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.  
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Figure 4-18: 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 4-19 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.  

 
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.  
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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. 

𝑒𝑒𝜆𝜆, 𝑒𝑒𝑇𝑇  𝑐𝑐 𝑐𝑐1 𝑐𝑐2 𝑐𝑐3 𝑐𝑐4 𝑐𝑐5 𝑐𝑐6  
𝑒𝑒𝜆𝜆 = 1 𝑒𝑒𝑇𝑇 = 1 𝑉𝑉2 𝑉𝑉3 𝑉𝑉4 𝑉𝑉5 𝑉𝑉6 𝑉𝑉1  

𝑒𝑒𝑇𝑇 = 0 𝑉𝑉7 𝑉𝑉8 𝑉𝑉7 𝑉𝑉8 𝑉𝑉7 𝑉𝑉8  
𝑒𝑒𝑇𝑇 = −1 𝑉𝑉6 𝑉𝑉1 𝑉𝑉2 𝑉𝑉3 𝑉𝑉4 𝑉𝑉5  

𝑒𝑒𝜆𝜆 = 0 𝑒𝑒𝑇𝑇 = 1 𝑉𝑉3 𝑉𝑉4 𝑉𝑉5 𝑉𝑉6 𝑉𝑉1 𝑉𝑉2  
𝑒𝑒𝑇𝑇 = 0 𝑉𝑉8 𝑉𝑉7 𝑉𝑉8 𝑉𝑉7 𝑉𝑉8 𝑉𝑉7  
𝑒𝑒𝑇𝑇 = −1 𝑉𝑉5 𝑉𝑉6 𝑉𝑉1 𝑉𝑉2 𝑉𝑉3 𝑉𝑉4  

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 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 

 �
𝑇𝑇𝑒𝑒 ∝ 𝑖𝑖𝑞𝑞  
𝜆𝜆𝑠𝑠 ∝ 𝑖𝑖𝑑𝑑
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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. 

𝑒𝑒𝑚𝑚𝑑𝑑 , 𝑒𝑒𝑚𝑚𝑞𝑞   𝑐𝑐 𝑐𝑐1 𝑐𝑐2 𝑐𝑐3 𝑐𝑐4 𝑐𝑐5 𝑐𝑐6 

𝑒𝑒𝑚𝑚𝑑𝑑 = 1 𝑒𝑒𝑚𝑚𝑞𝑞 = 1 𝑉𝑉2 𝑉𝑉3 𝑉𝑉4 𝑉𝑉5 𝑉𝑉6 𝑉𝑉1 

𝑒𝑒𝑚𝑚𝑞𝑞 = 0 𝑉𝑉7 𝑉𝑉8 𝑉𝑉7 𝑉𝑉8 𝑉𝑉7 𝑉𝑉8 

𝑒𝑒𝑚𝑚𝑞𝑞 = −1 𝑉𝑉6 𝑉𝑉1 𝑉𝑉2 𝑉𝑉3 𝑉𝑉4 𝑉𝑉5 

𝑒𝑒𝑚𝑚𝑑𝑑 = 0 𝑒𝑒𝑚𝑚𝑞𝑞 = 1 𝑉𝑉3 𝑉𝑉4 𝑉𝑉5 𝑉𝑉6 𝑉𝑉1 𝑉𝑉2 

𝑒𝑒𝑚𝑚𝑞𝑞 = 0 𝑉𝑉8 𝑉𝑉7 𝑉𝑉8 𝑉𝑉7 𝑉𝑉8 𝑉𝑉7 

𝑒𝑒𝑚𝑚𝑞𝑞 = −1 𝑉𝑉5 𝑉𝑉6 𝑉𝑉1 𝑉𝑉2 𝑉𝑉3 𝑉𝑉4 

 
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 q-axis current.  

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.  

 
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-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 
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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 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 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, 
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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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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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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. 
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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 
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=CŴ��o���
_CW"���
]CZ�&�� ���$%A����%��@���� ���%�� �����$���%����������C�d�vc�d���d�	r�
�}
m�l��C



���������	�	
��


�
 
���
�
�� ����
��������
��������� �!
"��#�!�$�
%�&�����'(��)�!*+��,�#"-./���������+0�!(�(1+�$��!�,!&��+��(�!*���$0��2
3
4$0,!$��!�$��!��5�!����!+��!������+0�!(#(1+�$��!�!��+0�$��!�+�6�#�7
8���$
.0�9�$0����!(�
�:3%1!��2
3�;;�


:

��
�� ������ �!
"������
��������
��8�)���;<�!$+����$1(=��$0�>��$��$�!��!����'(��)�!*+��
����1$���?�@A�BCD�A�D?CDEEF�B���B�	GH
�I
3
:33�
3� J1<��
���8��
����=�<
&��50�$$�;�(0=�=
"�J���)��K�!<�(��������!+��(�;$�)��=�$�<�����!�������)�+$��+�!$������!(1+$��!<�$��(��)���L�M�?�@A�BNDO��PQQ?B�	GR
S
T4�:U

�
4� V�(�1�
�����V���1���
8��W�!+0
%�X��$�$��+1���!$<�(��������!+��(�;$�)��=�$�<��;��(��$�<�$�������*�!���$�!*'<�(���K'�;��(�;���$��!����!��������!(1+$��!<�$��(��)���L�M�?�@A�BNDO��PQQ?B�	GY
Z
U4�:�2���2� ���0�(
����$��!�+0
"�W�"�$�[��[�+ '#�W��"�'[���(��!���������K'�;��(�!(1+$��!<�$��(��)��!��!��$�)�$��$�$�������$�!+�)����$��!�L��N�D@B�?�@A�BNDO��PQQ?B�		\
�]�
�3U:�4̂��
� _��� ����
��_��.�0���
"���0���>�!
��̀���"�̀ ���(�;��(#�$�<�$�������!�������a�+$��5�!$��������!���,!(1+$��!��$��K�$0,<;��)�("(�;$�$��!��+0�!��<��bBNDO���?�@A�D�B�	GR
�]

��T:
�3U���� _��� ����
��_��/c�*0�
���.�0���
"�W1��'��(���1�![��*���[���)��[���(�!�1dd='��*�++�!$��������!�������>��('����!$�(+�!$��������!*��'��(�(��!����!(1+$��!<�$���LePM�f��B�	Gg
hi
4�:
23��̂� _�[�[1���0
����1
8�8�5�"�;��('��!�������W�'&.5��,!(1+$��!��$���-��!*#j$�!(�(J��<�!W��$����L���M�f��BL�kB�?�@A�D�B�	GR
hl
���U:���3��T� ���
J�̀��̀���[c��*
W���!�������8.5'�a����,!(1+$��!��$��8��)�![=���$��j5�!)��$��-��!*�&���<�$��#�$�<�$��!�$��$�*=�L���M�f��BL�kB�?�@A�D�B�		H
]]
U
�:U�
��U� ���+1
5��̀��(��
,��̀���[c��*
W�8���+$$��m1�+�!$�������!��������!(1+$��!<�$��(��)��n����(�!*'<�(��;;���+0�L���M�f��BL�kBPQQ?B�		\
Ii
U3�:U42���� _�!
%�W��<&,8$�"+$�)�8��$1�[�!+���c�+$��!5�!$����L���M�f��BL�kB�?�@A�D�B�		o
]h
422:42����� ��0<1(�d�(
���"0�!*��
��"�,<;��)�!*���(���m1�!+=+�!$�����<1�$�'����;�K���=�$�<[=+�!��(���!*1!+��$��!$=[=1��!*�;$�<�d�($=;���1dd=;�(+�!$������K�$0$0�0��<�!=����+0��*���$0<�pD�?kP@fkBe@�B���BM�@q�D?B�	Gg
�i

2U
:
2�
��3� X�!*
V��X�!*
̀����
5��r1
8�X��*0$'$��!�(1+������+�!$����$��$�*=[���(�!�+$�)�(��$1�[�!+���c�+$��!$0���=���*����������)�$��(��)���L�M�?�@A�BNDO��PQQ?B�	Gs
��
�34:�44��4� ��
%����!
_�&��t0�!*
u�����[1�$�;��(5�!$�����,!(1+$��!��$��8��)��-��!*W���$'/�(��"1$�'8��$1�[�!+���c�+$��!5�!$��������L���M�f��BL�kBPQQ?B�	GR
]�
�
�:��2�2̂� "��!*�
W��5����!+��!�
���8v,;;���$�
W��&1++�
���������dd�
"���[1�$"+$�)�8��$1�[�!+���c�+$��!5�!$�����,!(1+$��!��$���=�$�<�̀���(�!"((�$��!�����(�!*'��(�5�<;�!�!$�L���M�f��BL�kB�?�@A�D�B�	Gs
hI
U�23:U��
�
̂� t0��
u����;�
.�"��;�+�)�+$��&X�+�!$�����(1��$0���';0����!(1+$��!<�+0�!�1��!*)�+$���;�+�(�+�<;���$��!�L���M�f��BL�kBPQQ?BGooR
��


22:

24��̂� J1[�$�
_����$�1��
J��;��(��!�������>��('����!$�(+�!$������!(1+$��!<�$��K�$0��$�������$�!+��(�;$�$��!�L���M�f��BL�kBPQQ?BGoo\
�i

�
4:
��T�^̂� X�!*
J��50�!
̀���0�!
V��u��
X�����
J���1
t�/!��!�1;(�$�!*����$��$�<�+�!�$�!$[���(�!+�<[�!�()��$�*��!(+1���!$<�(�w1j�[���)������;��('��!�������"5(��)���L���M�f��BL�kB�?�@A�D�B�	G\
h�
TU3̂:TU4̂�T̂� u�!
t��t0�!*
u��81
5����1
%���1!
r��t0�!*
u�������+0�!"!$�'#����&�����<�!+����;��(�!(W�1j#�$�<�$��!���,!(1+$��!��$���̀ ���(�!��[1�$"(�;$�)��$�$�/[���)���L���M�f��BL�kB�?�@A�D�B�	Gg
h�
̂T44:̂U
2� +x�2�2[=$0��1$0������+�!����8&,
̀����
�K�$d����!(�.0����$�+�����!�;�!�++�����$�+��(��$��[1$�(1!(��$0�$��<��!(+�!(�$��!���$0�5���$�)�5�<<�!�"$$��[1$��!655 ù7��+�!��60$$;nyy+���$�)�+�<<�!����*y��+�!���y[=yT�2y7�
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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

[bookmark: _Ref87948489]	 ‎.	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 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. 
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[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. 
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[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. 
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[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.
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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.
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