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 ملخص

يا واعدة وغير وهي تكنولوج ، (Syn-RM) الممانعة المتزامنةلة لآ الأداء وتحسين التحكم في الأطروحة، هذه في المقدم البحث يساهم

لتحكم وتقدير تقنيات ا حولحاث المنجزة بللأمعروفة بشكل واسع. تتمحور هذه الرسالة حول أربعة جوانب رئيسية. أولاً، تقدم ملخصًا 

ستخدام استراتيجيات التحكم لنموذجها الديناميكي، ويتم دراسة أداء التحكم من خلل المحاكاة با شرحا شاملً ه الآلة. ثانياً، تقدم السرعة لهذ

مع تقنية  الديناميكي Syn-RM المثبتة. ثالثاً، تتناول التحكم في السرعة بدون استخدام مستشعر، باستخدام أساليب المراقبة التي تدمج نموذج

  (MF-PCC).نموذجبدون  التنبئيقدير. أخيرًا، تركز الرسالة على تقنية التحكم المتقدمة من خلل تنفيذ تقنية التحكم الحالي لتا

بدون  مالتحك التيار،لتنبئي في احساس، التحكم تحكم بدون  العزم، تموج ،المباشر للعزم مالتحك ،الممانعة المتزامنة ةآل الكلمات المفتاحية:

  عن طريق تأخر الزمن تقديرال ،نموذج

Abstract 

The research presented in this thesis, contribute to the Synchronous Reluctance Machine (SynRM) 

control and performance improvement, a lesser-known but promising technology. This thesis is structured 

around four main aspects. First, it gives a literature review about the control and speed estimation techniques 

of this machine. Second, it provides a comprehensive exploration of its dynamic model, and furthermore 

the control performances are investigated through simulations using established control strategies. Third it 

delves into sensorless speed control, employing observation method incorporating the SynRM dynamic 

model for estimation. Lastly, the thesis focus on an advanced control technique through the implementation 

of Model Free Predictive Current Control (MF-PCC).  

 Key words: SynRM, DTC, Torque ripple, Sensorless control, PCC, MFC, TDE  

Résumé 

Les recherches présentées dans cette thèse contribuent au contrôle et à l'amélioration des performances de 

la machine à réluctance synchrone (SynRM), une technologie moins connue mais prometteuse. Cette thèse 

est structurée autour de quatre aspects principaux. Tout d'abord, elle propose un résumé de la littérature sur 

les techniques de commande et d'estimation de vitesse de cette machine. Ensuite, elle offre une exploration 

approfondie de son modèle dynamique, et les performances de contrôle sont étudiées à travers des 

simulations utilisant des stratégies de contrôle établies. En troisième lieu, elle se penche sur la commande 

de vitesse sans capteur, en utilisant une méthode d’observation incorporant le modèle dynamique de Syn-

RM pour l'estimation. Enfin, la thèse se concentre sur une technique de commande avancée grâce à la mise 

en œuvre de la commande prédictive de courant sans modèle (MF-PCC). 

Mots clés: Syn-RM, DTC, Ondulation de couple, Commande sans capteur, PCC, MFC, TDE 
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𝐿𝑑 , 𝐿𝑞 D-axis , Q-axis inductances H 

𝐿2 Second harmonic component of the self-inductance  H 

𝐿0 Constant term of the self-inductance H 

𝐾𝑝 Proportional gain  - 

𝐾𝑖 Integrator gain - 

𝐼𝑑|𝑘
∗ , 𝐼𝑞|𝑘

∗  Discrete D-axis Q-axis current references A 

𝐼𝑑|𝑘 , 𝐼𝑞|𝑘 Discrete D-axis Q-axis actual currents A 

𝐹𝑒𝑚 Electromechanical force V 

𝐵𝑚 Viscous friction coefficient  - 

𝑓�̂� Estimated D-Axis lumped uncertainties  - 

𝑓�̂� Estimated Q-Axis lumped uncertainties - 

𝜔�̂� Estimated rotor speed RPM 

𝜃�̂� Estimated rotor angle RPM 

cos(𝜑) Power factor - 

𝑤𝑑 LPS Cut-off frequency of D-axis lumped uncertainties Hz 

𝑤𝑞 LPS Cut-off frequency of Q-axis lumped uncertainties Hz 

𝛼𝑑 D-axis lumped uncertainties Gain - 

𝛼𝑞 Q-axis lumped uncertainties Gain  - 

𝛽𝑑 D-axis lumped uncertainties Gain - 

𝛽𝑞 Q-axis lumped uncertainties Gain - 
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General Introduction 

Electric machines play a pivotal role in the majority of variable-speed drive systems, found 

commonly in industrial plants as well as in everyday applications that influence our daily lives. 

These electric drives are employed in a wide range of applications operating at both fixed and 

variable speeds. They are typically equipped with either direct current (DC) machines or 

alternating current (AC) machines. The DC machine has historically been the most widely used 

actuator. One of its notable advantages lies in its ease of control, as the torque directly correlates 

with the armature current. Nonetheless, it is not without drawbacks, primarily associated with its 

structural characteristics. The presence of a brush-collector system necessitates regular 

maintenance to address issues like graphite wear. Furthermore, it imposes limitations on rotational 

speed and restricts its utilization in explosive environments. AC machines can be either 

asynchronous such as induction machines (IM) or synchronous like Permanent Magnet 

Synchronous Machine (PMSM). The development of power semiconductors has enabled the 

creation of voltage or current inverters, paving the way for variable speed in AC machines 

(synchronous and asynchronous). These machines have numerous advantages over direct current 

machines. The absence of the commutator increases reliability and allows the production of 

machines with lower manufacturing and maintenance costs. Technological advances in 

microelectronics have facilitated the development of highly efficient controls for AC machines 

(vector control and direct torque control). Many manufacturers now offer drives using these 

control principles [1], [3].  

The principle of electromechanical energy conversion using reluctance variation dates back to 

the late 19th century. It is even reported that the earliest constructed machines were of the variable 

reluctance type, referred to as "electromagnetic motors". The Synchronous Reluctance Machine 

(Syn-RM) is fundamentally a stepper motor and has found numerous applications, particularly in 

watchmaking [1]. The idea of using the SynRM configuration in a continuous mode (as opposed 

to step-by-step) with power semiconductor control was introduced by Nasar, French, Koch, and 

Lawrenson in the 1960s.  

In the past two decades, there has been a significant resurgence of interest in the Syn-RM. This 

machine offers several benefits that make it a viable option for electric drives and 

servomechanisms. Firstly, it is robust because its cageless version does not have any conductors 

on the rotor. Secondly, it is easy to construct in its cut-side version, which makes it cost-effective 
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to manufacture and maintain. Thirdly, the smooth structure of its stator is similar to that of an 

induction machine, which allows for mass production. However, like other AC machines, the Syn-

RM also has notable disadvantages. In addition to its low power factor (cos φ ≅ 0, 6), the rotor 

saliency, responsible for electromagnetic torque, leads to torque ripple that manifests as vibrations 

and acoustic noise [1], [2]. This machine is highly sensitive to magnetic saturation, especially 

concerning the strongly dependent average torque it produces [4]. It can easily operate in field-

weakening mode for increasing speed at constant power. Additionally, sensorless speed control is 

simpler to implement compared to an asynchronous machine, thanks to its inherent saliency. These 

advantages suggest promising prospects for its future development. 

In this thesis, our work consists of investigating the performance of the Syn-RM through 

simulations utilizing the control strategies outlined in existing literature. Moreover, it involves 

developing a set of techniques to enhance the performance of Syn-RM control employing the 

Direct Torque Control (DTC) and Predictive Current Control (PCC),   and  elaborating a sensorless 

speed control  by using an observation method  that incorporates the Syn-RM dynamic model  

within the estimation process. 

This work is structured into four chapters, organized as following:  

Chapter I, dedicated to a literature review is divided in two parts: the first one exposes 

generalities about the Syn-RM, and the second part encompasses the state-of-the-art in control 

techniques, with a focus on senssorless speed control techniques available in literature. The 

mathematical model of a Syn-RM is described and analyzed in Chapter II. Then, the machine is 

simulated with DTC and FOC control techniques, and the results were presented for comparative 

discussion. An enhanced version of DTC ( E-DTC) was proposed, and  simulation results of the 

new scheme of DTC were compared with the ones obtained through the conventional one.  

In Chapter III, a simple structure of Extended Kalman Filter (EKF) observer is incorporated 

with Space Vector Modulation based DTC (DTC-SVM) , in order to   developpe a speed sensorless 

control  scheme , where both speed and position are estimated .  Chapter IV develops a novel non-

linear Model-Free Predictive Current Control (MF-PCC) based on Time Delay Estimation (TDE), 

where the Syn-RM parameters-dependent current equations were replaced by model-free 

expressions, aiming to get rid of the drawbacks related to conventional Model-Based Predictive 

Current Control (MB-PCC).  
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I.1 Introduction 

An exploration of the state-of-the-art regarding generalities and various structures of 

synchronous reluctance machine (Syn-RM) will be presented in the first part of this chapter. The 

second part is then dedicated to exploring the control strategies for Syn-RM. These control 

strategies are designed to ensure robustness against parametric variations and various disturbances 

that may affect the performance of the machine. The goal is to achieve stable and accurate control 

of the Syn-RM under different operating conditions. 

Furthermore, delving into the existing sensorless control schemes for Syn-RM reveals their 

advantage in eliminating the need for a speed sensor, thereby reducing the complexity and cost of 

the overall system. Sensorless control techniques rely on advanced algorithms and signal 

processing methods to estimate the rotor position and speed of the Syn-RM based on measured 

electrical quantities. 

Part 1: Generalities on the Syn-RM 

I.2 Different structures of Syn-RM 

The purpose of this section is to provide a concise summary of the various types of Syn-RM 

based on their rotor geometry and materials. This is significant because there is a wide range of 

structures available for Syn-RMs. Numerous researchers and designers have proposed optimized 

rotor concepts with saliency maximization as a main criterion. 

I.2.1 Flux barriers Syn-RM  

In order to increase the saliency ratio of the motor, empty spaces of material have been added 

into the rotor. These gaps are called flux barriers. Their purpose is to restrict the flux in the 𝑞-axis 

direction without hindering it in the 𝑑-axis. 
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Figure I-1: Radially laminated (a) and axially laminated (b) flux barriers type Syn-RM rotors 

[60]. 

Figure I-1 depicts two distinct types of motors that have flux barriers. The first one (Figure 

I-1(a)) is radially laminated and its manufacturing process is complicated. This type of rotor has 

limited mechanical strength, so it is only suitable for low-speed aplications, and its power output 

is restricted to 2 kW. Nevertheless, it is noteworthy that the saliency ratio in a two-pole motor can 

reach values as high as 20 [3] and 10 for a four-pole motor [4]. 

The second rotor shown in Figure I-1(b) is an axially laminated motor. It is easier to 

manufacture compared to the radially laminated rotor and has superior mechanical strength. 

However, the saliency ratio of this rotor type is not as high as that of the radially laminated motor, 

with a maximum value of 13 for a two-pole rotor according to [5]. While the flux barriers are 

typically just air, it is also possible to use a non-magnetic material instead to boost the rotor's 

mechanical durability.  

I.2.2 Permanent magnet assisted Syn-RM   

Recently, there has been growing interest in considering Permanent Magnet Assisted 

Synchronous Reluctance Motors (PMa-SynRM) as a potential alternative motor drive in 

applications demanding high performance. This interest is particularly notable in the context of 

electric vehicle traction systems, where the electric motor needs to operate effectively over a wide 

range of speeds [6], [7]. The Interior PMSM (IPMSM) employs a combination of magnets and 

(a) (b) 
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reluctance torque outputs to achieve high efficient drives. Additionally, the utilization of flux-

weakening control techniques enables consistent power output or operation within high-speed 

flux-weakening ranges. Nonetheless, certain drawbacks, such as the relatively substantial d-axis 

current at high speeds and the motor's uncontrollable transition to generator mode following 

unexpected inverter shutdowns, significantly constrain the motor's use in high-speed electric 

vehicles [8-10]. 

On the other hand, akin to the  IPMSM , the PMa-SynRM,  offers a promising solution to these 

challenges. Furthermore, the application of the flux-weakening control technique permits the 

establishment of extended operational zones with constant power output. Figure I-2 illustrates a 

configuration of a 4-pole PMa-SynRM featuring a ferrite magnet and reference d,q-axis. As 

depicted in the figure, the main difference between the conventional IPMSM   

Figure I-2: PMa-SynRM rotor structure view[8]. 

and the showcased PMa-SynRM lies in the magnetization of the bar magnets along the negative 

q-axis [10-12].  

I.2.3 Switched reluctance machine  

The origin of the switched-reluctance machine (SRM) can be traced back to the 19’th century, 

with records of its application found in a locomotive propulsion system built by Davison in 1838 

[13]. The research on reluctance machines began even earlier in 1824 [14]. However, the modern 
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research on SRM started with the development of modern power electronics in the late of 1960s 

[15]. 

SRM’s are a promising alternative to AC drive systems that do not require permanent magnets, 

although their use has been limited compared to other types of machines. The SRM uses a step-

by-step control system to generate torque and has shown to have high specific power and high-

speed capabilities. Its rotor is made solely of steel, making it a sturdy option. However, the SRM's 

complex control system, high noise level, and unusual power electronics architecture have posed 

challenges in some application systems. As depicted in Figure I-3 ,the stator and rotor of a typical 

SRM have a salient geometry, and the winding on the stator pole is often single-toothed, making 

it difficult to analyze the torque performance due to its highly nonlinear electromagnetic behavior 

[15]. 

 

Figure I-3: 6/4 type switched reluctance machine (SRM)[2].  

I.3 Impact of the 𝑳𝒅/𝑳𝒒 ratio on the machine performance   

A detailed study of the influence of the 𝐿𝑑/𝐿𝑞 ratio on the performance of the Syn-RM machine 

is given in [16] and  [17]. 

This type of machine produces steady-state electromagnetic torque in the rotor reference frame, 

which can be expressed using the first space harmonic. The equation for this torque is given as 

follows: 
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𝑇e =
3

2
𝑝(𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞 (I. 1) 

where: 

 𝑝 is the number of pole pairs; 

 𝑖𝑑 and 𝑖𝑞 are, respectively, the stator currents of direct and quadrature axes, expressed in 

the rotor reference frame. 

 𝐿𝑑 and 𝐿𝑞 are, respectively, the direct and quadrature stator inductances. In Figure I-4, the 

angle 𝜀 marks the position of the stator current vector 𝑖𝑠 with respect to the 𝑑-axis. In steady 

state, this vector is fixed. 

Figure I-4:Position of the stator current in the d, q reference frame. 

The value of the stator current magnitude is given by the following equation: 

𝑖𝑠 = √𝑖𝑑
2 + 𝑖𝑞2 (I. 2) 

The electromagnetic torque can be expressed as a function of 𝜀 and the stator current 𝑖𝑠: 

𝑇𝑒 = 𝑝(𝐿𝑑 − 𝐿𝑞)𝑖𝑠
2 sin(2𝜀) (I. 3) 

It is shown from the two previous relations that for a given value of the stator current, the torque 

is maximum when 𝜀 = 𝜋/4, which corresponds to impose 𝑖𝑞 = 𝑖𝑑 . This mode of operation 

corresponds to a particular control strategy called Maximum Torque Per Ampere (MTPA). By 

putting 𝜀 = 𝜋/4   in equation (I.3), we obtain equation (I.4): 
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𝑇𝑒 = 𝑝𝐿𝑑𝑖𝑠 (1 −
1

(
𝐿𝑑
𝐿𝑞
)
) (I. 4) 

We can define the power factor of the machine which corresponds to the phase shift between the 

fundamental of the line current and the corresponding simple voltage. This factor also represents 

the ratio between the active power and the apparent power absorbed by the machine. It is important 

that this ratio is as close as possible to 1 to limit the electrical power of the source supplying the 

machine. By neglecting the losses in the machine model, we obtain a simple expression for the 

power factor: 

cos(𝜑) =

(
𝐿𝑑
𝐿𝑞
− 1) sin(𝜀)

√(
𝐿𝑑
𝐿𝑞
)
2

+ tan2(𝜀)

(I. 5)
 

We have given in Figure I-5, the variations of the power factor according to the inductance ratio 

𝐿𝑑/𝐿𝑞 .We can observe in this figure that the power factor starts to become interesting for saliency 

ratios higher than 6. Taking into account the electrical losses (Joule losses and iron losses) this 

power factor slightly increases [16], [17]. Equations (I.4) and (I.5) show that to optimize the 

performance of the machine, it is necessary to design a rotor structure such that the inductance 𝐿𝑑 

has the largest possible value and such that the ratio (𝐿𝑑/𝐿𝑞) is as large as possible. 
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Figure I-5: Power factor versus saliency ratio of Syn-RM [98]. 

Part 2: Control and speed estimation techniques for the Syn-RM  

I.4 Different techniques used for the control of a Syn-RM: state-ofthe-art 

The control of electrical machines has been the subject of many researches and works for a long 

time. In order to take advantage and exploit their best performances, different control techniques 

have been developed to control the Syn-RM. The main controls and their derivatives belong to the 

same category, so in this section we will focus on the most well-known techniques that have been 

the subject of numerous publications. 

I.4.1 Field oriented control  

The vector control of AC machines is now well-known. Many industrial companies market 

speed drives for synchronous and asynchronous machines using this control method. The principle 

of vector control is identical to that of separately excited DC machine control. However, it is 

necessary to use a specific reference frame where the electromagnetic torque is expressed simply 

based on the components of currents along two axes (d-axis and q-axis). Typically, the d-axis 

component of the stator current acts as the excitation and allows for adjusting the flux value in the 

machine. The q-axis component serves as the armature current and enables torque control. With 

this type of control, high-performance drive systems are achieved, capable of delivering the rated 

torque at the rated speed even during startup. 
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The use of the vector control technique for synchronous motor drive systems is becoming more 

popular due to the rapid development of microprocessors and digital signal processors (DSP’s). 

The vector control method, which was first introduced in the 1960’s by Blaschke, Hasse, and 

Leonhard in Germany, has gained popularity due to advancements in technology [18-20]. 

The underlying principle of FOC is to separate the torque and magnetic field components of the 

motor and control them independently. This is achieved by transforming the stator currents from 

a stationary reference frame (abc) to a rotating reference frame (d,q) using Park’s transformation. 

The d-axis is aligned with the rotor flux, while the q-axis is perpendicular to it. By controlling the 

current in the d-axis, which produces the torque, and the current in the q-axis, which produces the 

magnetic field, the torque and magnetic field components can be decoupled. The Park’s 

transformation concept was introduced by Park in 1929, and FOC controllers are based on the 

reference frame theory, maintaining a 90-degree angle (electrical) between the stator and rotor 

field components. [19]. It can control the current individually along d-q axes in the machine. A 

typical FOC structure for Syn-RM is shown in Figure I-6. 

 

Figure I-6 : Schematic block of Filed Oriented Control (FOC). 
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I.4.2 Direct torque control  

As depicted in Figure I-7, the direct torque control (DTC) principle involves selecting voltage 

vectors directly based on the difference between the desired and actual values of torque and flux. 

This is done by comparing torque and flux errors using hysteresis comparators (Figure I-8). These 

comparators help choose a voltage vector from a predefined set without needing pulse width 

modulation. Instead, one of six voltage vectors is used consistently for a specific sampling period 

[21]. DTC offers benefits like indirect control of stator current and voltage, achieving nearly 

sinusoidal stator flux and currents, and fast  dynamic response from the machine. However, the 

DTC has some drawbacks such as high torque ripple and  variable switching frequency caused by 

the variable errors generated by hysteresis comparator. Thus, the settings of these comparators 

(bandwidths) have a direct effect on the switching frequency and the steady state error of torque 

and flux [22]. 

Figure I-7: Schematic block of Direct Torque Control (DTC). 
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Figure I-8: Flux and torque comparators. 

I.4.3 Space vector modulation based direct torque control  

Direct Torque Control - Space Vector Modulation (DTC-SVM) is a control technique used in 

electric motor drives to achieve high-performance torque and speed control. It combines the 

principles of Direct Torque Control (DTC) and Space Vector Modulation (SVM) to achieve 

superior performance [23]. As shown in FigureI-9 ,The objective of SVM is to choose suitable 

switching vectors to minimize the distortion caused by current harmonics. By carefully selecting 

the voltage vectors within each sampling period, a constant switching frequency is maintained. As 

a result, the DTC-SVM technique reduces torque fluctuations and effectively manages the stator 

flux and torque. Furthermore, it offers several advantages over other control techniques such as 

fast dynamic response, reduced torque ripple, and simplified control structure. It is widely used in 

industrial applications such as electric vehicles, wind turbines, and robotics [24]. 
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Figure I-9: Schematic block of SVM based Direct Torque Control (DTC-SVM). 

I.4.4 Model predictive control  

Model Predictive Control (MPC) is a type of advanced control technique that predicts the future 

behavior of a system and determines the optimal control action to achieve a desired outcome. In 

the context of Syn-RMs, MPC is a control strategy that can be used to optimize the machine's 

performance by adjusting the stator currents to achieve the desired torque and speed. As depicted 

in Figure I-10 MPC of Syn-RMs involves creating a current model of the machine and its 

associated power electronics which is why this approach is referred to as Predictive Current 

Control (PCC), and then using this model to predict the future behavior of the system. The control 

algorithm then computes an optimal control action that minimizes a cost function based on the 

predicted future quantities [25]. This cost function can be designed to optimize a range of 

performance criteria, such as minimizing torque ripple, maximizing efficiency, or achieving a 

desired speed trajectory [26]. 

MPC of Syn-RMs has been shown to provide superior performance compared to traditional 

control techniques such as field-oriented control (FOC) and direct torque control (DTC). This is 

because MPC can take into account the non-linear behavior of Syn-RMs, which can result in better 

accuracy and stability of the control system. However, MPC requires a more complex control 
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algorithm and higher computational power, which may limit its applicability in some real-time 

control applications [27]. The standard schematic diagram of Syn-RM is depicted in Figure I-10, 

where Maximum Torque Per Ampere (MTPA) is employed to optimize the 𝑖𝑑 and  𝑖𝑞 current 

references. 

 

Figure I-10: Schematic block of Model Predictive Control (MPC). 

I.5 Sensorless control of Syn-RM: state-ofthe-art  

Sensorless control of Syn-RM is a technique that eliminates the need for a sensor to measure 

the rotor position and speed of a Syn-RM. Sensorless control can reduce the cost, complexity and 

maintenance of Syn-RM drives, and improve their reliability and performance. Various approaches 

exist for sensorless control of Syn-RM, including those relying on rotor saliency, back 

ElectroMotive Force (EMF), and model-based techniques. One of the model-based methods is the 

Extended Kalman Filter (EKF), which can estimate the rotor position, speed and parameters of 

Syn-RM using a mathematical model and the measured stator currents. Another method is the 

High-Frequency Signal Injection (HFSI), which injects a high-frequency current signal with 

random frequency and phase to induce a saliency effect in Syn-RM and detect the rotor position 

from the resulting voltage response. Sensorless control of Syn-RM can improve the efficiency, 

torque quality and dynamic response of Syn-RM drives, especially at low- and zero-speed regions. 

Obviously, industrialists are looking for solutions to increase reliability and reduce costs. For these 

reasons, several sensorless control techniques have been developed in recent years. We can 

mention in particular:  
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 Speed and position estimation in dynamic conditions based on extended electromotive 

force  [28-31];  

 The estimation in dynamic region based on the injection of a high frequency signal  [25] 

[32-37] ; 

 The estimation of the position in dynamic region using the extended Kalman filter [38-43]; 

I.5.1 Speed estimation based on extended electromotive force 

The speed and position information of the machine is contained in its electromotive force 

(EMF). Since the EMF is proportional to the speed of rotation, it becomes impossible to extract 

the EMF waveform at low speeds because it is buried in the measurement noise. EMF-based 

algorithms are suitable for smooth pole machines and require approximations when adopted for 

salient pole machines. However, these approximations deteriorate the performance of the estimator 

and can make the system unstable. A variant of the EMF method, known as the Extended EMF 

(EEMF) technique, estimates the position and speed of the machine from the EMF with the 

consideration of the saliency of the machine  [30]. Thus, the estimation of the speed and position 

of the Syn-RM based on the EEMF has been proposed by many researchers. This method can be 

used for all synchronous machines. However, it cannot be used at low speed or at standstill. 

 

Figure I-11: Sensorless control scheme based on EEMF.  

In  [44], Schroedl and Weinmeier studied two different algorithms to calculate the rotor position 

of a Syn-RM. In the low-speed region, the 𝑑- and 𝑞-axis inductances were identified online using 

the measured currents and voltages. The rotor position was deduced from these inductances. At 
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high speeds, the EMF was employed to estimate the rotor position. It appears that this method is 

computationally intensive due to its complexity. In  [45], Capecchi et al. present sensorless control 

of the Syn-RM using a combination of two rotor position estimation methods: an EMF-based 

estimation and a high frequency flux signal injection method. At low speed, a high frequency 

alternating flux is injected. When the flux amplitude is large enough (about 5% to 6% of the 

nominal flux), the injection signal is removed and the estimation is based on the EMF. The 

disadvantage of this method is the noise due to the injected signal. Figure I-11 represent the basic 

scheme of EEMF based sensorless control. 

Ichikawa et al. [29] also proposed a sensorless control of the Syn-RM based on the EEMF 

model. At standstill, when the EEMF amplitude is zero, it is impossible to perform the position 

estimation from the EEMF. In order to solve this problem, a system identification method for 

sensorless control is proposed. This method can estimate the position of the rotor, even at standstill, 

by the identification system. It can estimate the rotor position from the current and voltage signals 

with white noise injection. Moreover, this method is not affected by parameter variations because 

it does not use the machine parameters. Conversely, the rotor position estimation based on EEMF 

model must use the machine parameters. In order to accurately estimate the rotor position, the 

machine parameters need to be well known. The inductances and resistances of the Syn-RM vary 

at high currents, in particular, due to magnetic saturation. Therefore, the precise measurement of 

the machine parameters is difficult and complex. To address these problems, Ichikawa et al. [30] 

proposed a  sensorless control of the Syn-RM based on the EEMF model considering the magnetic 

magnetic saturation and with the identification of the on-line parameters, from the stator currents 

and voltages. However, the process of calculation and identification of the parameters is complex. 

The proposed method has been validated experimentally from 500 to 1000 rpm. 

I.5.2 Estimation based on high frequency signal injection  

In recent years, the High-Frequency Signal Injection (HFSI) method has often been used to 

detect the position of the Syn-RM in the zero- and low-speed operating regions [48]. In [32] 

Agarlita  et al. proposed a sensorless control for a Syn-RM by combining the methods of high-

frequency current injection, in the low-speed region, and active flux estimation based on stator 

voltages, in the high-speed region. Stator current injection in the d-axis then requires appropriate 

demodulation of the signal. Unfortunately, at high speed, the controllable voltage margin decreases 
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because of the voltage drop due to the injected high-frequency signal. In addition, the injected 

current causes additional losses and noise. A similar research by Consoli et al.  [46]considers only 

the operation at low- and zero-speed regions. De Kock [47] compared the anisotropy of the Syn-

RM with that of the PMSM for sensorless control, using high-frequency signal injection and 

appropriate demodulation. This study has refined the high-frequency model (anisotropy model) of 

a Syn-RM and a PMSM to implement robust and stable robust position estimation at low- and 

zero-speed. In [37], Consoli et al. presented a new rotor position estimation obtained by adding a 

small high-frequency sinusoidal voltage to the stator reference voltage for the Syn-RM. A stator 

voltage component is then generated orthogonally to the injected signal and its amplitude depends 

on the phase shift between the d-axis and the direction of the injected signal. A robust tracking can 

be achieved by adjusting the direction of the carrier voltage to minimize the amplitude of the 

orthogonally generated voltage. This technique works only at low speeds and at zero speed. The 

standard control schematic of HFSI is presented in Figure I-12. 

 

Figure I-12:Sensorless control scheme based on High Frequency Signal Injection. 

I.5.3 Luenberger deterministic observer 

The Luenberger observer is the most well-known in the class of deterministic type [49]. From 

measurements of inputs and outputs, we can reconstruct the state of the observable linear system. 

It is used in state feedback control when all or part of the state vector cannot be measured. In its 

extended version, it allows estimating the variable or unknown parameters of a system. In [50] , a 
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Luenberger-type flux observer was used to reconstruct the rotor position. The proposed estimator 

has many advantages, notably the fact that it does not depend at all on the initial position of the 

rotor, and it works equally well at speeds approaching zero as at very high speeds. The 

implementation of this technique is presented in [49], where the experimental results were 

presented and discussed. 

 

Figure I-13: Luenberger observer standard scheme. 

I.5.4 Estimation based on extended Kalman filter  

The Kalman filter is an optimal state observer for a defined stochastic context. It allows the 

reconstruction of the state of a system from the input and output signals. The basic Kalman filter 

algorithm is designed to estimate the state vector of a system with a linear model. If the model is 

nonlinear, it must be linearized to apply the Kalman filter (this is called an Extended Kalman 

Filter) [42]. The principle of the Kalman filter algorithm can be illustrated by the block diagram 

in Figure I-14. 
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Figure I-14: Schematic block of Kalman filter principle[52].  

A Kalman filter can simultaneously estimate several electrical and mechanical variables of the 

machine. The disadvantage of the Kalman filter lies in its high computational process because of 

the presence of several matrix calculations, which makes this algorithm difficult to implement  in 

real-time. The advantage of this technique is the filtering of the estimated signals [51]. Many 

sensorless control strategies using EKF have been reported, but more commonly with PMSM [52-

54] [38]. To our knowledge, only few papers have addressed sensorless control of Syn-RM by 

EKF and they were limited to low- and medium-speeds [77], [78]. 

In [39], Mynar et al. proposed a sensorless control with a EKF considering the stator iron losses. 

The developed EKF is based on the voltage equations considering the stator iron losses and the 

dynamic equation of the Syn-RM to estimate its position and speed. The results show that the 

position and speed are well estimated, but only at low- and medium-speeds (less than 1000 rpm). 

The EKF based on parameter identification method for synchronous motor and IPMSM has been 

described in [55] [56]. Nonetheless, the main downsides of the EKF are the tuning and design of 

the covariance matrices. In [57], some guidelines are used to obtain these matrices. However, this 

method is still based on a trial-and-error method. 
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I.6 Conclusion  

In this chapter, a description of the various rotor structures developed so far for SynRMis 

provided, where an explanation was given on the impact of the inductance saliency ratio upon the 

output power of the machine. The second part presents a stateof-the-art review listing several 

techniques for controlling the Syn-RM and estimating its rotor speed and position. It was necessary 

to review the new methods proposed in recent years for sensorless control of electric machines, 

particularly the Syn-RM. The development of estimators continues to grow, which drives many 

researchers to deepen their studies.  
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Chapter II : Modeling and control simulation of the Syn-RM 
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II.1 Introduction  

In this chapter, the focus is dedicated to the comprehensive modeling and control simulation of 

the Syn-RM. Beginning with a concise overview of the fundamental concept of reluctance torque, 

a crucial aspect is highlighted in understanding the behavior of the Syn-RM. Subsequently, the 

state space model of the Syn-RM is delved into, providing a robust mathematical representation 

of its dynamic behavior and interactions. Understanding the state space model is essential for the 

development of effective control strategies for this type of machine. 

Subsequently, attention shifts to two prominent control theories: Direct Torque Control (DTC) 

and Field-Oriented Control (FOC). These advanced control techniques have proven to be highly 

effective in regulating the Syn-RM, ensuring optimal performance and efficiency. Throughout the 

discussion of these control theories, their key principles, advantages, and potential drawbacks are 

analyzed, enabling a comprehensive understanding of their applicability in real-world scenarios. 

Then, the results obtained during the simulation phase are presented and examined. These results 

offer valuable insights into the performance and effectiveness of the presented control strategies 

under various operating conditions. By comparing and analyzing these outcomes, the goal is to 

identify the most suitable control approach for maximizing the Syn-RM's performance, efficiency, 

and overall stability. 

Finally, an enhanced control scheme for DTC (E-DTC) will be elaborated and simulated using 

the Syn-RM model. This will serve to highlight the advantages offered by this technique. 

Furthermore, a comparative discussion with conventional DTC will be presented in this section to 

provide a comprehensive evaluation of E-DTC.    

II.2 Principle of the Syn-RM  

If a magnetic field is applied to a magnetic material having different reluctances along two 

perpendicular axes ("𝑑" and "𝑞"), a reluctant torque is produced if the axis of symmetry of the 

magnetic material is not aligned with the magnetic field. This position where  ≠ 0 creates field 

distortion in the space where the magnetic material is located (Figure II-2). The reluctant torque 

will tend to rotate the material to reduce the angle  and to minimize the magnetic energy. If this 

angle  is kept constant through torque control or applied resistive torque, the electromagnetic 

energy is then continuously converted into mechanical energy. Let's place two magnetic rods 

(Figure II-3), one of which is surrounded by 𝑁 coils in which a current 𝑖 flows and the other 
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without coils. Initially, the two bars are offset. The general expression giving the 

electromechanical force 𝐹𝑒𝑚 of interaction between two magnetomotive sources represented by 

𝑁𝑁𝑖𝑁   and 𝑁𝑚𝑖𝑚 is written as [59]: 

𝐹𝑒𝑚(𝑥) =
1

2
∑  

𝑘

𝑛=1

∂℘𝑛𝑛

∂𝑥
(𝑁𝑛𝑖𝑛)

2 + ∑  

𝑘

𝑛<𝑚

∂℘𝑛𝑚

∂𝑥
(𝑁𝑛𝑖𝑛)(𝑁𝑚𝑖𝑚) (II. 1) 

Where ℘ is the permeance of the magnetic circuit with respect to the 𝑥 axis at a given position of 

the magnetic material. 

 

Figure II-1: History of design evolution of the Syn-RM [58]. 

Figure II-1 depicts a historical summary about the Syn-RM design evolution. 
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Figure II-2: Concept of reluctant torque [60]. 

 

Figure II-3: Reluctant force generation between two magnetic bars [92]. 

In our case (Figure II-3), there is only one magnetomotive source represented by (Ni), and the 

resulting electromechanical force is then given by: 
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𝐹𝑒𝑚(𝑥) =
1

2

𝜕℘𝑛𝑛

𝜕𝑥
(𝑁𝑖)2 (II. 2) 

We are therefore dealing with a reluctance force whose direction depends only on the variation in 

magnetic circuit permeance. 

II.3 Syn-RM model  

II.3.1 Simplifying assumptions 

In order to develop the equivalent electrical model of the machine, it is necessary   to make 

certain assumptions. In the case of the Syn-RM, the modeling is dependent on the following 

simplifying assumptions:  

 The hysteresis in the magnetic parts is negligible;  

 Notch and gap harmonics are not taken into account; 

 The spatial distribution of the magnetomotive forces in the air gap is sinusoidal; 

First, let's recall the classical model of the Syn-RM, neglecting the rotor currents. Nevertheless, 

the rotor of our machine is massive and conductive. It will be noticed that during flux transients, 

the influence of the rotor currents is significant, and sometimes, it will be necessary to consider 

them to improve our model. 

II.3.2 Electrical equations of the machine in the 𝒂𝒃𝒄 reference frame  

The electrical equations governing the operation of a synchronous machine in a three phase 

fixed reference frame (a,b,c) linked to the stator are written in the following form [61]: 

[𝑉𝑎𝑏𝑐] = [𝑅𝑠][𝐼𝑎𝑏𝑐] +
𝑑

𝑑𝑡
[Ψ𝑎𝑏𝑐] (II. 3) 

Where : [𝑉𝑎𝑏𝑐] = [

𝑣𝑎
𝑣𝑏
𝑣𝑐

] ; [𝐼𝑎𝑏𝑐] = [

𝑖𝑎
𝑖𝑏
𝑖𝑐

] ; [Ψ𝑎𝑏𝑐] = [

𝜓𝑎
𝜓𝑏
𝜓𝑐

] ; [𝑅𝑠] = [

𝑅𝑠 0 0
0 𝑅𝑠 0
0 0 𝑅𝑆

]. 
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The totalized fluxes of the stator phases are written in the stator-related reference frame in the 

following matrix form:  

[Ψabc] = [L][Iabc] (II. 4) 

Figure II-4: Fixed frame 𝛼, 𝛽 and rotor frame 𝑑, 𝑞 vector diagram. 

where  [𝐿] is the inductance matrix which depends on the angle 𝜃 defined by Figure II-4: 

[𝐿] = [

𝐿𝑎(𝜃) 𝑀𝑎𝑏(𝜃) 𝑀𝑎𝑐(𝜃)

𝑀𝑏𝑎(𝜃) 𝐿𝑏(𝜃) 𝑀𝑏𝑐(𝜃)

𝑀𝑐𝑎(𝜃) 𝑀𝑐𝑏(𝜃) 𝐿𝑐(𝜃)
] (II. 5) 

With the assumption of the first space harmonic, the terms in (II.5) are written as: 

𝐿𝑎(𝜃) = 𝐿𝑓 + 𝐿0 + 𝐿2cos (2𝜃)

𝐿𝑏(𝜃) = 𝐿𝑓 + 𝐿0 + 𝐿2cos (2𝜃 +
2𝜋

3
)

𝐿𝑐(𝜃) = 𝐿𝑓 + 𝐿0 + 𝐿2cos (2𝜃 −
2𝜋

2
)

    
|

|
   

𝑀𝑎𝑏(𝜃) = 𝑀𝑏𝑎(𝜃) = 𝑀0 +𝑀2cos (2𝜃 −
2𝜋

3
)

𝑀𝑎𝑐(𝜃) = 𝑀𝑐𝑎(𝜃) = 𝑀0 +𝑀2cos (2𝜃 +
2𝜋

3
)

𝑀𝑏𝑐(𝜃) = 𝑀𝑐𝑏(𝜃) = 𝑀0 +𝑀2cos (2𝜃)

(II. 6) 

𝐿𝑓 is the leakage inductance of a phase, 𝐿0 and 𝐿2  are the constant term and second harmonic 

components of the self-inductance respectively. Under the same framework of assumptions, we 

have the following relations: 

𝑀0 = −
1

2
𝐿0 et 𝑀2 = 𝐿2 (II. 7) 
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II.3.3 Electrical equations of the machine in the frame 𝜶,𝜷  

With a two-phase current system, produced by two coils offset by 𝜋 2⁄  in space, we can create 

a rotating field identical to that created by any three-phase system. There are two transformations: 

the Clarke transformation and the Concordia transformation. The Clarke transformation preserves 

the amplitude of the quantities, but not the power or the torque (they must be multiplied by a 

coefficient 3/2). On the other hand, the one of Concordia, which is normalized, keeps the power, 

but not the amplitudes. It is preferred to use the Clarke transformation, because it facilitates the 

analysis of temporal signals and the adjustment of the limitations. One can obtain, in the general 

case [62]: 

[

𝑥𝑎
𝑥𝑏
𝑥𝑐

] = [𝐶32] [

𝑥𝛼
𝑥𝛽
𝑥ℎ

] ; [

𝑥𝛼
𝑥𝛽
𝑥ℎ

] = [𝐶23] [

𝑥𝑎
𝑥𝑏
𝑥𝑐

] (II. 8) 

where: 

[𝐶23] =
2

3

[
 
 
 
 
 1 −

1

2
−
1

2

0
√3

2
−
√3

2
1

2

1

2

1

2 ]
 
 
 
 
 

; [𝐶32] = [𝐶23]
−1 =

[
 
 
 
 
1 0 1

−
1

2

√3

2
1

−
1

2
−
√3

2
1]
 
 
 
 

(II. 9) 

The system of equations (II.3) becomes: 

[𝑉𝛼𝛽ℎ] = [𝑅𝑠][𝐼𝛼𝛽ℎ] +
𝑑

𝑑𝑡
[𝜓𝛼𝛽ℎ] (II. 10) 

where: 

[𝑉𝛼𝛽ℎ] = [

𝑣𝛼
𝑣𝛽
𝑣ℎ

] ; [𝐼𝛼𝛽ℎ] = [

𝑖𝛼
𝑖𝛽
𝑖ℎ

] ; [𝜓𝛼𝛽ℎ] = [

𝜓𝛼
𝜓𝛽
𝜓ℎ

] (II. 11) 

The flux matrix is given by: 

[𝜓𝛼𝛽ℎ] = [𝐿𝛼𝛽ℎ][𝐼𝛼𝛽ℎ] (II. 12) 

with:  
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[𝐿𝛼𝛽ℎ] =

[
 
 
 
 𝐿𝑓 +

3

2
(𝐿0 + 𝐿2 cos(2𝜃))

3

2
𝐿2 sin(2𝜃) 0

3

2
𝐿2 sin(2𝜃) 𝐿𝑓 +

3

2
(𝐿0 − 𝐿2 cos(2𝜃)) 0

0 0 𝐿𝑓]
 
 
 
 

(II. 13) 

With the neutral of the machine isolated, we have 𝑖ℎ = 0 and we can write:  

[
𝑣𝛼
𝑣𝛽
] = 𝑅𝑆 [

𝑖𝛼
𝑖𝛽
] +

𝑑

𝑑𝑡
[
𝜓𝛼
𝜓𝛽
] (II. 14) 

II.3.4 Electrical equations of the machine in the 𝒅, 𝒒 reference frame  

Park’s matrix is given by: 

[𝑃] =
2

3

[
 
 
 
 
 cos 𝜃 cos (𝜃 −

2𝜋

3
) cos (𝜃 +

2𝜋

3
)

− sin 𝜃 − sin (𝜃 −
2𝜋

3
) − sin (𝜃 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 
 

(II. 15) 

The calculation of the inverse of [𝑃] is obtained as: 

[𝑃]−1 =

[
 
 
 
 

𝑐𝑜𝑠 𝜃 −𝑠𝑖𝑛 𝜃 1

𝑐𝑜𝑠 (𝜃 −
2𝜋

3
) − 𝑠𝑖𝑛 (𝜃 −

2𝜋

3
) 1

𝑐𝑜𝑠 (𝜃 +
2𝜋

3
) − 𝑠𝑖𝑛 (𝜃 +

2𝜋

3
) 1]

 
 
 
 

(II. 16) 

If we project all the quantities into the 𝑑, 𝑞 reference frame linked to the rotor (Figure II-4) using 

the Park’s transformation, we write in the general case: 

[

𝑥𝑎
𝑥𝑏
𝑥𝑐

] = [𝑃]−1 [

𝑥𝑑
𝑥𝑞
𝑥ℎ

] (II. 17) 

The equation stated in (II.3) becomes then: 

[𝑃]−1[𝑉𝑑𝑞ℎ] = [𝑅𝑆][𝑃]
−1[𝐼𝑑𝑞ℎ] + [𝑃]

−1
𝑑[𝜓𝑑𝑞ℎ]

𝑑𝑡
+
𝑑[𝑃]−1

𝑑𝑡
[𝜓𝑑𝑞ℎ] (II. 18) 
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where [𝑋𝑑𝑞ℎ] denotes any vector of quantities expressed in the rotor-related reference frame. 

The multiplication of the two members of (II.18) by [𝑃] yields: 

[𝑉𝑑𝑞ℎ] = [𝑅𝑠][𝐼𝑑𝑞ℎ] +
𝑑[𝜓𝑑𝑞ℎ]

𝑑𝑡
+ 𝑃𝜔𝑚[𝑃]

𝑑[𝑃]−1

𝑑𝜃
[𝜓𝑑𝑞ℎ] (II. 19) 

where: [𝑃]
𝑑[𝑃]−1

𝑑𝜃
= [

0 −1 0
1 0 0
0 0 0

] 

We finally get the following equations [63]: 

[𝑉𝑑𝑞ℎ] = [𝑅𝑠][𝐼𝑑𝑞ℎ] + [

𝐿𝑑 0 0
0 𝐿𝑞 0

0 0 𝐿ℎ

]
𝑑[𝐼𝑑𝑞ℎ]

𝑑𝑡
+ 𝑃𝜔𝑚 [

0 −𝐿𝑞 0

𝐿𝑑 0 0
0 0 0

] [𝐼𝑑𝑞ℎ] (II. 20) 

with:  

 

{
 
 

 
 𝐿𝑑 = 𝐿𝑓 +

3

2
(𝐿0 + 𝐿2)

𝐿𝑞 = 𝐿𝑓 +
3

2
(𝐿0 − 𝐿2)

𝐿ℎ = 𝐿𝑓

 

With the neutral of the machine isolated, which implies naturally   𝑖ℎ  =  0, we can write: 

[
𝑣𝑑
𝑣𝑞
] = [

𝑅𝑠 −𝑃𝜔𝑚𝐿𝑞
𝑃𝜔𝑚𝐿𝑑 𝑅𝑆

] [
𝑖𝑑
𝑖𝑞
] + [

𝐿𝑑 0
0 𝐿𝑞

]
𝑑

𝑑𝑡
[
𝑖𝑑
𝑖𝑞
] (II. 21) 

II.3.5 Mechanical equations 

The calculation of the electromagnetic torque of the machine is based on the knowledge of the 

total instantaneous power 𝑃𝑡(𝑡), i.e.: 

𝑃𝑡 =
3

2
𝑅𝑆(𝑖𝑑

2 + 𝑖𝑞
2) +

3

2
(
𝑑𝜓𝑑
𝑑𝑡

𝑖𝑑 +
𝑑𝜓𝑞

𝑑𝑡
𝑖𝑞) +

3

2
𝑃𝜔𝑚(𝜓𝑑𝑖𝑞 − 𝜓𝑞𝑖𝑑) (II. 22) 

Considering that:  

𝑃𝑗 =
3

2
𝑅𝑠(𝑖𝑑

2 + 𝑖𝑞
2)  represents the Joule effect losses in the stator windings. 

𝑃𝑤 =
3

2
(
𝑑𝜓𝑑

𝑑𝑡
𝑖𝑑 +

𝑑𝜓𝑞

𝑑𝑡
𝑖𝑞)  denotes the variations of the magnetic energy stored in the machine. 
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𝑃𝑒 =
3

2
𝑃𝜔𝑚(𝜓𝑑𝑖𝑞 − 𝜓𝑞𝑖𝑑)  represents the electrical power transformed into mechanical power 

inside the machine, or the electromagnetic power. The electromagnetic power results from the 

interaction of a flux term and a current term. 

The electromagnetic torque equation is therefore:  

𝑇𝑒 =
𝑃𝑒
𝜔𝑚

=
3

2
𝑃(𝜓𝑑𝑖𝑞 − 𝜓𝑞𝑖𝑑) =

3

2
𝑃(𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞 (II. 23) 

Taking into account the total inertia 𝐽, the viscous friction coefficient 𝐵𝑚 and the load torque   T𝐿 , 

the equation of motion is given by: 

𝐽
𝑑𝜔𝑚
𝑑𝑡

+ 𝐵𝑚𝜔𝑚 = 𝑇𝑒 − T𝐿 (II. 24) 

The state model of the Syn-RM in the 𝑑, 𝑞 frame is finally written:  

𝑑

𝑑𝑡
[

𝑖𝑑
𝑖𝑞
𝜔𝑚
𝜃𝑚

] =

[
 
 
 
 
 
 
 
 

−𝑅𝑠
𝐿𝑑

𝑖𝑑 +
𝑃𝐿𝑞
𝐿𝑑

𝑖𝑞𝜔𝑚

−𝑅𝑠
𝐿𝑞

𝑖𝑞 −
𝑃𝐿𝑑
𝐿𝑞

𝑖𝑑𝜔𝑚

2
2
𝑃(𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞

𝐽
−
𝐵𝑚
𝐽
𝜔𝑚 −

T𝐿
𝐽

𝑃𝜔𝑚 ]
 
 
 
 
 
 
 
 

+

[
 
 
 
 
 
 
1

𝐿𝑑
0

0
1

𝐿𝑞
0 0
0 0 ]

 
 
 
 
 
 

[
𝑣𝑑
𝑣𝑞
] (II. 25) 

The system of equations (II.25) is nonlinear because of the products between the currents 𝑖𝑑, 𝑖𝑞 

and the mechanical speed 𝜔𝑚 and also between the two currents. However, in most cases, the 

mechanical time constant is very large compared to the electrical time constants so that one can 

consider the two subsystems, electrical and mechanical, decoupled. Thus, the speed is considered 

constant during the transient current regimes, and it only remains to consider the non-linearity due 

to the product 𝑖𝑑 𝑖𝑞. 

II.3.6 Syn-RM model with magnetic saturation and iron losses  

Ferromagnetic materials with nonlinear magnetic characteristics are an important part of all 

electrical machines, and when the total magnetomotive force in the machine increases, saturation 

of the ferromagnetic parts occurs. This leads to a variation of the stator and rotor inductances, 

which must be taken into account in the motor model. The iron losses are also considered by adding 
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a shunt resistor in both direct and quadrature equivalent circuits. Different models have been 

proposed to account for these effects, including lookup tables for the iron loss resistance and 

direct/quadrature inductances [64], [65]. In this thesis, the Syn-RM dynamic model utilized was 

treated as an approximation of reality. The simulation incorporated lookup tables to represent the 

inductance parameters and iron losses resistor, as detailed in Table A-2 in appendix. 

 

Figure II-5:Equivalent circuits of Syn-RM, considering iron losses, in the rotor 

reference frame. 

In order to consider the saturation effect in the Syn-RM, it is necessary to assume that the 

inductances along the d and q axes are influenced by the current. It is important to note that the 

saturation effect in the d axis is expected to differ significantly from that in the q axis due to the 

distinct nature of their magnetic paths. In the d axis, the magnetic path is primarily composed of 

iron and is sensitive to excitation, whereas in the q axis, the magnetic path is primarily composed 

of air and is not sensitive to excitation. As a result, an unequal saturation effect occurs in the d and 

q axes as the current increases [64]. 

As illustrated in Figure II-5, taking into account magnetic saturation, new current terms are 

derived, namely  𝑖𝑑𝑚  and 𝑖𝑞𝑚,  which represent the torque-producing currents along the d and q 

axes, and they differ from the measured currents  𝑖𝑑, 𝑖𝑞 . Measuring the iron loss resistance 𝑅𝑐 

during the transition state is challenging, so it is disregarded in the steady state. As a result, the 

relationship between stator currents and torque currents are represented as: 
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𝑖𝑑 = 𝑖𝑑𝑚 −
1

𝑅𝑐
(𝜔𝑒𝐿𝑞𝑖𝑞𝑚) (II. 26) 

𝑖𝑞 = 𝑖𝑞𝑚 −
1

𝑅𝑐
(𝜔𝑒𝐿𝑑𝑖𝑑𝑚) (II. 27) 

Substituting (II.26) and (II.27) in (II.25), the new Syn-RM model equations are obtained as 

follows. 

𝑑

𝑑𝑡
[

𝑖𝑑𝑚
𝑖𝑞𝑚
𝜔𝑚
𝜃𝑚

] =

[
 
 
 
 
 
 
 
 

−𝑅𝑠
𝐿𝑑

𝑖𝑑𝑚 +
𝑃𝐿𝑞
𝐿𝑑

𝑖𝑞𝑚𝜔𝑚

−𝑅𝑠
𝐿𝑞

𝑖𝑞𝑚 −
𝑃𝐿𝑑
𝐿𝑞

𝑖𝑑𝑚𝜔𝑚

2
2𝑃(𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑚𝑖𝑞𝑚

𝐽
−
𝐵𝑚
𝐽
𝜔𝑚 −

T𝐿
𝐽

𝑃𝜔𝑚 ]
 
 
 
 
 
 
 
 

+

[
 
 
 
 
 
 
1

𝐿𝑑
0

0
1

𝐿𝑞
0 0
0 0 ]

 
 
 
 
 
 

[
𝑣𝑑
𝑣𝑞
] (II. 28) 

II.4 Syn-RM power converter modeling  
 

The grid power is converted to controlled ac power using AC-to-AC converter for electric drive 

applications. These AC-to-AC converters can be single-stage power converters using matrix 

converters or a rectifier stage followed by a DC-to-AC inverter. The main idea behind the usage 

of power converters for the drives is to create a controlled power supply from a fixed-frequency 

and fixed-voltage source with high efficiency. An ideal converter based on power electronic 

semiconductor devices is used as a switch which has: 

 zero voltage drop across the switch when turned on. 

 zero leakage current through the switch when turned off. 

 zero turn-on and turn-off time. 

This ensures that the ideal power electronics devices have no conduction, blocking, and 

switching losses. Therefore, the power converters with ideal components are supposed to have 100 

% efficiency. However, it is not practical to get an ideal component, and the power converters are 

made with components whose characteristics are close to ideal to increase efficiency. As the cost 

of these devices and digital controller is decreasing, the usage of the power converters is increasing 

for drives’ applications. There are several types of power converters which are used in the AC 

drives applications. In this chapter, the DC–AC three-phase voltage source inverters are discussed, 
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as they are the most commonly used power converters for the electric drive systems, and the two-

level inverters, which are used for low-voltage drives, are discussed in sub-section II.4.1. These 

inverters are a source of variable voltage and frequency AC supply if the output of the inverters is 

Pulse Width Modulated (PWM). Several discussions on the pulse width modulation (PWM) 

method are available in literature. In this chapter, the most popular PWM methods - sinusoidal 

PWM and the Space Vector (SVPWM) - are discussed. The main focus is given on the simple 

implementation of these methods along with their relation with the theory, due to the their simple 

implementation, Hysteresis current controllers has been often employed within the AC drives 

control scheme. In this setup, inverters pulses are generated from the hysteresis comparators, 

which aims to maintain the current tracking error within the desired bandwidth [66]. 

II.4.1 Three-phase two-level inverter 

For converting DC power to a controllable AC power, several DC–to-AC power inverters are 

available; among them, the two-level inverter (Figure II-6). A phase of the AC side can be 

connected to either the positive DC-link terminal if the top device of that phase is turned on or the 

negative DC-link terminal if the bottom device of that phase is turned on. Therefore, the pole 

voltage of a phase is given by. 

𝑣𝑥O = {
𝑉dc     if top device of phase 𝑥 is turned on 

−𝑉dc     if bottom device of phase 𝑥 is turned on 
 

 

Figure II-6: Two-level inverter. 

where 𝑥 = {A, B, C}, and 𝑉dc is the dc-link voltage. As the pole of the ac side can have two levels, 

this inverter is called as the two-level inverter. Both devices in a phase should never be turned on 

simultaneously as it will short the dc power supply. Using this constraint, the two-level three-phase 
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inverter can have 23 = 8 different switching states as listed in Table II.1. Each state is denoted by 

combination of plus (+) or minus (-) signs. The plus and minus signs denote that the pole voltage 

of that particular phase is +Vdc and -Vdc, respectively. 

These switching states are used to generate a set of required three-phase balanced output voltage 

as given by: 

𝑣A = 𝑉𝑚cos (𝜔𝑡)

𝑣B = 𝑉𝑚cos (𝜔𝑡 −
2𝜋

3
)

𝑣C = 𝑉𝑚cos (𝜔𝑡 +
2𝜋

3
)

(II. 29) 

where 𝑉𝑚 is the peak of the desired phase voltage with fundamental frequency denoted by 𝜔 . 

Although the converter is not able to generate the exact three-phase balanced output voltages, its 

output voltage can be modulated in a way that it approximates these balanced three-phase voltages. 

For that, several modulation techniques are used in literature. Among them, the most popular 

methods are sinusoidal PWM (SPWM) and Space Vector PWM (SVPWM) techniques [67].  

II.4.2 Current controlling methods for voltage inverters        

The role of the control device is to ensure self-steering and regulation of the currents, with the 

aim of keeping the actual currents measured at the machine phases as close as possible to their 

references. To achieve this, three techniques can be used: 

 Hysteresis current control 

 Sinusoidal Pulse Width Modulation (SPWM) 

 Space Vector Modulation (SVM)  

II.4.2.1 Hysteresis current control  

This method, certainly the simplest, has often been used to supply AC machines. Figure II-7 

shows the principal diagram for this technique, where the current references are sinusoidal. This 

strategy uses three independent regulators, one per phase, and when the instantaneous current in a 

phase deviate from its sinusoidal reference, fixed by the regulator hysteresis, switching is imposed 

on the switches of the corresponding inverter arm, so as to keep these currents always within a 

band surrounding these references. Currents ripple are dependent to the value of the hysteresis 

bandwidth. 
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Figure II-7: Current control scheme based on hysteresis comparators. 

II.4.2.2 Sinusoidal pulse width modulation 

The SPWM technique is the most popular PWM technique due to its simplicity. In this method, 

the three-phase normalized sinusoidal reference signals are obtained by scaling the required AC 

output voltage as given by: 

𝑣A,ref = 𝑚𝑎cos (𝜔𝑡)

𝑣B,ref = 𝑚𝑎 cos (𝜔𝑡 −
2𝜋

3
)

𝑣C,ref = 𝑚𝑎cos (𝜔𝑡 +
2𝜋

3
)

(II. 30) 

where 𝑚𝑎 = 𝑉𝑚/𝑉dc is known as modulation index. 

These reference signals are compared with a high-frequency triangular carrier signal, as shown 

in Figure II-8. If the reference signal of a phase is higher or lower than the carrier signal, the top 

or bottom switch is turned on, respectively. Due to this arrangement of switching on/off, the pole 

voltages of the phases are obtained as shown in Figure II-9, which is valid for 0 < 𝜔𝑡 < 𝜋/3. 

The resultant waveform is shown for one carrier cycle, also known as the switching period, where 

the reference signals are sampled and assumed to be constant. It can be seen that the applied 

sequence of the switching states in the carrier period is (− − −) → (+ − −) → (+ + −) → (+ +

+) and reverse. The pole voltage of phase A averaged over a switching period can be given by: 

⟨𝑣AO⟩𝑇𝑠 = 𝑉dc
(2𝑡𝑎 − 𝑇𝑠)

𝑇𝑠
(II. 31) 
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Table II-1:Switching states of two-level inverter 

 Pole voltage 

Switching 

state 

Phase 

𝐀(𝒗AO) 
Phase 

𝐁(𝒗BO) 
Phase 

𝐂(𝒗𝐂𝐎) 

--- −𝑉dc −𝑉dc −𝑉dc 

+-- +𝑉dc −𝑉dc −𝑉dc 

++- +𝑉dc +𝑉dc −𝑉dc 

-+- −𝑉dc +𝑉dc −𝑉dc 

-++ −𝑉dc +𝑉dc +𝑉dc 

--+ −𝑉dc −𝑉dc +𝑉dc 

+-+ +𝑉dc −𝑉dc +𝑉dc 

+++ +𝑉dc +𝑉dc +𝑉dc 

 

 

 

 

 

 

 

(a) 

 

(b) 

Figure II-8: Reference and carrier signals of sinusoidal PWM for: (a) a fundamental cycle; (b) 

Zoom-in of the cycle. 
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where 𝑇𝑠 is the switching period, and 𝑡𝑎can be given by: 

𝑡𝑎 =
1 + 𝑣A,ref

2
𝑇𝑠 (II. 32) 

Using (II.31) and (II.32), the average value of phase A pole voltage is given by: 

 

⟨𝑣AO⟩𝑇𝑠 = 𝑉dc𝑣A,ref (II. 33) 

The pole voltage of phase A averaged over a switching period is proportional to the normalized 

reference signal. Similarly, phases B and C pole voltages averaged over a switching period are 

proportional to their respective normalized reference signals. If the reference signal is sinusoidally 

varying, the average pole voltage will also have sinusoidal variation. If the switching period is 

very small compared to the fundamental cycle, 𝑇𝑠 ≪ 2𝜋/𝜔, the fundamental component of the 

three-phase pole voltage will be equal to the required three phase balanced output voltage given 

by (II.29). 

Equation (II.33) is valid for 𝑚𝑎 < 1. Therefore, the maximum value of the peak voltage 𝑉𝑚 for 

the AC-side output voltage that can be obtained from this method is 𝑉𝑑𝑐. 

II.4.2.3 Space Vector Modulation  

The space vector finds its usage in explaining the rotating magnetic field due to three-phase 

balanced sinusoidal excitation current in the three-phase sinusoidal distributed winding in an AC 

machine [68]. The space vector, defined by its 𝛼- and 𝛽- components, describes the sinusoidal 

distribution of a variable in ‘space’. For a three-phase variable (voltage, current, or any other 

electrical variable), the space vector is defined by: 

-

𝐅 = 𝑓𝛼 + 𝑗𝑓𝛼

𝑓𝛼 = 𝑓A −
𝑓B+𝑓C

2

𝑓𝛼 =
√3

2
(𝑓B − 𝑓C)

(II. 34) 

 

where 𝛼 and 𝛽 subscript describe the 𝛼 - and 𝛽 -components of the space vector. The voltage 

space vector components of the desired three-phase output voltage can be obtained by replacing 

(II.29) in (II.34), as given by 

𝑣𝛼 =
3

2
𝑉𝑚cos (𝜔𝑡)

𝑣𝛽 =
3

2
𝑉𝑚sin (𝜔𝑡)

(II. 35) 
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If the locus of the tip of the voltage space vector is plotted using (II.35) with respect to time, a 

circle is obtained. However, the two-level inverter cannot generate these voltage vectors. The 

space vectors that can be generated by the inverter can be obtained by replacing the voltage levels 

of the switching states of Table II.1 in (II.35). The resultant space vectors form the space vector 

diagram (SVD), as shown in Figure II-9 [69]. The space vectors V1–V6 have the magnitude of 

2 𝑉𝑑𝑐, and their tips are located at the corner of a hexagon displaced by 60°. These vectors are 

called active vectors. The space vector corresponding to two remaining switching states (+ + +) 

and (- - -) has zero magnitude. Therefore, it is known as zero vector. In other words, the zero vector 

can be realized by two switching states (it has two redundancies), and the active vectors can be 

realized by a unique switching state. The active vectors divide the SVD into six sectors identified 

by roman letters I–VI in Figure II-10. The vertices of a sector are the tip of the two active vectors 

and the zero vector. These vectors are used to approximate the desired voltage space vector, 

referred to as the reference vector. The reference vector can be obtained by sampling the reference 

signals of (II.30) in the switching period 𝑇𝑠 and replacing the three-phase sampled reference signals 

in (II.34) after multiplying with  𝑉𝑑𝑐.  

 

Figure II-9: Reference signals, carrier signal, and corresponding pole voltage 

for sinusoidal PWM. 
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Figure II-10: Space vector diagram of a two-level inverter. 

The time for which these switching states need to be applied depends on the magnitude and 

angle of the desired reference vector, and it is known as the dwell time for that particular switching 

state. The dwell times for the switching states (+ - -) and (+ + -) are given by: 

 

and

𝑇1 =
𝑉𝑟𝑒𝑓 sin ((

𝜋
3
) − 𝜃)

2𝑉𝑑𝑐 sin (
𝜋
3)

𝑇𝑠

    𝑇2 =
𝑉𝑟𝑒𝑓 sin(𝜃)

2𝑉𝑑𝑐 sin (
𝜋
3)
𝑇𝑠,

(II. 36) 

respectively. 𝑉𝑟𝑒𝑓 and  𝜃 are the magnitude and angle of the reference vector. The dwell time 

𝑇1   and 𝑇2 are determined by equating the average of the 𝛼- and 𝛽-components of the active 

vectors, V1 and V2, to the 𝛼- and 𝛽-components of the desired reference vector, respectively. The 

remaining time in the switching period is used for the application of the switching states (+ + +) 

and (- - -) to realize the zero vector. In conventional SVPWM, the dwell time for state (+ + +) (𝑇7) 

and for state (- - -) (𝑇0) are equal, as given by [66]: 

𝑇0 = 𝑇7 =
1

2
(𝑇𝑠 − 𝑇1 − 𝑇2) (II. 37) 
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Table II-2:Switching sequence for SVPWM. 

Sector Switching sequence 

I (− − −) → (+ − −) → (+ + −) → (+ + +) and reverse 

II (− − −) → (− + −) → (+ + −) → (+ + +) and reverse 

III (− − −) → (− + −) → (− + +) → (+ + +) and reverse 

IV (− − −) → (− − +) → (− + +) → (+ + +) and reverse 

V (− − −) → (− − +) → (+ − +) → (+ + +) and reverse 

VI (− − −) → (+ − −) → (+ − +) → (+ + +) and reverse 

 

 

II.5 Control simulation of Syn-RM  

II.5.1 Direct torque control of Syn-RM 

The basic principle of the DTC is to directly control the motor flux vector along the 

predetermined trajectory at the predetermined speed. Any deviation in the actual motor flux or 

torque from the reference trajectories is detected by set of hysteresis controllers, which directly 

select an appropriate switching vector in such way that the deviation is minimized. DTC directly 

generates the command signals for inverter phases. The flux vector orientation is done in the 

stationary reference frame, thus eliminating the need for speed/position sensors. The ultimate 

result of this simplification enables to obtain faster dynamic response.   
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Figure II-11: Schematic block of conventional Direct Torque Control (DTC). 

Figure II-11 shows the basic structure of conventional DTC. This technique consists of 

controlling torque and flux separately. Speed PI controller generates the electromagnetic torque 

reference 𝑇𝑒
∗  which is compared with the estimated value  𝑇�̂� , as well as the flux control. The 

reference value 𝜓𝑒
∗ is compared with the estimated flux 𝜓�̂�, and two hysteresis comparators are 

used for errors judgment, generating three command law possibilities for torque and two for flux. 

The possible results of the comparators are written in (II.38): 

{
 
 

 
 
𝐶𝑇𝑒

∗ = 1, for 𝜀𝑇𝑒⟩𝐻𝑇𝑒
𝐶𝑇𝑒

∗ = 0, for 𝐻𝑇𝑒⟩𝜀𝑇𝑒⟩ − 𝐻𝑇𝑒
𝐶𝑇𝑒

∗ = −1, for 𝜀𝑇𝑒⟨−𝐻𝑇𝑒
𝐶𝜓𝑠

∗ = 1, for 𝜀𝜓𝑠⟩𝐻𝜓𝑠

𝐶𝜓𝑠
∗ = −1, for 𝜀𝜓𝑠⟨−𝐻𝜓𝑠

(II. 38) 

The conventional flux estimation is based on voltage and current quantities in the stator 

reference frame 𝛼, 𝛽 and can be expressed as: 

{
𝜓𝛼 = ∫ (𝑉𝛼 − 𝑖𝛼𝑅𝑠)𝑑𝑡

𝜓𝛽 = ∫ (𝑉𝛽 − 𝑖𝛽𝑅𝑠)𝑑𝑡
(II. 39) 

The estimated flux to be introduced into the DTC loop can be stated from (II.39) as: 

Ψ̂𝑠 = √�̂�𝛼2 + �̂�𝛽
2 (II. 40) 

𝝍𝒔
∗ 

𝑻𝒆
∗  𝝎𝒓

∗  
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The flux angle can be extracted from Equations (II.39) as: 

𝜃�̂� = 𝑎𝑟𝑐𝑡𝑎𝑛
𝜓𝛽

𝜓𝛼
(II. 41) 

The electromagnetic torque used in the DTC algorithm is expressed as a function of the 

estimated flux in (II.39) as: 

𝑇�̂� =
3

2
𝑃(𝜓�̂�𝑖𝛽 − 𝜓�̂�𝑖𝛼) 

Table II-3 : DTC switching table 

Sectors 

 
1 2 3 4 5 6 

Flux Torque 

𝐶𝜓𝑠
∗ = 1 

CTe
*=1 

V2 

(110) 

V3 

(100) 

V4 

(101) 

V5 

(001) 

V6 

(011) 

V1 

(010) 

CTe
*=0 

V7 

(111) 

V0 

(000) 

V7 

(111) 

V0 

(000) 

V7 

(111) 

V0 

(000) 

CTe
*=-1 

V6 

(011) 

V1 

(010) 

V2 

(110) 

V3 

(100) 

V4 

(101) 

V5 

(001) 

𝐶𝜓𝑠
∗ = −1 

CTe
*=1 

V3 

(100) 

V4 

(101) 

V5 

(001) 

V6 

(011) 

V6 

(010) 

V2 

(110) 

CTe
*=0 

V0 

(000) 

V7 

(111) 

V0 

(000) 

V7 

(111) 

V0 

(000) 

V7 

(111) 

CTe
*=-1 

V5 

(001) 

V6 

(011) 

V1 

(010) 

V2 

(110) 

V3 

(100) 

V4 

(101) 

II.5.2 Field oriented control of Syn-RM 

Field Oriented Control (FOC) is a control strategy used in electric motors to achieve high-

performance operation. The principle of FOC is to control the torque and speed of the motor by 

decoupling the stator current into two components: one component that produces a magnetic field 

that rotates with the rotor, and another component that produces a magnetic field that is stationary 

with respect to the stator. The FOC technique involves transforming the three-phase AC voltage 

and current signals into two-phase signals, known as d-axis and q-axis components. The d-axis 

component represents the magnetic flux that is aligned with the rotor, while the q-axis component 

represents the magnetic flux that is perpendicular to the rotor. By controlling these two components 

separately, it becomes possible to control both torque and speed independently. This allows for 

precise control of motor performance, including high efficiency, low noise, and smooth operation. 
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Using direct Field Oriented Control (FOC) aims to regulate the two currents 𝑖𝑑 and 𝑖𝑞 while 

neglecting the coupling terms 𝑒𝑑and 𝑒𝑞. These coupling terms act as disturbances to be 

compensated, as they are proportional to the Back Electromotive Force (EMF). These terms are 

added to the output of the current controllers to obtain the control voltages 𝑣𝑑 
∗ and 𝑣𝑞

∗ . The 

coupling terms are defined as follows: 

𝑒𝑑 = −𝑤𝑒𝑖𝑞
∗𝐿𝑞

𝑒𝑞 = 𝑤𝑒𝑖𝑑
∗𝐿𝑑

(II. 45) 

As depicted in Figure II.20, torque and flux are indirectly controlled by means of 𝑖𝑑 , 𝑖𝑞 currents 

control, thus no flux or torque estimation is required. First, 𝑖𝑞 reference value is obtained from 

speed PI controller, and then it is compared to the measured value. The PI cascade controller acts 

to eliminate the error 𝑒𝑖𝑞. On the other hand 𝑖𝑑  current is controlled as well, where its reference is 

fixed to a constant value. PI is used within the control loop. 𝑖𝑑 reference value can be generated in 

others control modes such as Maximum Torque Per Ampere (MTPA) and/or Flux Weakening 

(FW) according to the flux reference at the actual operating speed, where optimal drive control is 

required for a wide speed region. Voltage references 𝑣𝑑
∗ , 𝑣𝑞

∗ are generated as, 

𝑣𝑑
∗ = 𝐶𝑑

∗ + 𝑒𝑑
𝑣𝑞
∗ = 𝐶𝑞

∗ + 𝑒𝑞 
} (II. 45) 

where, 

𝐶𝑑
∗, 𝐶𝑞

∗   are 𝑑, 𝑞  currents controllers outputs defined as: 

 

𝐶𝑑
∗ = (𝑖𝑑

∗ − 𝑖𝑑) ∗ 𝐻(𝑝)𝑑 (II. 46) 

𝐶𝑞
∗ = (𝑖𝑞

∗ − 𝑖𝑞) ∗ 𝐻(𝑝)𝑞 (II. 47) 

 𝐻(𝑝)𝑑 , 𝐻(𝑝)𝑞  are  𝑑, 𝑞 PI controller transfer functions respectively. 𝑖𝑑
∗ , 𝑖𝑞

∗  are current 

controllers commands.  Inverse Park’s transformation is used to transform voltage reference 

quantities 𝑣𝑑
∗ , 𝑣𝑞

∗ into stator reference quantities 𝑣𝑎 , 𝑣𝑏 , 𝑣𝑐 to be introduced to PWM block as shown 

in Figure II.12 
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Figure II-12: Overall field-oriented control schematic of Syn-RM. 

II.5.3 Space vector modulation-based DTC  

DTC-SVM, a control technique applied in motor control, particularly for Syn-RM, is an 

improvement over the conventional DTC algorithm, which is plagued by torque ripple. It aims to 

minimize torque ripple by precisely aligning the stator flux through the use of space vector 

modulation (SVM), as depicted in Figure II-14. This approach enables real-time adjustments to 

the torque angle, leading to more stable control and reduced torque ripple. Additionally, the 

estimation of stator flux position and magnitude relies on motor parameters and current. 

In this technique, torque and flux control are seamlessly integrated with the SVM technique to 

achieve a constant switching frequency while mitigating current distortion. In this approach, a 

single PI controller is dedicated to predicting the torque angle ∆𝛿𝑇 between actual and reference 

flux vector as illustrated in Figure II-13, which is used for flux references calculation  𝜓𝛼
∗  , 𝜓𝛽

∗  , 

while considering the flux reference value 𝜓𝑠
∗. This can be expressed as follows: 

𝜓𝛼
∗ = 𝜓𝑠

∗  cos(𝜃𝑠 + Δ𝛿𝑇)

𝜓𝛽
∗ = 𝜓𝑠

∗  sin(𝜃𝑠 + Δ𝛿𝑇)
 

The flux error is stated as: 

𝒊𝒒
∗  𝝎𝒓

∗ 

𝒊𝒅
∗  

𝝎𝒓 
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 𝜓𝛼 = 𝜓𝛼
∗ −𝜓𝛼

̂

ε𝜓𝛽 = 𝜓𝛽
∗ −𝜓𝛽

̂  

Finally, voltage references can be expressed as, 

𝑣𝛼
∗ = 𝑅𝑠𝑖𝛼 +

𝜀𝜓𝛼
𝑇𝑠

𝑣𝛽
∗ = 𝑅𝑠𝑖𝛽 +

𝜀𝜓𝛽

𝑇𝑠

 

As depicted in Figure II-14, the inverter switching signals are generated using the voltage 

references 𝑣𝛼
∗  , 𝑣𝛽

∗   based on the SVM technique outlined in Chapter I. 

 

Figure II-13 : Flux vector diagram of Syn-RM. 

 

Figure II-14 : Overall DTC-SVM schematic of Syn-RM. 

 

𝝍𝒔
∗ 

𝑻𝒆
∗  𝒘𝒓

∗  
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II.5.4 Simulation results 

 

Figure II-15 : DTC Speed responses, full load applied at 0.5 (s). 

  

Figure II-16:FOC Speed response, full load applied at 0.5 (s). 

 

Figure II-17 : DTC-SVM Speed response, full load applied at 0.5 (s). 
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Figure II-18 : DTC  𝑖𝑑 , 𝑖𝑞 currents, full load applied at 0.5 (s). 

  

Figure II-19:FOC 𝑖𝑑, 𝑖𝑞 currents, full load applied at 0.5 (s). 

 

Figure II-20 :DTC-SVM  𝑖𝑑 , 𝑖𝑞 currents, full load applied at 0.5 (s).  
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Figure II-21 : DTC Electromagnetic torque, full load applied at 0.5 (s). 

 

Figure II-22:FOC Electromagnetic torque, full load applied at 0.5 (s).  

 

Figure II-23 : DTC-SVM Electromagnetic torque, full load applied at 0.5 (s). 
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Figure II-24: DTC Speed response, at no load, speed reverse from 1500 rpm to -600 rpm. 

 

Figure II-25:FOC Speed response, at no load, speed reverse from 1500 rpm to -600 rpm. 

 

Figure II-26 : DTC SVM Speed response, at no load, speed reverse from 1500 rpm to -600 rpm. 
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Figure II-27 : DTC  𝑖𝑑 , 𝑖𝑞currents response, at no load, speed reverse from 1500 rpm to -600 

rpm. 

  

 

 

 

 

 

Figure II-28: FOC 𝑖𝑑, 𝑖𝑞 currents response, at no load, speed reverse from 1500 rpm to -600 

rpm. 

 

 

 

 

 

 

 

Figure II-29 : DTC-SVM  𝑖𝑑 , 𝑖𝑞 currents response, at no load, speed reverse from 1500 rpm to -

600 rpm. 
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Figure II-30 : DTC Electromagnetic torque, at no load, speed reverse from 1500 to -600 rpm. 

 

Figure II-31:FOC Electromagnetic torque, at no load, speed reverse from 1500 to -600 rpm. 

 

Figure II-32:DTC-SVM Electromagnetic torque, at no load, speed reverse from 1500 to -600 

rpm. 
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II.5.5 Simulation results discussion  

In order to evaluate the dynamic behavior of the Syn-RM with the afore-presented control 

techniques, two simulation scenarios were conducted in MATLAB/Simulink environment with the 

motor specifications mentioned in Table A-1 In appendix. Magnetic saturation and iron losses are 

included in the dynamic model. In the first scenario, the speed was raised from standstill up to 

rated speed (1500 rpm) then at 0.5 (s) full load was applied. In the second scenario, no-load test 

was performed where speed was reversed from 1500 rpm to -600 rpm.  

II.5.5.1 Load change case  

Figures II-15, II-16 and II-17 exposes the speed responses. It can be clearly seen in Figure II-

15 and Figure II-17 that DTC and DTC-SVM can handle the load variation. In contrast, in Figure 

II-16 FOC speed response exhibited an overshoot during the transition phase of load torque. The 

use of FOC results in poor torque regulation presented as high torque ripple (Figure II-22) as 

compared to DTC and DTC-SVM in which torque response is smoother with less ripple as depicted 

in Figure II-21 and II-23.  𝑖𝑑, 𝑖𝑞 currents simulated responses are illustrated in Figures II-18, II-

19 and II-20. It becomes evident that the control of current is more effective with DTC-SVM 

control technique, thanks to the stable switching frequency, whereas in FOC technique 𝑖𝑑 value 

remains constant (3.3 A) through the whole simulation duration, and   𝑖𝑞,  varies with speed and 

load conditions. From the point of view of current distortion, DTC-SVM presents the best response 

as compared to DTC-Hys and FOC. 

II.5.5.2 Speed change case  

To delve deeper into the previously examined control methods for the Syn-RM, an additional 

simulation scenario has been conducted, where the motor was started without any load, and the 

speed was gradually raised to its rated value of 1500 rpm. Then, at t = 0.5 s, the speed was 

intentionally reduced and reversed, reaching -600 rpm   in the opposite direction.   

The traditional combination of Field-Oriented Control (FOC) and a standard PI regulator is 

well-matched for efficient operation within a defined operating condition. Nevertheless, its 

performance might not be optimal in every situation, potentially leading to transient overshooting, 

as illustrated in Figure II-25 for speed response and Figure II-28 for 𝑖𝑑, 𝑖𝑞 currents. However, in 

steady-state operation, the performance of the Syn-RM is enhanced thanks to the incorporation of 
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back EMF compensation within the control loop. From the perspective of electromagnetic torque, 

the no-load simulation has demonstrated that DTC control exhibits an inherent limitation 

characterized by some fluctuations during the transition phase, even in the absence of any load 

torque, as evident in Figures II-30 and Figure II-32. Conversely, in the case of FOC (Figure II-

31), the level of ripple is significantly reduced compared to the other two strategies.  

II.6 Enhanced DTC based control of Syn-RM. 

Despite DTC being known for its simplicity, fast dynamic response, and robustness against 

parameter variations, one of the major drawbacks of conventional DTC is the high torque and flux 

ripple in steady-state operation. This ripple can cause undesirable effects such as acoustic noise, 

mechanical vibrations, and reduced efficiency. To address this issue, researchers have proposed 

various methods to improve DTC performance and reduce torque and flux ripples. One approach 

is to modify the switching table used in DTC to reduce the number of switching transitions and 

improve the accuracy of torque and flux estimation. Another approach is to incorporate advanced 

control techniques such as model predictive control (MPC), sliding mode control (SMC), or 

adaptive control. In addition to these methods, researchers have also focused on developing new 

algorithms that can reduce torque and flux ripples while maintaining the simplicity and robustness 

of conventional DTC. Most prior research on DTC for Syn-RM has predominantly employed 

traditional methods for estimating flux and torque [21], [65], [70-72]. In this section, Enhanced 

Direct Torque Control (E-DTC) will be presented, which combines hysteresis-based DTC with a 

Model Reference Adaptive System (MRAS) flux observer. E-DTC has been shown to achieve 

excellent torque and flux ripple reduction while maintaining fast dynamic response and robustness 

against parameter variations. Over all, improving DTC performance and reducing torque and flux 

ripples are important research topics that can lead to more efficient, reliable, and quiet electric 

motor systems. With continued research efforts in this area, we can expect to see further 

advancements in motor control technology that will benefit a wide range of applications from 

industrial automation to electric vehicles. 

II.6.1 Flux and electromagnetic torque estimation 

The estimation of flux and electromagnetic torque plays a crucial role in the performance of 

Direct Torque Control (DTC) systems. Accurate and reliable estimation of these quantities is 

essential for achieving precise control of motor dynamics. The quality of flux and torque 
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estimation directly impacts the responsiveness, stability, and efficiency of the DTC control system. 

A robust and efficient estimation algorithm enables the controller to accurately predict the motor 

behavior, enabling precise torque control and smooth operation across a wide range of operating 

conditions. Additionally, improved estimation techniques can help mitigate torque ripple and 

compensate for variations in magnetic parameters, enhancing the overall control performance and 

providing a higher level of control accuracy and stability in DTC-based motor drives. This is 

particularly crucial because the key to achieving smooth operation at high speeds lies in 

compensating for the back electromagnetic force (EMF) during flux and torque computation. The 

effectiveness of this enhanced DTC technique will be discussed through simulation results using 

a fully nonlinear model of Syn-RM. 

II.6.2 Syn-RM flux model 

The conventional flux estimation is based on voltage and current quantities in the stator 

reference frame α, β and can be expressed as: 

𝜓𝛼 = ∫ (𝑣𝛼 − 𝑖𝛼𝑅𝑠)𝑑𝑡

𝜓𝛽 = ∫ (𝑣𝛽 − 𝑖𝛽𝑅𝑠)𝑑𝑡
(II. 38) 

The flux angle can be extracted from (II.38) as, 

𝜃𝑠 = arctan
𝜓𝛽

𝜓𝛼
(II. 39) 

On the other hand, flux expressions can be found in the literature approximated as the product of 

inductance and current as follows, 

𝜓𝑑 = 𝐿𝑑𝑖𝑑
𝜓𝑞 = 𝐿𝑞𝑖𝑞

(II. 40) 

The voltage-based flux estimator mentioned in equations (II.38) is widely recognized to have a 

detrimental impact on the quality of DTC. This can be attributed to inadequate filter settings and 

the presence of voltage offset effects. Similarly, the inductance-based flux estimator described in 

equations (II.40) also suffers from limitations when the identified inductance is mismatched with 

the real one. To address these issues, a new approach for an optimal flux observer is proposed in 

this study. The proposed method utilizes the dynamic model in the rotor reference frame (d, q) of 

the Syn-RM, and the formulation of this method is as follows: 
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�̂�𝑑 = ∫ (𝑉𝑑 − 𝑖�̂�𝑅𝑠 + �̂�𝑞�̂�𝑒 + 𝐾𝑑(𝑖𝑑 − 𝑖�̂�)) 𝑑𝑡

�̂�𝑞 = ∫ (𝑉𝑞 − 𝑖�̂�𝑅𝑠 − �̂�𝑑�̂�𝑒 +𝐾𝑞(𝑖𝑞 − 𝑖�̂�)) 𝑑𝑡
(II. 41) 

where 𝐾𝑑 , 𝐾𝑞 are error gains of the estimated currents 𝑖𝑑, 𝑖𝑞 , 𝜔�̂� denotes the estimated electrical 

speed and it is obtained by, 

�̂�𝑒 =
𝑘𝑝𝑠 + 𝑘𝑖

𝑠
(𝜓𝑠 − �̂�𝑠) (II. 42) 

s is Laplace operator, 𝜓𝑠 is the inductances 𝐿𝑑,𝑞 related magnetic flux, that can be expressed using 

(II.40) as: 

𝜓𝑠 = √𝜓𝑑
2 + 𝜓𝑞2 (II. 43) 

In (II.41) the estimated flux linkage expression contains three terms; the conventional voltage-

based expressions as stated in (II.38), and the currents errors multiplied by a proportional gain  

𝐾𝑑,𝑞 for compensation. The back EMF effect is taken into account as well, as an additive speed 

related term. As a result, the estimated flux to be introduced into DTC loop can be stated from 

(II.41) as: 

�̂�𝑠 = √�̂�𝑑
2 + �̂�𝑞2 (II. 44) 

The electromagnetic torque is written as:  

�̂�𝑒 =
3

2
𝑃(�̂�𝑑𝑖𝑞 − �̂�𝑞𝑖𝑑) (II. 45) 
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Figure II-33: Overall Syn-RM control scheme of the proposed DTC. 

II.6.3 Simulation results and discussion 

II.6.3.1 No-load test 

The control quality and performance of the proposed method are simulated in the 

MATLAB/Simulink environment, with a Syn-RM motor whose parameters and inductances Ld, 

Lq are shown in Table A-2 in Appendix. Astep size of 0.05 ms for the Syn-RM model, and of 0.05 

ms for the DTC controller and flux observer were considered. The classical DTC is tested using 

the conventional flux expressed in Equation (II.38), for a fixed flux reference of 0.9 Wb. A speed 

controller based on PI is employed, and the torque reference limitation is set to 23 N.m, the 

hysteresis bandwidth settings were optimized, as described in subsection II.5.1.1; torque and flux 

commands, as well as the selected sector are introduced into a preset switching table. 
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Figure II-34: Obtained results using both methods, DTC and E-DTC, for comparison: (a) speed 

(range 300 rpm - 1500 rpm); (b) electromagnetic torque; (c) magnetic flux. 
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   (a) 

 

   (b) 

 

  (c) 

Figure II-35:Zoom-in of the obtained results during speed-up at 0.5 s using both methods, DTC 

and E-DTC, for comparison: (a) speed (b) electromagnetic torque (c) magnetic flux. 
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The effectiveness of the MRAS flux and torque observer described in Equations II.41 is proved 

for a wide speed range, starting from stand-still speed up to rated speed (1500 rpm). Figure II-40 

presents the no-load test for both DTC and E-DTC. The speed responses for both techniques are 

acceptable, as the speed variation is restricted within less than 0.2 rpm bandwidth. The torque 

responses are depicted in Figure II-40.b and Figure II-41.b. It can be seen that MRAS observer 

has reduced the torque ripple magnitude as compared to the conventional DTC results, particularly 

during  the transition state and high-speed region. The flux was smoothly controlled along the 

simulation period, where its fluctuation bandwidth was significantly reduced from 0.04 Wb to less 

than 0.001 Wb. 

II.6.3.2 Full-load test 

In this scenario the Syn-RM was fully step loaded (14 N.m) at start-up. Figure II-42 and Figure 

II-43 show the obtained results from 0 to 1500 rpm. As discussed in the no-load test section, the 

proposed method has a strong effect on the torque ripple reduction, particularly when high torque 

response is required within the transition state. The flux distortion obtained by using the 

conventional DTC is almost eliminated, as it is illustrated in Figure II-42.c for the low-speed 

region. The flux response was clearly improved by using the MRAS observer. The electromagnetic 

torque frequency spectra are shown in Figure II-44.a and Figure II-44.b for both conventional 

DTC and E-DTC, respectively. It is evident that in the proposed DTC case, the magnitude of torque 

harmonics near the fundamental frequency was significantly reduced when compared to those 

observed in conventional DTC. This reduction in harmonics underscores the superior performance 

of the proposed DTC method. 
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   (a) 

 

   (b) 

 

   (c) 

Figure II-36:Obtained results using both methods DTC and E-DTC, for comparison: (a) speed 

(range 300 rpm – 1500 rpm); (b) electromagnetic torque at full load (14 N.m); (c) magnetic flux. 
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  (c) 

Figure II-37:Zoom-in of the obtained results during speed-up at 0.5 s, using both methods DTC 

and E-DTC, for comparison: (a) speed; (b) electromagnetic torque; (c) magnetic flux. 
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    (a) 

 

  (b) 

Figure II-38:Frequency spectra of the electromagnetic torque: (a) conventional DTC; (b) 

proposed E-DTC. 

II.7  Conclusion 

In this chapter, the basics of the Syn-RM and its modeling in the form of mathematical equations 

are presented. Subsequently, based on a set of simplifying assumptions, the model of the Syn-RM 

in Park's reference frame is established to simplify the system and facilitate the study. The 

modeling of the power supply and converter section is then addressed. The operating and control 

principle of the three-phase voltage inverter is presented, along with the principles of the well-

known PWM. Various control strategies are explored, including Field-Oriented Control (FOC), 

conventional Direct Torque Control (DTC), and DTC with SVM technique. Through simulation 

results, it becomes evident that DTC-SVM emerges as an effective and straightforward approach 
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to control the Syn-RM. In the following section, a robust DTC was presented using the proposed 

technique for flux and torque estimation. MRAS model-based observer was employed to estimate 

the accurate quantities of torque and flux that are required within the DTC loop, instead of using 

the conventional voltage-based flux-angle. The performance of the proposed E-DTC is confirmed 

by simulation. The obtained results significantly prove the robustness and accuracy of the Syn-

RM speed control using the proposed technique. 
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Chapter III : Sensorless control of Syn-RM using extended 

Kalman filter 
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III.1 Introduction 

This chapter explains the theory and fundamentals of the Extended Kalman Filter (EKF). The 

exploration of this state observer will encompass understanding its core principles, mathematical 

foundations, and its practical application in controlling Syn-RM systems. Thorough examination 

of the key components of the EKF algorithm will be undertaken, including prediction and 

correction steps, covariance matrices, and measurement models. As the discussion proceeds, EKF 

techniques will be employed to linearize the Syn-RM model, a crucial step necessary for designing 

effective state estimators. This linearization process is pivotal in ensuring the robust operation of 

the estimation method. Within the observability study of the full-order Syn-RM model, focus will 

be on assessing the system's capacity to accurately reconstruct unmeasured states. In the results 

discussion section, an evaluation of the outcomes stemming from the EKF-based state estimation 

and control approach will be conducted.   

III.2 State observer types  

An observer is a mathematical development that allows the reconstruction of the internal states 

of a system based solely on accessible data, which means the measured inputs and outputs. 

According to the field of application and use of the state observer, there are two main families of 

observers: 

III.2.1 Deterministic observers 

These are observers that do not take into account measurement noise and random fluctuations 

of state variables when the environment is deterministic. Among these observers, we can mention 

the Luenberger observer in the case of linear models or the sliding mode observer whose correction 

term is the sign function. 

III.2.2 Stochastic observers 

These observers give an optimal estimate of the states based on stochastic criteria. Their 

observations are based on the presence of noise in the system, which is often the case. The Kalman 

filter algorithm is a good example of this application.  
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III.3 Syn-RM speed sensorless control with Extended Kalman Filter (EKF) 

III.3.1 EKF observer theory 

The Kalman filter allows the reconstruction of the state of a system using the input and 

measurement signals, as well as its dynamic model in discrete time. The state vector of the system 

is the information that we try to extract from the noise. In a stochastic environment, when the 

variances of the noises are known, it is a powerful observer. Moreover, if the noises can be 

considered as white and Gaussian, it is optimal, i.e., among all linear observers, it offers the lowest 

deviation of the observation error  [76]. 

The basic Kalman filter algorithm is designed to estimate the state vector of a system with a 

linear model. If the model is nonlinear, it can be linearized to apply the Kalman filter [77]. This is 

called Extended Kalman Filter (EKF). 

Consider the following non-linear model: 

{
𝑥𝑘+1 = 𝑓𝑘(𝑥𝑘) + 𝑤𝑘
𝑦𝑘 = 𝑔𝑘(𝑥𝑘) + 𝜂𝑘

(III. 1) 

and the covariance matrices of state noise 𝑤 and measurement noise 𝜂: 

𝑄𝑘 = cov(𝑤𝑘) = 𝐸{𝑤𝑘𝑤𝑘
𝑇} (III. 2) 

𝑅𝑘 = cov(𝜂𝑘) = 𝐸{𝜂𝑘𝜂𝑘
𝑇} (III. 3) 

In order to linearize the model (III.1), we apply the Taylor approximation around an estimate �̂�𝑘of 

𝑥𝑘 : 

𝑓𝑘(𝑥𝑘) ≈ 𝑓𝑘(�̂�𝑘) + 𝐴𝑘(𝑥𝑘 − �̂�𝑘)

𝑔𝑘(𝑥𝑘) ≈ 𝑔𝑘(�̂�𝑘) + 𝐶𝑘(𝑥𝑘 − �̂�𝑘)
(III. 4) 

where 𝐴𝑘 and 𝐶𝑘 are the Jacobian matrix defined as:  

𝐴𝑘 = [
∂𝑓𝑘
∂𝑥𝑘

(�̂�𝑘)]  and  𝐶𝑘 = [
∂𝑔𝑘
∂𝑥𝑘

(�̂�𝑘,𝑘−1)] 

We define,  

𝑢𝑘 = 𝑓𝑘(�̂�𝑘) − 𝐴𝑘�̂�𝑘 (III. 5) 
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𝜑𝑘 = 𝑦𝑘 − 𝑔𝑘(�̂�𝑘∣𝑘−1) + 𝐶𝑘�̂�𝑘∣𝑘−1 (III. 6) 

The nonlinear model (III.1) then becomes the following linearized model: 

{
𝑥𝑘+1 = 𝐴𝑘𝑥𝑘 + 𝐵𝑘𝑢𝑘 + 𝑤𝑘

𝜑𝑘 = 𝐶𝑘𝑥𝑘 + 𝜂𝑘
(III. 7) 

The EKF regression algorithm consists of an initialization and two steps: the "Prediction" and 

the "Correction". The optimal estimate provided by the EKF at step 𝑘 − 1 is denoted �̂�𝑘−1∣𝑘−1, it 

is based only on the data available at step 𝑘 − 1, as it is the prediction �̂�𝑘∣𝑘−1 calculated at step k. 

The data at time 𝑡𝑘 will be used to perform the optimal correction and determine �̂�𝑘∣𝑘. The 

initialization focuses on the optimal estimate of the initial state and its variance [78].  

Initialization  

�̂�0∣0 = 𝐸(𝑥0), 𝑃0∣0 = 𝐸(𝑥0𝑥0
𝑇) (III. 8) 

Prediction 

State vector prediction  

�̂�𝑘∣𝑘−1 = 𝑓𝑘−1(�̂�𝑘−1∣𝑘−1) (III. 9) 

Covariance matrix of the prediction error  

𝑃𝑘∣𝑘−1 = 𝐴𝑘−1𝑃𝑘−1∣𝑘−1𝐴𝑘−1
𝑇 + 𝑄𝑘−1 (III. 10) 

Correction 

Optimal Kalman gain 

𝐾𝑘 = 𝑃𝑘∣𝑘−1𝐶𝑘
𝑇[𝐶𝑘𝑃𝑘∣𝑘−1𝐶𝑘

𝑇 + 𝑅𝑘]
−1 (III. 11) 

Optimal state estimation 

�̂�𝑘,𝑘 = �̂�𝑘∣𝑘−1 +𝐾𝑘 (𝑦𝑘 − 𝑔𝑘(�̂�𝑘∣𝑘−1)) (III. 12) 

Error covariance 

𝑃𝑘∣𝑘 = 𝑃𝑘∣𝑘−1 − 𝐾𝑘𝐶𝑘𝑃𝑘∣𝑘−1 (III. 13) 
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With: 𝐶𝑘 = [
∂𝑔𝑘

∂𝑥
(�̂�𝑘∣𝑘−1)] 

III.3.2 Full order model based EKF  

Our goal is to implement a control without speed sensor, according to the structure presented in 

Figure III-1. It is therefore a question of estimating the position and speed of the rotor of the Syn-

RM, over a large speed range, but with a reasonable computational cost. The full state 

representation of the Syn-RM model in the 𝑑 − 𝑞  reference frame which will allow us to 

synthesize our observer will be of the following form: 

{
𝑑𝑋(𝑡)

𝑑𝑡
= 𝐴𝑘𝑋(𝑡) + 𝐵𝑈(𝑡)

𝑌(𝑡) = 𝐶𝑘𝑋(𝑡)
(III. 14) 

With: 

𝑋 = [𝑖𝑑    𝑖𝑞    ω𝑚    𝜃𝑚]𝑇 , 𝑈 = [𝑣𝑑     𝑣𝑞 ]𝑇 , 𝑌 = [𝑖𝑑    𝑖𝑞]𝑇 

Since we do not know the load torque, assuming that the angular speed remains constant 

between two sampling instants, the non-linear model of Syn-RM can be written as: 

{
 
 
 
 

 
 
 
 
𝑑𝑖𝑑
𝑑𝑡

=
𝑣𝑑
𝐿𝑑
−
𝑅𝑠𝑖𝑑
𝐿𝑑

+ 𝑝𝜔𝑚
𝐿𝑞

𝐿𝑑
𝑖𝑞

𝑑𝑖𝑞

𝑑𝑡
=
𝑣𝑞

𝐿𝑞
−
𝑅𝑠𝑖𝑞

𝐿𝑞
− 𝑝𝜔𝑚

𝐿𝑑
𝐿𝑞
𝑖𝑑

𝑑𝜔𝑚
𝑑𝑡

= 0

𝑑𝜃𝑚
𝑑𝑡

= 𝜔𝑚

(III. 15) 

The matrix 𝐴𝑘, 𝐶𝑘 , 𝐵 used in (III.14) can be stated as: 

 𝐴𝑘 = 

[
 
 
 
 
 
 
−𝑅𝑠
𝐿𝑑

𝑝𝜔𝑚𝐿𝑞

𝐿𝑑

 𝑝𝐿𝑞𝑖𝑞

𝐿𝑑
  0

𝑝𝜔𝑚𝐿𝑑  

𝐿𝑞

−𝑅𝑠
𝐿𝑞

𝑝𝐿𝑑𝑖𝑑
𝐿𝑞

0

0 0 0 0
0 0  1 0]

 
 
 
 
 
 

(III. 16) 
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𝐵 =  

[
 
 
 
 
 
 
1

𝐿𝑑
        0

   0         
1

𝐿𝑞
  

  0          0  
 0          0 ]

 
 
 
 
 
 

(III. 17) 

   

𝐶𝑘 = [
1 0 0 0
0 1 0 0

] (𝐼𝐼𝐼. 18) 

The discrete formulation of the state model is obtained by discretizing the continuous model 

between two sampling times, by assuming [79] :  𝑡(𝑘 + 1) − 𝑡(𝑘) = 𝑘𝑇𝑠(𝑘 ∈ 𝑁) 

The discrete state system of the Syn-RM can be written in the form: 

𝑋𝑘+1 = 𝐴(𝑋𝑘)𝑋𝑘 + 𝐵(𝑋𝑘)𝑈𝑘 (III. 19) 

With: 

𝑋𝑘 = [𝑖𝑑     𝑖𝑞    ω𝑚    𝜃𝑚]𝑇 , 𝑈𝑘 = [𝑉𝑑    𝑉𝑞 ]𝑘
𝑇   

 

 

 

Figure III-1: EKF based sensorless DTC-SVM control schematic of Syn-RM. 
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If the sampling period 𝑇𝑠 is significantly smaller than the time constants of the model, we can 

employ a straightforward Euler approximation to establish the corresponding discrete mode. 

𝑓(𝑋(𝑘), 𝑈(𝑘)) =

{
 
 
 
 

 
 
 
 𝑖𝑑,𝑘+1 = 𝑖𝑑,𝑘 + 𝑇𝑠

𝑑𝑖𝑑
𝑑𝑡
|
𝑡𝑘

= (1 − 𝑇𝑠
𝑅𝑠
𝐿𝑑
) 𝑖𝑑,𝑘 + 𝜔𝑚,𝑘𝑇𝑠

𝐿𝑞

𝐿𝑑
𝑖𝑞,𝑘 + 𝑇𝑠

𝑣𝑑,𝑘
𝐿𝑑

𝑖𝑞,𝑘+1 = 𝑖𝑞,𝑘 + 𝑇𝑠
𝑑𝑖𝑞

𝑑𝑡
|
𝑡𝑘

= −𝜔𝑚,𝑘𝑇𝑠
𝐿𝑑
𝐿𝑞
𝑖𝑑,𝑘 + (1 −

𝑅𝑠
𝐿𝑞
) 𝑖𝑞,𝑘 + 𝑇𝑠

𝑣𝑞,𝑘

𝐿𝑞

𝜔𝑚,𝑘+1 = 𝜔𝑚,𝑘 + 𝑇𝑠
𝑑𝜔𝑚
𝑑𝑡

|
𝑡𝑘

= 𝜔𝑚,𝑘

𝜃𝑚,𝑘+1 = 𝜃𝑘 + 𝑇𝑠
𝑑𝜃𝑚
𝑑𝑡

|
𝑡𝑘

= 𝜃𝑘 + 𝑇𝑠𝜔𝑚,𝑘

(III. 20) 

By applying the Jacobian derivative, linearizing this model around an operating point defined by 

state 𝑥𝑘 yields the following matrices: 

𝐴(𝑋𝑘) =

[
 
 
 
 
 
 1 − 𝑇𝑠

1

𝐿𝑑
𝑅𝑠 𝑝

𝐿𝑞

𝐿𝑑
𝑇𝑠𝜔𝑚,𝑘 𝑝

𝐿𝑞

𝐿𝑑
𝑇𝑠𝑖𝑞,𝑘 0

−𝑝
𝐿𝑑
𝐿𝑞
𝑇𝑠𝜔𝑚,𝑘 1 − 𝑇𝑠

1

𝐿𝑞
𝑅𝑠 𝑝

𝐿𝑑
𝐿𝑞
𝑇𝑠𝑖𝑑,𝑘 0

0 0 1 0
0 0 𝑇𝑠 1 ]

 
 
 
 
 
 

(III. 21) 

𝐵 (𝑋𝑘) =  

[
 
 
 
 
 
 𝑇𝑠

1

𝐿𝑑
        0

   0         𝑇𝑠
1

𝐿𝑞
  

 0              0  
0              0 ]

 
 
 
 
 
 

(III. 22) 

The output quantities are given by: 

𝑌𝑘 = [
𝑖𝑑
𝑖𝑞
]
𝑘

= 𝐶 (𝑋𝑘)𝑋𝑘 = [
1    0    0    0
0    1    0    0

]𝑋𝑘 (III. 23) 

where the mechanical speed 𝜔𝑚 is supposed constant over each sample period 𝑇𝑠. 

Selecting the appropriate reference frame is crucial when applying the Kalman filter. The 

optimal approach involves utilizing the Park’s frame of reference, which is connected to the rotor. 

Accordingly, in our situation, we opted for a model that employs the rotor frame of 

reference (𝑑, 𝑞), and the Extended Kalman Filter (EKF) is utilized to determine the state vector 
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𝑋𝑘, which includes the 𝑖𝑑 and  𝑖𝑞 currents, mechanical speed 𝜔𝑚, and rotor position 𝜃𝑚. This 

nonlinear model operates under the assumption that the mechanical speed is a state, rather than a 

parameter [78]. 

To cope with the uncertainties and disturbances of the system, the Syn-RM is represented by the 

following non-linear stochastic model: 

{
𝑋(𝑘 + 1) = 𝑓(𝑋(𝑘), 𝑈(𝑘)) +𝑊(𝑘)
𝑌(𝑘) = 𝐶𝑑𝑋(𝑘) + 𝑉(𝑘)

(III. 24) 

The Kalman filter considers the covariance matrix of the state vector 𝑃 and the covariance of the 

system and measurement noise vectors such that: 

𝑄(𝑘) = 𝐸{𝑊(𝑘)𝑊𝑇𝑉(𝑘)}

𝑅(𝑘) = 𝐸{𝑉(𝑘)𝑉𝑇(𝑘)}
(III. 25) 

Assuming that 𝑄(𝑘) and 𝑅(𝑘) are matrices with diagonal elements, the 𝛼 and 𝛽 axes have identical 

parameters. This implies that a total of four noise covariance components must be known. 

III.3.3 Observability of Syn-RM linearized model 

If we analyze the last column of matrices 𝐴(𝑋𝑘) and 𝐶 (𝑋𝑘), we observe that the last state 

variable (position 𝜃𝑚) has no direct impact (due to the two zeros in the last column of 𝐶 (𝑋𝑘)) or 

indirect influence (due to the three zeros in the last column of 𝐴 (𝑋𝑘)) on the model's outputs. This 

result can also be confirmed through the controllability matrix of the pair (𝐴(𝑋𝑘) and 𝐶 (𝑋𝑘)):  

𝑂𝐴,𝐶 =

[
 
 
 

𝐶 (𝑋𝑘)

𝐶 (𝑋𝑘)𝐴(𝑋𝑘)

𝐶 (𝑋𝑘)𝐴
2(𝑋𝑘)

𝐶 (𝑋𝑘)𝐴
3(𝑋𝑘)]

 
 
 

(III. 26) 

The specific form of matrices 𝐴(𝑋𝑘) and 𝐶(𝑋𝑘) results in the last column of all terms in 

𝐶(𝑋𝑘) 𝐴
𝑖(𝑋𝑘) being zero. As a result, this matrix is not of full rank, and the position is not 

observable. It is also not detectable because it is associated with an unstable mode (integration). 

The previous observability matrix has a rank of 3, but only if the current is non-zero, because of 

the following:  
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𝑂𝐴,𝐶 = [
𝐶 (𝑋𝑘)

𝐶 (𝑋𝑘)𝐴(𝑋𝑘)
] =

[
 
 
 
 
 
 

1 0 0 0
0 1 0 0

1 −
𝑅𝑠𝑇𝑠
𝐿𝑑

𝐿𝑞𝑇𝑠

𝐿𝑑
𝜔𝑘

𝐿𝑞𝑇𝑠

𝐿𝑑
𝑖𝑞,𝑘 0

−
𝐿𝑑𝑇𝑠
𝐿𝑞

𝜔𝑘 1 −
𝑅𝑠𝑇𝑠
𝐿𝑞

1 −
𝐿𝑑𝑇𝑠
𝐿𝑞

𝑖𝑑,𝑘 0
]
 
 
 
 
 
 

(III. 27) 

So, it is sufficient for either 𝑖𝑑,𝑘or 𝑖𝑞,𝑘to be non-zero for the matrix above to have a rank of three 

(𝑛 = 3), and consequently, the speed becomes observable. However, if  𝑖𝑑,𝑘=  𝑖𝑞,𝑘= 0, the two 

zeros that appear in the third column of 𝑂𝐴,𝐶 render the speed no longer indirectly influential 

(through 𝐴(𝑋𝑘)) on the measured outputs. It also becomes unobservable. This can be explained 

physically. When the currents are zero, the electromotive forces (EMFs) are also zero, and the 

speed is no longer discernible through electrical quantities. 

 

III.3.4 The implementation of discrete EKF 

We summarize in the followings the different steps allowing the implementation of the EKF 

algorithm: 

Step 1: Initialization of the system state and of its covariance matrix: 

𝑋(0/0) = 𝑋(0)
𝑃(0/0) = 𝑃(0)

(III. 28) 

Step 2: Prediction phase, which consists of estimating the state and the output in the following 

form: 

�̂�(𝑘 + 1|𝑘) = 𝑓(�̂�(𝑘 + 1|𝑘), 𝑈(𝑘), 𝑘

�̂�(𝑘 + 1) = 𝐶𝑑�̂�(𝑘 + 1|𝑘)
(III. 29) 

This step allows to construct a first estimate of the state vector at time 𝑘 + 1. We then look to 

determine its variance. 

Step 3: Computation phase of the EKF covariance matrix given by: 

𝑃(𝑘 + 1|𝑘) = 𝐹(𝑘)𝑃(𝑘)𝐹𝑇(𝑘) + 𝑄 (III. 30) 

With,  
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𝐹(𝑘) =
∂(𝑋(𝑘), 𝑢(𝑘))

∂𝑋𝑇(𝑘)
|
𝑥(𝑘)=�̂�(

𝑘
𝑘
)

(III. 31) 

Step 4: Correction phase, which consists in calculating the optimal gain of the EKF at time (𝑘 +

1): 

𝐾(𝑘 + 1) = 𝑃(𝑘 + 1|𝑘)𝐻𝑇(𝑘)(𝐻(𝑘)𝑃(𝑘 + 1|𝑘)𝐻𝑇(𝑘) + 𝑅(𝑘))
−1

(III. 32) 

Such that:  

𝐻 = [
1    0    0    0
0    1    0    0

] (III. 33) 

Step 5: Calculation of the covariance matrix of the EKF error which is given by: 

𝑃(𝑘 + 1 |𝑘 + 1) = 𝑃(𝑘 + 1|𝑘) − 𝐾(𝑘 + 1)𝐻(𝑘)𝑃(𝑘 + 1|𝑘) (III. 34) 

Step 6: Estimation of the state vector at time k+1: 

�̂�(𝑘 + 1|𝑘 + 1) = �̂�(𝑘 + 1|𝑘) + 𝐾(𝑘) (𝑌(𝑘 + 1) − 𝐻(𝑘)�̂�(𝑘 + 1|𝑘)) (III. 35) 

The simulations presented in this section are carried out in order to evaluate the performance of 

the Kalman filter-based estimation algorithm and, consequently, the performance of the overall 

training system. The system is subjected to various simulation tests. The results obtained concern 

a speed setting by a PI controller . The adjustments of the covariance matrices 𝑄 and 𝑅 were carried 

out by simulation tests in order to ensure a global stability of the drive throughout the whole speed 

range, while respecting a compromise between dynamics and static errors. 

Figure III.1  depicts the overal structure of the presented sensorless control scheme , where  DTC-

SVM  was incorporated with EKF algorithm.  
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Figure III-2:Overall arangement of the simulation model based on Syn-RM. 

 

 

Figure III-3:Flux and torque controlllers with SVPWM technique. 

 

Figure III-4:Speed control based on PI controller. 
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Figure III-5:The overall EKF algorithm schematic. 

III.4 Simulation results and discussion 

Using the model presented in subsection II.2.2 and the previous algorithm, we have built a 

simulation of the sensorless control. This simulation was mainly used to debug our EKF, before 

implementing and testing it in real time. It does not allow to adjust the variances of the state and 

output noises, because it would be necessary to know the characteristics of the modeling and 

measurement errors in order to inject realistic errors or realistic errors or noises in the signals. 

The simulation was performed in   Matlab/Simulink using   a fully nonlinear model of Syn-RM 

with parameters given in Table A-1. The magnetic saturation was taken into account in the 

dynamics. The sample time was set to 0.05 ms   The presented control scheme stands for  DTC-

SVM incorporated with EKF speed estimation technique. Three simulation scenarios were carried 

out, including speed and load variation. 

III.4.1 Disturbance rejection 

Figure III-6 depicts the obtained results during low-speed operation. Initially, the speed was 

set to 10 rpm, and the load was set to 2 N.m. At t=0.5 s, a full load of 14 N.m was suddenly applied. 

Analyzing the first channel in Figure III.6, it is evident that the estimated speed is closely tracking 

the actual speed, despite the abrupt change in load torque. This demonstrates the effectiveness of 

the sensorless control method in adapting to dynamic load variations. 

Furthermore, the response of the estimated currents, 𝑖𝑑 and 𝑖𝑞 is clearly superimposed over their 

actual values, as shown in Figure III-6. This indicates that the observer-based approach 

successfully estimates the currents accurately, even in the presence of load disturbances. 
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These results provide strong evidence of the robustness and reliability of the proposed sensorless 

control strategy for the Syn-RM. It not only ensures accurate tracking of the speed reference but 

also maintains precise estimation of the machine parameters. Additionally, the control method 

exhibits excellent transient response and robustness to load changes, which are crucial factors for 

the overall performance and stability of the drive system. 

 

 

Figure III-6: Simulation results under low-speed test (10 rpm), and full load (14 N.m). 

III.4.2 Transition to high speed  

In Figure III-7, we present the simulated response of a high-speed operation test. At t=0 (s), 

the speed was increased from a standstill to 1000 rpm. Subsequently, at t=1.5 s, a full load was 

applied. Then, at t=2 s, the speed ramped up to the rated value of 1500 rpm. The plot in Figure 

III-7 demonstrates the remarkable performance of the control system, particularly in high-speed 

scenarios. Thanks to the fast computation capacity of the Extended Kalman Filter (EKF), the speed 
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estimation error is sufficiently minimized throughout the test.  Moreover, the response of the 

estimated currents, 𝑖𝑑  and 𝑖𝑞, also shows excellent agreement with their actual values. The EKF's 

ability to rapidly estimate these currents contributes to the overall robustness of the control method.  

 

 

Figure III-7:Simulation results under speed change, and full load (14 N.m). 

III.4.3 Sinusoidal setpoint tracking  

To further investigate and assess the effectiveness of the proposed Extended Kalman Filter 

(EKF), an additional test was conducted on a synthetic rotary machine (Syn-RM). The test 

involved applying a sinusoidal speed setpoint with an amplitude of 200 rpm and an offset of 450 

rpm. Additionally, the load was set to 4 N.m. The results of this test are depicted in Figure III-8. 

Upon analyzing the results, it can be seen that the speed tracking error remained within a narrow 

bandwidth of less than 20 rpm. This observation underscores the robustness and efficiency of the 

EKF in accurately tracking and controlling the speed of the Syn-RM. Furthermore, the start-up 
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response of the estimated angle, as determined by the EKF algorithm, exhibited a remarkable level 

of convergence towards the actual angle value. This convergence indicates that the estimated angle 

closely aligned with the true angle of the Syn-RM, resulting in accurate and reliable estimations 

 

 

Figure III-8:Simulation results under sinusoidal speed variation, at a load level of 4 N.m. 

III.5 Conclusion 

In this chapter, a simple sensorless control scheme (DTC-SVM ) for Syn-RM was presented, 

using an Extended Kalman Filter-based observer (EKF)  and a PI controller with SVM technique. 

The simulation results obtained have led us to conclude that the sensorless speed control of the 

DTC-SVM for the Syn-RM is quite fast and robust, even in the presence of load disturbances, or 

changes in the speed reference. It was also observed that this control method is characterized by 

its simplicity of design and mechanical robustness. Indeed, it has allowed us to eliminate the need 

for any speed or position sensors which are necessary for coordinates’ transformation. It is worth 
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noting that the adjustment of the 𝑄 and 𝑅 matrices of the Kalman filter should be performed 

through simulation tests to ensure drive stability across the whole speed range, while striking a 

balance between dynamics and static errors. 
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Chapter IV : Model-free predictive current control of Syn-

RM 
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IV.1 Introduction   

Looking to the typical structure of Model Based Control (MBC), the mathematical model of the 

studied system plays a crucial role in this control design method [80-82]. Relying on this fact, the 

control performance, safety, and reliability of MBC methods are highly dependent on the 

correctness of the system model used in the control design [91] [92]. The slightest mismatch in 

system parameters may affect the control and lead to an inevitable degradation in performance 

[83]. 

This chapter introduces model-free control to deal with the MPC drawbacks mentioned above. 

The proposed structure consists of incorporating the conventional predictive current control with 

system lumped uncertainties estimation technique based on time delay estimation approach. The 

benefit is that it does not need all the system’s parameters. Also, it does not use the decoupling 

term for Syn-RM control compared to conventional control like field-oriented control based on the 

traditional PI controller. Moreover, its control law is not complicated to design and prove. Finally, 

to validate the model-free control, the Syn-RM control simulation will be performed to emphasise   

the gained performance and robustness. 

IV.2 Model free control and control law 

IV.2.1 Model free control structure 

The types of the modern control system can be roughly categorized by MBC and Model Free 

Control (MFC), as in Figure IV-1, where the model identification and / or reduction is an essential 

task in MBC control type. 

 

Figure IV-1: Categorization of modern control systems into MBC and MFC [89]. 
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The concept of model-free based control performed for the control system application was first 

presented by Fliess et al. [92]. A brief theory of model-free control is provided as follows.  

A nonlinear system given by a state-variable expression is: 

�̇� = 𝑓(𝑥, 𝑢)
𝑦 = ℎ(𝑥, 𝑢)

(IV. 1) 

where,  

𝑥 = [𝑥1, 𝑥2, … , 𝑥𝑛]
𝑇; 𝑥 ∈ ℝ𝑛

𝑢 = [𝑢1, 𝑢2, … , 𝑢𝑚]
𝑇; 𝑢 ∈ ℝ𝑚

𝑦 = [𝑦1, 𝑦2, … , 𝑦𝑚]
𝑇; 𝑦 ∈ ℝ𝑚

(IV. 2) 

𝑥 is the state variable, 𝑢 is the control variable, 𝑦 is the measurable variable (or output variable), 

and 𝑛,𝑚 𝜖 𝑁. 

A system is flat if we can find a set of flat outputs equal in number to the number of inputs. 

More precisely, if the system has state variables 𝑥 ∈ 𝑅𝑛 and input variables ∈ 𝑅𝑚 , thus, if there 

exists a set of flat outputs 𝑦 ∈ 𝑅𝑚 , the system is flat. 

A control can be defined as: 

𝑢 = 𝑢ref + 𝑢feedback (𝜀) (IV. 3) 

with  

𝑢feedback = 𝐾𝑝 ⋅ 𝜀 + 𝐾𝑟∫ 𝜀 𝑑𝑡 (IV. 4) 

and  

𝑢ref = 𝜓 (𝑦ref, �̇�ref �̈�ref , … , 𝑦ref
(𝛽+1)

) (IV. 5) 

where  

𝜀 = 𝑦𝑟𝑒𝑓 − 𝑦 (IV. 6) 

𝜀 is the error between the desired value and the measured value. 
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According to (IV.3), this control law is suitable for wholly known all parameters system. 

However, if only some system parameters can be identified, the controller needs to be modified, 

as the partial-known model is replaced by the model-free control, given as follows: 

𝑢 =
�̂�(𝑦, �̇�, �̈�, … , 𝑦(𝑛))

𝑏
+
𝐹

𝑏
(IV. 7) 

Alternatively, it can be rewritten and rearranged as a straightforward linear model as follows:  

�̇� = −𝐹 + 𝑏 ⋅ 𝑢 (IV. 8) 

where    �̂�(𝑦, �̇�, �̈�, … , 𝑦(𝛽+1))    is a known part of 𝛼(𝑦, �̇�, �̈�, … 𝑦(𝛽+1))    and 𝐹 stands for all the 

other dynamics of the system  [93]. 

IV.2.2 Control law and intelligent PI controller (iPI) 

Figure IV.2 represents the block diagram of  the model-free control based on intelligent PI. 

The control law is defined as follows: 

𝑢 = 𝑢𝑟𝑒𝑓 + 𝑢feedback (𝜀) +
�̂�

𝑏
(IV. 9) 

with  

𝑢ref =
�̂� (𝑦ref, �̇�ref, �̈�ref, … 𝑦ref

(𝛽+1)
)

𝑏
(IV. 10) 

and 

�̂� is the estimated value of 𝐹, which is given as:  

�̂� = 𝑏 ⋅ 𝑢 − �̇� (IV. 11) 

The feedback part  𝑢𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 is given by applying a PI controller, as follows: 

𝑢feedback = 𝐾p ⋅ 𝜀 + 𝐾1∫ 𝜀𝑑𝑡 (IV. 12) 

Substituting (IV.9) into (IV.8) and rearranging, (IV.8) can be rewritten as: 

�̇� = −𝐹 + 𝑏 ⋅ 𝑢ref + 𝑏 ⋅ 𝑢feedback (𝜀) + �̂� (IV. 13) 



95 
 

 

Figure IV-2: Control law of MFC based on intelligent PI [94]. 

IV.3 Model based predictive current control of Syn-RM  (MB-PCC) 

The conventional MB-PCC consists of two control loops, an outer loop for speed control and 

an inner loop for current predictive control. This later is going to be the main scope of this chapter, 

whereas a classical Proportional Integrator (PI) is employed for the speed control loop. As depicted 

in Figure IV.3, the value of the current reference 𝐼𝑞∣𝑘
∗  is obtained from the speed PI controller, and  

𝐼𝑑∣𝑘
∗   is calculated based on maximum torque per ampere (MTPA) control [95]. The model-based 

predictive current control employs the system parameters to predict the next time step current 

quantities, using Euler approximation. The discrete form of the predicted currents stated in 

equation II.25 in Chapter II can be written as: 

{
 
 

 
 𝐼𝑑∣𝑘+1 = (1 −

𝑅𝑠𝑇𝑠
𝐿𝑑

) 𝐼𝑑∣𝑘 + 𝜔𝑒𝑇𝑠
𝐿𝑞

𝐿𝑑
𝐼𝑞∣𝑘 +

𝑇𝑠
𝐿𝑑
𝑉𝑑∣𝑘

𝐼𝑞∣𝑘+1 = (1 −
𝑅𝑠𝑇𝑠
𝐿𝑞

) 𝐼𝑞∣𝑘 − 𝜔𝑒𝑇𝑠
𝐿𝑑
𝐿𝑞
𝐼𝑑∣𝑘 +

𝑇𝑠
𝐿𝑞
𝑉𝑞∣𝑘

(IV. 14) 

where 𝐼𝑑∣𝑘 and 𝐼𝑞∣𝑘 are the measured currents at the 𝑘𝑡ℎ time step, 𝑇𝑠 is the sampling time, and 𝑉𝑑∣𝑘 

and 𝑉𝑞∣𝑘 are the applied voltage components. 



96 
 

The selected voltage vectors are optimized through a short iteration algorithm containing the eight 

possible voltage vectors candidates. The cost function equation below (IV.15) minimizes the errors 

between the reference currents and their predicted values [96]: . 

𝑔 = [𝐼𝑑∣𝑘
∗ − 𝐼𝑑∣𝑘+1]

2
+ [𝐼𝑞∣𝑘

∗ − 𝐼𝑞∣𝑘+1]
2
+ 𝐼𝑠𝑎𝑡 (IV. 15) 

where 𝐼𝑠𝑎𝑡 is a protection constraint value related to the predicted current 𝑖𝑠∣𝑘+1 defined as: 

𝐼𝑠𝑎𝑡 = {
∞,      if |𝐼𝑠∣𝑘+1| > |𝐼𝑠𝑚𝑎𝑥|

0,      otherwise. 
, |𝐼𝑠∣𝑘+1| = √𝐼𝑑∣𝑘+1

2 + 𝐼𝑞∣𝑘+1
2 (IV. 16) 

Remark 1: In most AC drive control schemes, speed control is usually performed using classical 

PI due to the slow dynamics of the mechanical speed and it is less affected by parameter changes. 

In Figure IV.3 the speed error is minimized with a simple PI control with the parameters 𝐾𝑃 and 

𝐾𝐼 that are given in Table A-3 in Appendix. 

IV.4 Model free control based on time delay estimation  

In this section, a control scheme is suggested that combines the conventional PCC approach 

with model-free control, as proposed by Fliss and Joint in [92]. The scheme is made more robust 

through the use of the Time Delay Estimation technique (TDE), which estimates local unknown 

dynamics and uncertainties. Hence, the nonlinear dynamics of the currents in equation (IV.14) are 

represented by ultra-local models. To estimate the local dynamics, the TDE approach is utilized, 

and the Particle Swarm Optimization (PSO) algorithm is employed to optimize the design 

parameters. The overall control scheme of the proposed method is depicted in Figure IV.3. 

IV.4.1 Ultra local model  

For a given non-linear dynamic system, its general ultra-local expression can be written as: 

𝑦𝑣 = 𝑓(𝑡) + 𝛼𝑈 (IV. 17) 

𝑦𝑣 is the 𝑣𝑡ℎ derivative of the system output 𝑦  

𝑓(𝑡) is the lumped uncertainties resulting from unmodeled dynamics, and unknown disturbances. 

𝑈 is the control input signal. 

𝛼 is a given constant. 
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The complex dynamic model of Syn-RM in (IV.14) can be represented by an ultra-local model 

according to (IV.17) as follows: 

{
𝐼�̇� = 𝑓𝑑(𝑡) + 𝛼𝑑𝑉𝑑
𝐼�̇� = 𝑓𝑞(𝑡) + 𝛼𝑞𝑉𝑞

(IV. 18) 

 

where 𝑓𝑑 and 𝑓𝑞 are the lumped parameter uncertainties and nonlinear dynamic functions which 

are considered unknowns, and 𝛼𝑑 and 𝛼𝑞 are design constants. In model-free control design, 

various techniques were proposed to estimate the unknown dynamic functions [84-88] [90], such 

as extended state observer approach [24], nonlinear disturbance compensation technique [25], and 

adaptive neural network approximator based on extended Kalman filter [28]. In this study, the TDE 

technique is proposed to estimate all the unknown dynamic functions and parameter variations. 

This approach is easy to implement since it only requires the measured input/output data of the 

system to compute the unknown functions with a small computational burden. 

IV.4.2 Time delay estimation technique  

The estimation accuracy of 𝑓𝑑 and 𝑓𝑞  can have an impact on control performance since it 

includes the dynamics or disturbances of the system. As a result, the solution of 𝑓𝑖 for 𝑖 ∈ {𝑑, 𝑞}  

becomes a key problem for this approach. TDE is frequently utilized to estimate unknown 

nonlinear dynamics, where time-delayed signals are used to estimate the lumped uncertainty and 

bring about a simple and useful model-free feature [35]. Consequently, using the TDE approach, 

an acceptable approximation of 𝑓 can be obtained; 𝑓𝑖(𝑡 − 𝜀) is regarded as the estimated value of 

𝑓𝑖(𝑡). As long as the time delay is minimal, we consider 𝑓𝑖(𝑡) ≈ 𝑓𝑖(𝑡) ≈ 𝑓𝑖(𝑡 − 𝜀) , thus obtaining:  

𝑓𝑖(𝑡) = �̇�𝑖(𝑡) − 𝛼𝑈𝑖(𝑡) (IV. 19) 

𝑓𝑖(𝑡) ≈ 𝑓𝑖(𝑡 − 𝜀) = �̇�𝑖(𝑡 − 𝜀) − 𝛼𝑈𝑖(𝑡 − 𝜀) (IV. 20) 

To achieve a stable control output and prevent excessive chattering, a low pass filter (LPS) is 

introduced in the calculation of 𝑓𝑖(𝑡). Additionally, fast converging gains 𝛽𝑑 and 𝛽𝑞 have been 

incorporated into the proposed TDE to expedite the convergence of the control algorithm. The 

values of  𝑓𝑑  and 𝑓𝑞 are thus estimated using the following formulas: 
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{
𝑓𝑑(𝑡) = 𝛽𝑑[LPS[𝐼�̇�(𝑡 − 𝜀) − 𝛼𝑑𝑉𝑑(𝑡 − 𝜀)]]

𝑓𝑞(𝑡) = 𝛽𝑞 [LPS[𝐼�̇�(𝑡 − 𝜀) − 𝛼𝑞𝑉𝑞(𝑡 − 𝜀)]]
(IV. 21) 

The first-order LPS is adopted, with the transfer function given as follows:  

{
 
 

 
 ℎ𝑑(𝑃) =

1

1
𝑤𝑑

𝑃 + 1

ℎ𝑞(𝑃) =
1

1
𝑤𝑞
𝑃 + 1

(IV. 22) 

where 𝑤𝑑 and 𝑤𝑞 are the cut-off frequencies to be optimized, the coefficients 𝛼𝑑,𝑞 are selected 

close to the reversed rated inductances 𝑑, 𝑞, respectively, that are 𝛼𝑑 =
1

𝐿𝑑
 and 𝛼𝑞 =

1

𝐿𝑞
. 

The discrete version of (IV.18) can be obtained using Euler approximation as follows: 

{
𝐼𝑑∣𝑘+1 = 𝑓𝑑∣𝑘𝑇𝑠 + 𝛼𝑑𝑉𝑑∣𝑘𝑇𝑠 + 𝐼𝑑∣𝑘

𝐼𝑞∣𝑘+1 = 𝑓𝑞∣𝑘𝑇𝑠 + 𝛼𝑞𝑉𝑞∣𝑘𝑇𝑠 + 𝐼𝑞∣𝑘
(IV. 23) 

where 𝐼𝑑,𝑞∣𝑘 and 𝑉𝑑,𝑞∣𝑘 are the 𝑑, 𝑞 currents and input voltage respectively, 𝑇𝑠 stands for the 

sampling time. 

Assumption 1: The estimated values of 𝑓𝑑(𝑡) and 𝑓𝑞(𝑡) are considered bounded such that: 

|𝑓𝑑(𝑡)| ≤ Δ𝑑 and |𝑓𝑞(𝑡)| ≤ Δ𝑞, where Δ𝑑 and Δ𝑞 are the upper boundaries of 𝑓𝑑(𝑡) and 

𝑓𝑞(𝑡) respectively.  
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Remark 2: The inclusion of derivative terms in TDE equations has led to high fluctuations in the 

estimated values of 𝑓𝑑  and  𝑓𝑞  , as shown in equation (IV.21). In order to address this issue, a Low 

Pass Filter (LPS) has been incorporated in the TDE output to reduce the ripple effect. 

 

Figure IV-3: TDE-MFPCC schematic control block. 

IV.4.3 Optimization of the TDE-MFPCC using Particle Swarm Algorithm (PSO) 

In the proposed control scheme, the coefficients 𝛽𝑑,𝑞 and LPS cut-off frequencies 𝑤𝑑,𝑞 are 

optimized with a PSO algorithm, which is a computational technique for optimizing a particular 

problem by iteratively attempting to improve a candidate solution in relation to a specified quality 

measure. In the process of PSO, it begins by selecting a random set of unknown parameter values, 

with each set representing a particle swarm. The goal function corresponding to each particle is 

computed using each position and velocity of the current particle. Then, the particle whose 

objective value matches to the optimal value is picked and recorded after each iteration of the 

algorithm, and ultimately the global best solution is generated [97]. The PSO process flowchart is 

depicted in Figure IV-4. 

𝛽𝑑,𝑞  used in (IV.21) are defined through the PSO algorithm process based on minimization of the 

cost function 𝐺𝛽 : 

 

 

 
 (IV.23) 

 

Fig (IV.5) 

 
TDE 

(IV.21) 
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{
𝐹𝑖𝑛𝑑 𝑋 = (𝛽𝑑, 𝛽𝑞)

𝐺𝛽 =  To minimize 𝑜𝑏𝑗(𝑋) = 𝑚𝑖𝑛[(𝐼𝑑∣𝑘
∗ − 𝐼𝑑∣𝑘+1) + (𝐼𝑑∣𝑘

∗ − 𝐼𝑑∣𝑘+1)]
(IV. 24) 

The Total Harmonic Distortion (THD) of the three-phase currents (a, b, c) measurement is 

minimized to achieve optimal settings 𝑤𝑑,𝑞  according to the cost function 𝐺𝑤 defined as: 

{
𝐹𝑖𝑛𝑑 𝑋 = (𝑤𝑑 , 𝑤𝑞)

𝐺𝑤 =  To minimize 𝑜𝑏𝑗(𝑋) = 𝑚𝑖𝑛[𝑇𝐻𝐷𝑎 + 𝑇𝐻𝐷𝑏 + 𝑇𝐻𝐷𝑏]
(IV. 25) 

The swarm particle velocity 𝑣𝑖(𝑡 +  1) is updated using the last best global solution 𝑝𝑔 as stated 

in the following: 

𝑣𝑖(𝑡 + 1) = 𝑤𝑣𝑖(𝑡) + 𝑐1𝑟1(𝑝𝑖 − 𝑥𝑖(𝑡)) + 𝑐2𝑟2 (𝑝𝑔 − 𝑥𝑖(𝑡)) (IV. 26) 

where 𝑤 is the inertia weight, 𝑐1 and 𝑐2 represent the cognition learning and the social learning 

factors, respectively, and 𝑟1, 𝑟2 ∈ [0,1] are generated random numbers, 𝑝𝑔 is the current best global 

position, whilst 𝑝𝑖 denotes the local best position of the current PSO iteration. The new position is 

then updated as follows: 

𝑥𝑖(𝑡 + 1) = 𝑥𝑖(𝑡) + 𝑣𝑖(𝑡 + 1) (IV. 27) 

The pseudo-code written in Algorithm.1 represents a brief description of the PSO process used for 

parameters optimization through 100 iterations of 10 swarm particle candidates. 

Remark 3: There are many optimization techniques in the literature to achieve an optimum solution 

for a given problem. In this thesis a PSO algorithm is chosen, with a few iterations. The algorithm 

is able to provide good results in such optimization issues. 
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Figure IV-4: Flowchart of particle swarm optimization algorithm. 

Algorithm 1: Pseudo-code of the PSO algorithm 

Cost function 𝐆𝒏 for 𝐧 ∈ {𝜷𝒅, 𝜷𝒒, 𝒘𝒅, 𝒘𝒒} 

Swarm initialization: the position 𝒙𝒊(𝒕) and velocity 𝒗𝒊(𝒕) are initialized randomly  

for 𝒕 ← 𝟏 to 100 (Iteration number) 

for 𝒊 ← 𝟏 to 10 (Swarm size) 

Evaluate and update the local best 𝑮𝒏(𝒑𝒊(𝒕)) based on the result of (IV.26) and (IV.27) 

 if 𝑮𝒏(𝒙𝒊(𝒕)) < 𝑮𝒏(𝒑𝒊(𝒕)) then 

update the best position 𝒑𝒊(𝒕), that is 𝒑𝒊(𝒕) = 𝒙𝒊(𝒕) 

end if 

end for 

𝑮𝒏(𝒑𝒈(𝒕)) = 𝐦𝐢𝐧𝒊  (𝑮𝒏(𝒑𝒊(𝒕))) 

Evaluate and update the global best 𝑮𝒏(𝒑𝒈(𝒕)) after each swarm iteration update 
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particle velocity 𝒗𝒊(𝒕 + 𝟏) using (IV.24) 

update particle position 𝒙𝒊(𝒕 + 𝟏) using (IV.25) 

end for 

Rank the solutions and find the global best of 𝜷𝒅,𝒒 and 𝒘𝒅,𝒒. 

 

IV.5 Simulation and discussion 

The simulation of the proposed control was conducted in Matlab/Simulink, where a non-linear 

model of Syn-RM was implemented in the overall scheme, with nominal parameters presented in 

Table A-1 in Appendix. The sample time is set to 0.00005 s as well as the delay time used in TDE 

estimation equation (IV.21). For a fair comparison between the proposed method and the 

conventional MB-PCC, the same PI speed controller parameters were tuned for both strategies, in 

order to simulate the effect of parameters mismatch on Syn-RM PCC control. Both 𝐿𝑑  and 𝐿𝑞 are 

set to 50 % of their rated values. The results of the last iteration of PSO process is presented in 

Figure A-1 and Figure A-2 in appendix for 𝛽𝑑,𝑞 and 𝑤𝑑,𝑞 employed in (IV.21),(IV.22) respectively, 

containing the local best value of each swarm (small blue stars) and the globally optimal solution 

(big orange stars) . 

IV.5.1 Load change burden 

Figures  IV.5 , IV.6 and IV.7 show the simulated response of the conventional MB-PCC and 

TDE-MFPCC, where the same operation scenarios were applied. At first, the load was set to 10 

N.m and the speed to the rated value of 1500 rpm. Then, at t=2 s the load steps to the rated value 

14 N.m. The results of MB-PCC with accurate motor parameters are illustrated in Figure IV-5. 

The first graph shows the speed response and its reference value, and in the second graph phase 

(A) current is presented. The third graph shows the obtained response of 𝐼𝑑,𝑞  and their 

references 𝐼𝑑,𝑞
∗  . It can be clearly seen that MB-PCC in Figure IV-5 provides good performance 

when accurate motor parameters are taken into account in the control. Figure IV-6 depicts the 

responses obtained using MB-PCC with mismatched model parameters, where increased current 

THD and deviation are observed as the current response deviates more from the target signal as 

the load increases. The results of the suggested TDE-MFPCC are depicted in Figure IV-7. In 

contrast to the MB-PCC, the proposed  
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Figure IV-5: Simulation results under a load change: (a) conventional MB-PCC with accurate 

parameters. 

 

Figure IV-6: Simulation results under a load change for conventional MB-PCC with 

mismatched parameters. 
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Figure IV-7: Simulation results under a load change for the proposed TDE-MFPCC. 

 

 

scheme has better steady-state performance and less THD. The lumped uncertainties estimate 

𝑓�̂�  and 𝑓�̂�  response is shown in Figure A-1 in Appendix, where steady-state performance is 

achieved owing to the system dynamic behavior reflected by the TDE technique. 

Figure IV-8 and Figure IV-9 depict the current tracking errors for 𝐼𝑑 and 𝐼𝑞 of the presented 

control schemes when the Syn-RM is under the effect of load torque. It is clear also that the 

parameter mismatch has a significant effect on the current control. Besides, in the MB-PCC with 

accurate parameters and the proposed TDE-MFPCC, the tracking errors were reduced significantly 

in the load change case. To further highlight the robustness of the proposed control scheme 

Figure IV-9: 𝐼𝑞 current tracking error under 

a load change. 

Figure IV-8: 𝐼𝑑  current tracking error under a 

load change. 
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compared to the other control approaches, the graph of the tracking errors of 𝐼𝑑 and 𝐼𝑞 according 

to the multivariate load torque have been also shown in Figure IV-10 and Figure IV-11. It can be 

seen that when using MB-PCC with mismatched parameters, the 𝐼𝑞 error increases proportionally 

with load variation. The proposed TDE-MFPCC reduces the gap between the current reference 

and its actual value, in a similar way to the MB-PCC with accurate parameters. 

 

 

 

 

IV.5.2 Speed variation burden 

Figure IV-12, IV.13 and IV.14 show the simulation results of the aforementioned control 

methods for a speed variation test. At first, the load value is set to 10 N.m, and the speed value is 

set to 800 rpm. Then, at t=1.8 s the load value steps to the rated value of 1500 rpm. The obtained 

results, shown in Figure IV-12, indicate that the parameters mismatch has also a considerable 

effect on conventional MB-PCC under a speed variation scenario.  Figure IV-14 shows that the 𝐼𝑞 

tracking error proportionally increases  with the speed from t=1.8 s, while TDE-MFPCC is less 

affected by a speed change (see Figures IV.15 and IV.16) with a slight increase of 𝐼𝑞 tracking 

error. From the point of view of THD, the current distortion was reduced thanks to the disturbance 

compensation feature provided by the TDE technique. In Figure IV-13 the MB-PCC Phase (A) 

response shows the burden caused by inaccurate parameters which led to high THD value 

compared with TDE-MFPCC, where phase (A) THD was lower as well as in the case MB-PCC 

with exact parameters shown in Figure IV-12 For further analysis of the presented TDE-MFPCC, 

the lumped uncertainties estimates 𝑓�̂�  and 𝑓�̂� response is depicted in Figure A-2 in Appendix. Here, 

Figure IV-11: 𝐼𝑞 current tracking 

error as a function of load torque. 

Figure IV-10: 𝐼𝑑 current tracking error as 

a function of load torque. 
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one can observe the change in estimated dynamics that occurs in conjunction with the variation in 

speed. It is seen that parameter mismatch has a significant effect on the current control as the load 

increases. On the contrary, the MB-PCC with accurate parameters has less current. In sum up the 

obtained results within the simulation tests, compared issues of the three presented schemes MB-

PCC and TDE-MFPCC were illustrated in Table IV-1. 

 

 

Figure IV-12: Simulation results under speed change for conventional MB-PCC with accurate 

parameters. 
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Figure IV-13:Simulation results under speed change for conventional MB-PCC with 

mismatched parameters. 

 

Figure IV-14: Simulation results under speed change for the  proposed TDE- MFPCC. 
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Figure IV-15: 𝐼𝑑  current tracking error 

under a speed change. 

Figure IV-16: 𝐼𝑞  current tracking error 

under a speed change. 

 

 

Syn-RM PCC 

scheme 

Computation 

time 

Motor 

parameters 

needed 

Algorithm 

complexity 

Tuned 

Parameters 

Conventional 

MB-PCC 
27.5𝜇s 𝑅𝑠, 𝐿𝑑 , 𝐿𝑞 Low Null 

Proposed TDE-

MFPCC 
26.0𝜇s Null Low 𝛽𝑑,𝑞 , 𝑤𝑑,𝑞 

 

Table IV-1: Comparative issues. 

IV.6 Conclusion  

In this Chapter a new optimal model-free predictive control approach for Syn-RM drive based 

on a time-delay estimation (TDE) technique has been proposed. By combining the model-free 

control theory and the TDE approximator, this proposed control system is able to deal with 

uncertainties and disturbance problems. Furthermore, it allows to give a robust and straightforward 

control that can be implemented in real-time applications. By introducing a particle swarm 

optimization (PSO) metaheuristic algorithm, the control design parameters were optimized to 

improve the electrical dynamic performances of the Syn-RM system. To give more simplicity, the 

speed control is made by the conventional proportional-integral controller in the outer loop. The 

proposed TDE-based model-free predictive current control (TDE-MFPCC) is employed in the 

inner loop to effectively stabilize the internal dynamics of the Syn-RM. Extensive numerical 

results have been presented to illustrate the best performance of the proposed control algorithm in 

comparison with the conventional model-based predictive controller. The simulation results have 

proven that MF-PCC can effectively address the drawbacks resulting from Syn-RM parameter 

variations when compared to MB-PCC . 
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GENERAL CONCLUSION 
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General conclusion 

In this thesis, a literature review, theoretical analysis, and simulation-based study of 

Synchronous Reluctance Machines (Syn-RM) have been presented. Regarding the control 

performance optimization was obtained by using Enhanced Direct Torque Control (DTC) and 

Model-Free Predictive Current Control (MF-PCC). A speed sensorless control was elaborated as 

well as a simple Extended Kalman Filter (EKF) algorithm. 

Chapter I begins by providing an overview about the Syn-RM and its different structures, 

followed by a review of control strategies. The speed sensorless schemes were briefly summarized, 

then providing   a characteristic analysis by mentioning the pros and cons of each estimation 

technique. After recalling these techniques, the Extended Kalman Filter (EKF) is chosen   for two 

reasons, firstly EKF is capable of providing real-time speed estimation, secondly it has a simple 

algorithm implementation compared to other nonlinear estimation techniques.  

In Chapter II, the concept of reluctant torque and the electrical and mechanical models of the 

Syn-RM in the reference frames (a,b,c), (α,β), and (d,q) were recalled. The model that neglects the 

rotor currents was considered for this thesis. Subsequently, three control strategies, namely DTC, 

FOC, and DTC-SVM, were presented for comparison. Simulation results have demonstrated the 

benefits offered by DTC-SVM compared with the two other techniques, with optimized control 

performance and significantly reduced torque ripple.   

A fully sensorless control simulation was presented in Chapter III, where the non-linear version 

of a Kalman Filter (EKF) was incorporated into the DTC-SVM technique. The discrete full order 

model of Syn-RM was introduced and written as an extended case of conventional Kalman Filter. 

Additionally, the observability study confirmed that only the speed parameter can be estimated 

from the current quantities 𝑖𝑑 and 𝑖𝑞 provided that these currents are not null. After, three 

simulation scenarios have been conducted on the given model of Syn-RM, regarding the 

disturbance rejection, transition to high speed, and sinusoidal setpoint tracking. It is obvious from 

the obtained results that the EKF   estimation technique can be suitable for Syn-RM speed control 

where no rotor position sensor is needed for coordinates transformation from 𝑎, 𝑏, 𝑐 to  𝑑, 𝑞. 

Chapter IV proposed a Model-Free Predictive Current Control (MF-PCC) to deal with Syn-RM 

system uncertainties. Generally, in most control systems of Syn-RM, controllers are parameter-
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dependent, and their performance relies on the knowledge of motor parameters. The fundamental 

conception of a model free control law was  explained, followed by the basic design of the 

conventional Model Based Predictive Current Control (MB-PCC) .Subsequently,  the elaboration 

of  MF-PCC  was detailed, by using a simple lumped uncertainties technique called Time Delay 

Estimation (TDE) . The obtained simulation results of the proposed control scheme represent an 

adequate performance of the MFC control algorithm compared to thr MB-PCC with mismatched 

Syn-RM parameters, since the MF-PCC does not depend on the system's parameters. Its tracking 

performance is more acceptable during load or speed operating point variation. 

In conclusion, this thesis has achieved the main objective of finding a high-performance 

nonlinear control of Syn-RM. It gives an exhaustive description of Syn-RM   dynamic model   and 

the control strategies through simulation upon the given model. The sensorless mode control is 

studied as well   and closed loop speed estimation was confirmed with a fully non-linear model of 

Syn-RM . Finally, this thesis has included a novel model-free control method based on   TDE 

approach using only input and output signals of the Syn-RM system. As the last contribution, the 

MFC potentials pointed out in this dissertation should stimulate further exploration and study on 

this type of controller to achieve the familiarity required to transfer the results to practical 

applications.  

The prospects arising from this work should be further explored and investigated in the future 

to achieve even greater efficiencies. These points, in particular, include: 

 For the sake of optimizing sensorless control scheme, the EKF can be incorporated with 

other estimation techniques where the zero speed (standstill) estimation is possible. 

 Regarding the intrinsic independence of the proposed MFC from any information about 

the model of the studied system, the presented MFC method could be used for different 

electrical AC drives such as Induction Machine (IM), Permanent Magnet Synchronous 

Machine (PMSM), Switched Reluctance Machine (SRM), etc. 
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Appendix 
 
 

 

 

 

 

 

Table A-1: Syn-RM parameters 

 

 

 

 

 

 

 

 

 

Table A-2: Syn-RM 𝐿𝑑 , 𝐿𝑞 parameters. 

 

 

 

 

 

 

 

 

 

Rated power 

Rated current  

Rated speed  

Rated Torque 

No of pole pairs   

Moment of inertia (J)  

Stator resistance 

2.2 kW 

5.7 A 

1500 rpm 

14 N.m 

2 

0.0137 Kg.m/s 

1.71 Ω 

𝑖𝑑  (A) 𝐿𝑑  (H) 

0,21 0,235 

0,39 0,246 

0,60 0,251 

0,79 0,252 

0,99 0,252 

1,49 0,249 

1,98 0,244 

2,51 0,236 

3,02 0,225 

3,51 0,211 

4,03 0,196 

4,52 0,182 

4,98 0,170 

5,45 0,159 

𝑖𝑞  (A) 𝐿𝑞 (H) 

0,39 0,142 

0,62 0,112 

0,80 0,098 

1,06 0,084 

1,52 0,069 

1,98 0,061 

2,53 0,054 

2,98 0,050 

3,57 0,046 

4,03 0,044 

4,55 0,042 

5,06 0,041 

5,58 0,039 

6,09 0,038 
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Table A-3: Simulation settings. 

 

 

 

 

 

 

 

Parameters Value 

Proportional gain K𝑃 

Integral gain K𝐼  

D-axis inductance L𝑑 

Q-axis Inductance L𝑞 

𝛼𝑑 

𝛼𝑞 

𝛽𝑑 

𝛽𝑞 

𝜔𝑑 

𝜔𝑞 

PSO swarm set number 

PSO iteration number 

Sampling time T𝑠 

0.2 
0.8 
0.26H 
0.057H 
4.1 
17.5 
2.6 
22.1 
167.3rad/s 
153.8rad/s 
10 
100 
50𝜇s 

Figure A-1: Last iteration of PSO 

swarms in the process of 𝛽𝑑,𝑞 

.optimization 

 

Figure 0-2: Last iteration of PSO 

swarms in the process of 𝑤𝑑,𝑞 

.optimization. 

 

Figure A-3: Estimated lumped 

uncertainties𝑓𝑑 and  𝑓𝑞 during a  load 

change. 

Figure A-4: Estimated lumped 

uncertainties 𝑓𝑑 and 𝑓𝑞 during a load 

change. 
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