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Abstract 

Electric vehicles (EVs) are the way forward for green transportation and for 

establishing a low-carbon economy. With the rapid electrification of transportation, it is 

very important to have a comprehensive understanding of the criteria used in motor 

selection. The switched reluctance motor (SRM) is the simplest of all-electric machines. 

It promises a reliable and low-cost variable-speed drive for EVs. However, its main 

drawback is the double salient structure which causes highly nonlinear magnetic 

characteristics. Besides, it makes the modeling and control of SRMs a difficult task. It 

also causes acoustic noise and torque ripple.  

This thesis focuses on the development of an efficient and robust SRM drive for EVs. 

To achieve this goal, a complete drive system for SRM is designed, built, and integrated 

on a test bench that allows verifications and testing of SRM for vehicle propulsion. 

Besides, a highly trusted model for the tested SRM that contains all the nonlinearities is 

developed based on flux and torque measurements.  

Moreover, a new analytical technique for optimum excitation of SRM drives over the 

entire speed range has been developed. Besides, an optimization-based problem is set to 

calculate the optimum control parameters of SRM. It optimizes the motor performance 

based on its dynamic torque-speed characteristics instead of the common analysis of static 

torque curves. The optimum control parameters are defined for each operating point. 

Then, the obtained data are used to train a feed-forward artificial neural network (ANN) 

in order to implement the control algorithm. 

Furthermore, an indirect instantaneous torque control (IITC) scheme using torque 

sharing function (TSF) for torque ripple reduction of SRM drive has been achieved. It can 

provide maximum torque per ampere (MTPA) production. Besides, a modified TSF is 

introduced to compensate for torque ripples in order to extend the speed range. Also, a 

direct instantaneous torque control (DITC) is proposed. The excitation parameters are 

optimized for MTPA, torque ripple reduction, and efficiency improvement.  

Also, a simple structure average torque control (ATC) technique is proposed for EVs. 

The simple average torque control (SATC) can provide all the vehicle requirements 

including wide speed range, high dynamics, reduced torque ripple, and high efficiency.  

Finally, universal control of SRM drives is proposed for EVs. It uses a DITC and 

SATC for low and high speeds, respectively. A smooth transition between DITC and 

SATC is guaranteed through the excitation parameters.  
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Chapter 1: Introduction  

1.1 Motivation 

Electric vehicles (EVs) are the way forward for green transportation and for 

establishing a low-carbon economy. EVs offer many advantages of no emissions, low 

maintenance, cost-effective, safety drive, popularity, and reduced noise pollution [1]–[3]. 

However, high reliability is essential for automotive applications since breakdowns on the 

road are not acceptable. Besides, the limited space and the allowed weight for a vehicle 

make it more challenging to package its propulsion system. Also, all the EV’s parts and 

components have to be suitable for mass-production with low-cost. These unique 

requirements and trade-offs in automotive applications pose great challenges for the 

electrical propulsion system of EVs [4], [5].  

The propulsion system of the EV is comprised of a motor, power converter, and 

controller. For different types of new energy vehicles, the motor drive system is the core 

and common technology. The electrical propulsion system of modern EVs is required to 

deliver [6]–[8]: 

 High starting torque and peak torque capability; 

 A wide constant power band above base speed; 

 Reliable operation, fault tolerance, and low maintenance; 

 High-efficiency operation in both regions of the low and high speeds; 

 High power density and high torque density; 

 High torque to inertia ratio; 

 Small size, low weight, and Low cost; 

 Low electromagnetic interference and Low acoustic noise. 

For the electric motor of an EV, the most important characteristics are to provide 

flexible drive control, high efficiency, high reliability, fault tolerance, and low acoustic 

noise. The motor drive must have the capability to handle voltage fluctuations of the 

source [4], [5]. It also has to produce low electromagnetic interference (EMI). The fault 

tolerance, reliability, and robustness affect directly the maintenance and related costs. 

When it comes to mass production, the low production cost is of great importance [9]. 

DC machines, induction machines (IMs), permanent magnet synchronous machines 

(PMSMs), and switched reluctance machines (SRMs) are taken into consideration for 

EVs [10]–[12]. In the early days of electric traction, DC machines were prominent in 
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urban and railway transportation due to their uncomplicated control that can be done even 

without power electronics. Besides, DC machines have an established manufacturing 

technology. However, their drawbacks are the existence of commutators and brushes. 

They decrease the reliability, require regular maintenance, and limit the maximum speed. 

Moreover, electromagnetic interference is generated due to the commutation process. In 

addition, the low power density, low efficiency, and the increased volume and weight did 

not qualify the DC machines for electric car propulsion [9], [13]. 

Recently, the progressive revolution in power electronics and semiconductors allowed 

the use of IMs in electric power drives. The lack of brushes and commutators made IMs 

more reliable and maintenance-free. Besides, IMs brought advantages like higher 

efficiency, higher power density, and, thus, lower volume and weight [14], [15]. 

However, IMs require more complicated control. Moreover, IMs are confronted with low 

efficiency at light loads, a limited range of operating speed, and extreme heating of the 

rotor [5]. Furthermore, IMs have difficulty to provide high starting torque with the 

economical size of inverter. Also, they have a problem to achieve a wide constant power 

range [6]. 

The lack of rotor winding in PMSMs decreases the machine’s losses. Also, it makes 

the machine more efficient and easier to cool. PMSMs have an increased power density, 

an increased torque, smaller size, and reduced weight. The permanent magnets (PMs) can 

be mounted on the rotor surface or can be buried in the rotor [15]. By burying the PMs 

inside the rotor, an additional reluctance torque is inflicted by the saliency that increases 

the speed range at constant power operation, also the robustness is increased. PMSMs 

have been credited with the best overall performance Because of their inherently high 

power density and high efficiency [14]. However, the drawbacks of PMSMs are related to 

their manufacturing costs since they have PMs with complex structures. Besides, PMs not 

only expensive but also have limitations on operating temperature (such as NdFeB) or 

have long-term corrosion problems (such as SmCo). The already high and still increasing 

price of PMs and the shortage of rare earths are forcing the researchers to come up with 

alternatives for the PMSM [16], [17]. 

The simple and robust structure, low cost, less maintenance, high reliability, fault-

tolerant, high efficiency, high-speed capability, and large constant power-speed ratio 

make the SRM a strong candidate with real chances on the market for vehicle propulsion 

[18]–[20]. SRMs do not suffer from the drawbacks noted in DC, IM, and PMSM drives. 



Chapter 1: Introduction 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

3 
 

They offer great robustness of construction. They have none of the mechanical problems 

at high speeds that beset other drives. Besides, the lack of PMs or rotor winding not only 

reduces the cost, but also offers increased high-speed operation capability [1]. In addition, 

The SRM drives have a highly reliable converter topology. The stator windings are 

connected in series with the switches preventing the shoot-through faults at which the AC 

rotating field machine’s converters are exposed to [15], [21]. Moreover, the low rotor 

inertia allows high torque per inertia ratio and fast response. Furthermore, the robust rotor 

construction raises the maximum operating speed and the permissible rotor temperature. 

Also, SRM has an inherent four-quadrant operation that meets the demands of EVs 

propulsion [22]. However, the double salient structure, deep magnetic saturation, and 

switching form of supply cause high nonlinearity in magnetic characteristics that leads to 

complicated modeling and control [23]. It also produces high torque ripple and acoustic 

noise which are the main drawbacks of SRMs. Weaknesses of noise and torque ripple can 

be attenuated by improving the machine design and control strategy [16], [24]. 

1.2 Background  

1.2.1 Machine Modeling 

Accurate modeling of SRMs is the keystone for developing and optimizing different 

control strategies. Accurate prediction of machine performance under transient and 

steady-state conditions requires precise knowledge of its magnetic characteristics. Several 

approaches are used to model the magnetic characteristics of SRMs including artificial 

intelligent models, lookup tables based models, and analytical models [25]–[28].  

Intelligent techniques such as fuzzy logic and artificial neural networks (ANNs) are 

suitable to model the nonlinear characteristics of SRMs. They have been reported for 

SRM modeling in [29]–[32]. They can provide relatively high accuracies while the 

complex expressions and fitting algorithms are circumvented. However, the training 

needs high skills and a large number of given data. They still demand substantial 

measured samples to train the network or generate the rules. For the lookup tables’ 

techniques, the models are commonly based on interpolation and extrapolation. However, 

The accuracy of the lookup table methods heavily depends on the number of stored 

samples [25]. The bigger the data size, the better the accuracy. But, this requires more 

memory to store the data [33]. The data can be obtained by finite element analysis (FEA) 

or measurements with an efficient resolution to achieve a highly trusted model [25], [33]. 

The analytical models can be derived directly from machine geometry [34], [35], and 
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magnetic theory [36], [37]. They can also be driven from the previously obtained data 

using FEA or experimental measurements with fitting procedures [38]–[43].  

Analytical models play an important role to easy the machine analysis as the 

integrations and differentiations are easier to be performed analytically. Several types of 

research have been directed to analytically model SRM. In the beginning, the analytical 

models are developed considering sinusoidal variations of flux and torque with respect to 

rotor position [5]. They were introducing great inaccuracies leading to their elimination. 

As a result, geometry-based analytical models were introduced [34], [35]. In [44], an 

analytical model for SRM is derived using the flux tube method. In [36], [37], the 

analytical model is derived from the equivalent magnetic circuits. These models are very 

complicated for real-time implementation. They help greatly in the initial estimations of 

machine torque, efficiency that is required for the better selection of machine drive, 

where a trade-off between model accuracy and computation time can be made [39], [45]. 

For high-performance SRM drive, sometimes accurate analytical models become 

indispensable for machine simulation and real-time implementation. Therefore, the direct 

fitting of the precisely obtained magnetic characteristics using analytical formulations 

becomes a valuable option [41]–[45]. In [46], an exponential equation is used for SRM 

modeling. It wasn’t enough to achieve an adequate model. Hence, an additional term 

depending on the rotor position was introduced in [47]. In [41], [45], exponential 

functions are used for SRM modeling. It has better accuracy but requires intensive 

computation to find model parameters using the least square method. In [39], [48], [49], 

Fourier series is used for SRM modeling. But the determination of Fourier series 

coefficients is complicated. 

The intelligent approaches and the analytical functions introduce errors in the model 

and even the ones capable of a high-grade approximation are usable only on certain 

machines [40], [41]. The output quantities have values different from the real ones 

measured on the test bench, making the model unusable for the optimization of the 

geometry and/or control. Thus the need for building models based directly on the 

magnetization curves obtained by FEA or by measurements on the test bench, capable of 

taking into account all nonlinearities and eliminating all inaccuracies arose [41].  

Despite FEM is a commonly accepted tool for characteristics calculation, machine 

design, and performance analysis of complicated structures like SRMs, FEM requires the 

detailed design data of machine structure and material properties [40], [50]. Moreover, 

the magnetic steel data is not easy to find, it may not be open to the public [41]. 
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Furthermore, tolerances introduced by the manufacturing process make it difficult to have 

the exact data of machine design. Even though the introduced tolerances are small, they 

may cause a significant error between FEM and real/measured results [38], [40]. On the 

contrary, the experimental measurement methods don’t require any machine data. 

Moreover, the introduced physical effects and imperfections during the manufacturing 

process are contained in measured data [41], [42]. Hence, for the best modeling accuracy, 

the experimental measurement methods should be adopted. 

Generally, the experimental measurements can be categorized into direct and indirect 

methods [33]. The direct methods utilize magnetic sensors to directly measure pole flux, 

or they may measure the pole flux directly after proper processing of induced voltage 

over search-coil that is mounted on stator pole [27], [40]. The direct methods are rarely 

used because they aren’t providing a satisfactory accuracy due to the leakage flux [38], 

[41]. On the other side, the indirect methods calculate flux indirectly by measurement and 

processing of phase voltage and current. They can provide a simple structure, low cost, 

and better accuracy [33], [40]. In [51], the flux linkage characteristics are calculated 

based on the discharging of a previously charged capacitor over the motor phase 

windings. The phase voltage and current waveforms during the discharging process are 

measured and processed to estimate the flux linkage indirectly. In [28], a DSP based 

instrumentation system is used to remove offset error. It is also used for the online 

estimation of phase resistance. In [41], the initial pole flux is considered. A high-

frequency pulse injection is used to cancel it. But, the increased core losses may affect 

measurement accuracy. In [52], a pure ac source is used for flux calculation. The source 

harmonics and high core losses may have a significant effect on measurement accuracy. 

In [26], the measured torque data are used for flux calculation. This method isn’t suitable 

for small torque machines because of the offset torque of friction and mechanical 

misalignment. In [42], [53], a fast method for flux measurement is introduced that 

requires neither rotor clamping device nor position sensor. But, the measurement 

accuracy can be affected by rotor misalignment. It also needs current sensors and 

semiconductor devices. It isn’t suitable for machines that are highly saturated or have a 

high mutual-inductance. Therefore, the rotor clamping devices for flux measurement are 

adopted. For the torque measurement, it can be done directly using force/torque sensors 

[33], or it can be estimated from the obtained flux linkage characteristics [38], [40]. The 

measurement accuracy depends on the used apparatus and on the introduced errors that 

require special attention to reduce/cancel them.  



Chapter 1: Introduction 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

6 
 

1.2.2 Optimum Excitation of SRM 

The SRMs have discontinues pulsed current shapes, the turn-on (θon) and turn-off 

(θoff) angles are of great importance for their high performance control [54]–[56]. They 

affect directly the current profile and hence the amount of generated torque. They are the 

dominant parameters to achieve maximum torque per ampere (MTPA) operation [56]. 

They have to be accurately estimated according to the operating point. However, this may 

require sophisticated and complex digital-controllers for real-time variation due to the 

nonlinear magnetic characteristics of SRMs [57]. For simplification, several assumptions 

have been made that affect the accuracy and/or limits the band of optimum control [57]–

[59]. In [57], the conventional approach for θon was developed considering an ideal 

profile for inductance. This solution can provide acceptable performance over a limited 

speed range. In [58], the conventional approach is used to obtain an initial value of θon, 

then within a certain range around this initial value, an experiment is conducted to find 

the most efficient set of angles. It is a very time-consuming method. Besides, the 

accuracy depends on the measurements. In [60], the continuous tuning of θon under 

steady-state is used to minimize total power consumption. But the control strategy 

depends on energizing switching angles and requires a complicated process to shorten its 

searching time. It is also not suitable for traction applications as the operating point 

changes continuously. In [61], a closed-loop θon control is designed to force the first peak 

of phase current to occur at the angle where rotor poles begin to overlap with stator poles 

(θm). This method can be used over a wide speed range as it uses closed-loop control, but 

it is much complicated and requires two sub-techniques to monitor first peak of phase 

current and its position. In [59], an analytical solution is developed for excitation angles 

optimization. This method neglects stator resistance which has a great effect on the 

current profile. In [62], the field reconstruction method is used for switching angles 

optimization. It may deliver a fast but complicated solution. In [63], automatic control of 

the turn-off angle in the face of the turn-on angle automatic control is introduced to 

maximize drive efficiency. The formula of the optimized turn-off angle as a function of 

speed and reference current magnitude is obtained from the experimental results. The 

turn-on angle has also been optimized using fuzzy controllers [64]–[66].  

Due to the continuous changing of the operating point of SRM drives in traction 

application and the importance of switching angles (θon, θoff) on motor performance, the 



Chapter 1: Introduction 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

7 
 

importance for accurate, adequate, and simple methods to estimate the switching angles 

(θon, θoff) properly in real-time processers become a demanding task.  

1.2.3 Torque Control Techniques of SRM  

Torque ripple is the main obstacle for the acceptance of SRM drives in high-

performance applications including EVs. The SRM torque ripples can be reduced using 

machine design and/or control techniques [67]–[69]. The machine design could be 

effective only over a limited range of speeds, it also affects the torque production as the 

air gap increases, and hence the maximum torque decreases [70]. This means a lower 

torque density which is not an option for vehicle traction applications confronting the 

limited space in a vehicle. A wider operating range, but still limited, can be achieved by 

current or flux profiling which can be achieved off-line or on-line [71], [72]. In [71], both 

machine design and torque control are presented to minimize torque ripple of SRM. The 

phase current profile is initially obtained offline. Then, an online fine-tuning is done 

through torque feedback. Offline harmonic injection methods are also used to define 

phase current profiles [73]. The harmonics of torque ripple that could be obtained by 

simulation or adaptation rules are added to the reference currents to counteract torque 

ripple [73]–[75]. In [74], the offline optimization of injected current harmonics in terms 

of amplitude, frequency, and phase is presented to reduce torque ripple. In [72], a 

simulation-based optimization method is used to reduce torque ripple of SRM using a half 

sinusoidal phase current profile. Compared to current harmonics injection in [74], half 

sinusoidal waveforms with three degrees of freedom are optimized to reduce 

computational complexity. The neural network is also an approach to tune current profiles 

to reduce torque ripple; however, it suffers from implementation complexity [76]. 

1.2.3.1 Instantaneous Torque Control (ITC)  

Due to the cumbersome and time-consuming pre-calculations needed to find the 

optimal current or flux profiles, instantaneous torque control (ITC) is gaining interest in 

the areas of torque ripple reduction for SRM drives as the phase current varies at each 

sample of rotor position [77]. This, in turn, provides more flexibility in torque ripple 

reduction and efficiency enhancement. The reference current can be defined by current 

profiling techniques, and the phase current can be controlled by hysteresis or PWM 

current controller [4]. The ITC involves direct torque flux control (DTFC), indirect ITC 

(IITC) based on torque sharing function (TSF), and direct ITC (DITC) as shown in Figure 

1.1. The DTFC has a hysteresis band controller for both the torque and flux as shown in 
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Figure 1.1(a). The selection of the appropriate space voltage vector from the switching 

table depends on the sector judgment signal and the error of flux and torque [8], [78]. 

Despite DTFC have a good capability of torque ripple reduction, the feedback torque and 

flux signals are estimated online based on motor characteristics that are a complicated 

task to be included on a real-time controller. This, in turn, increases the complexity of the 

control system, adds uncertainty, and affects the accuracy of control. Besides, there is not 

only positive torque but also negative torque production. Hence, efficiency and losses are 

affected greatly.  

The IITC is an effective and promising strategy for torque ripple reduction of SRM 

drives. The torque is controlled indirectly by controlling motor current. The block 

diagram for the IITC is given in Figure 1.1(b). The torque sharing function (TSF) is used 

to distributes the reference torque among motor phases in order to have a total free ripple 

torque. The TSF outputs the reference torque for each phase (Tph-ref) that is converted into 

a reference current signal (iph-ref) using torque inverse model i(T, θ). The main objective of 

TSF is maintaining torque sharing and minimum torque ripple. Several TSFs have been 

reported, such as linear, cubic, and exponential TSFs. They are used to achieve the 

minimum torque with an additional secondary objective [79]. The secondary objective 

could be minimizing copper losses, enhancing torque-speed capability, or increasing 

efficiency. In [77], an offline TSF is proposed to extend the torque-speed range of SRM. 

Its objective is to minimize the square of phase current (copper loss) and the derivatives 

of current references (rate of change of flux linkage). In [80], an online TSF is proposed 

to overcome the limitations of offline TSF. Two operational modes are defined for the 

online TSF during commutation; the absolute rate of change of flux linkage (ARCFL) of 

incoming phase is higher than the outgoing phase (Mode I), ARCFL of outgoing phase is 

higher than incoming phase (Mode II). The total torque is determined by the phase with 

lower ARCFL rather than the phase with higher ARCFL. A proportional and integral 

compensator with torque error is added to the torque reference of the outgoing phase in 

Mode I and the incoming phase in Mode II. In [81], the TSF is calculated to provide 

optimal operation with the lowest required dc voltage. In [79], an optimization method is 

used to present a family of optimal TSFs for the reduction of torque ripples. In [82], an 

online nonlinear logical TSF is introduced to reduce torque ripples and improve drive 

efficiency. In [83], an adaptive TSF is introduced to improve torque-speed capability. The 

turn-on angle is controlled according to motor speed without shape adjustment of TSF. 

Compensation of current and torque tracking errors can be also a proper choice for 
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extended-speed with reduced-torque-ripple for SRMs. In [84], an online current 

compensation is introduced to compensate phase current error during the demagnetization 

period. In [85], the reference torque of each phase is corrected based on phase torque 

error. In [86], the torque ripple is minimized by adding a compensation current to 

reference current using an iterative learning controller. The reference current shape can be 

modified to reduce the current tracking error [87].  

Despite the effectiveness of TSF for torque ripple reduction in SRM drives, it is 

meant only for low-speed operation. Besides, it uses a torque inverse model that is not a 

straight forward transformation. The torque is a function of position and current. 

Developing analytical expressions for real-time implementation is not an easy task [41]. 

Besides, the fitting accuracy affects the control performance. Look-up tables can be 

employed for such problems but require additional memory for data storage [88]. 

Therefore, the direct control of torque is introduced as an alternative solution.  
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Figure 1.1: Block diagram of ITC schemes  

DITC is also an effective solution for torque ripple reduction of SRM drives. The 

block diagram of DITC is shown in Figure 1.1(c). It controls the torque directly as it 

employs a hysteresis torque controller that outputs the state signals. In [89], a four-

quadrant direct instantaneous torque control (DITC) is presented for SRM drive. DITC is 

analyzed in both motoring and generating operation. Then motoring mode, generating 

mode, and transition between these modes are tested by experimental results. In [90], a 

DITC of SRM for high dynamic applications was designed. The switching functions are 

generated directly after comparison with estimated torque using a hysteresis torque 

controller. For extended-speed in the constant power zone, different modes of control are 

required. At low and medium speeds, discontinuous conduction mode can be used while 

at high speeds, continuous conduction mode is employed. The control parameters are 



Chapter 1: Introduction 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

10 
 

calculated in order to minimize torque ripple and maximize drive efficiency. In [91], high 

torque production, low torque ripple, and low copper losses are obtained by appropriate 

tuning of switching angles using two angular controllers.  

1.2.3.2 Average Torque Control (ATC) 

The average torque control (ATC) has many advantages compared to ITC [92]–[94]. 

ATC has a much simple structure as it does not have a TSF or torque inverse model; it 

has a higher torque per ampere ratio as it has no current profiling; it needs a discrete rotor 

position to determine the minimum and maximum inductances while a high-resolution 

rotor position feedback is needed for ITC in order to regulate phase current at each 

sample time, and ATC can be used for the entire speed range while ITC is used for a 

limited range of speeds where back-emf voltage is smaller than the supply voltage. 

However, ATC has a relatively large torque ripple compared to ITC. But this torque 

ripple can be filtered by vehicle inertia. The block diagram of the ATC is shown in Figure 

1.2. The ATC involves indirect average torque control (IATC) and direct average torque 

control (DATC) [22]. For ATC, the reference current (iref), the turn-on angle (θon), and the 

turn-off angle (θoff) are the control parameters. These control parameters are calculated 

offline or online to ensure efficient operation [92], [93].  

The IATC is an open-loop control as shown in Figure 1.2(a). It may offer a simple 

structure compared to DATC, but it is sensitive to variations of machine parameters, that 

are influenced by environmental conditions [94]. The control variables (θon, θoff, iref) are 

estimated off-line or on-line in ideal conditions. Thus, the experimental drive output is 

susceptible to deviate from the reference torque value. To avoid these unwanted 

deviations between the torque reference and the torque output, it becomes desirable to 

track the average torque by adjusting the variables in closed-loop control [93]. 

The block diagram of DATC is given in Figure 1.2(b, c). As shown, a closed-loop 

torque controller is added to ensure a high dynamics and better tracking behavior [93]. 

The torque estimator outputs the average value of motor torque (Tav-est). In Figure 1.2(b), 

iref is outputted by the torque controller (PI) while in Figure 1.2(c) it is estimated form T
*
. 

The switching angles (θon, θoff) are calculated as functions of motor speed (ω) and 

reference torque (Tref). 

In ATC, the phase current is controlled as a square waveform, and therefore only the 

turn-on (θon) and turn-off (θoff) angles can be adjusted for the given torque reference. 

Online and offline optimization of θon and θoff angles for ATC is achieved mainly for 
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torque ripple reduction, efficiency improvement, or copper losses minimization. The 

optimization of θon and θoff angles could be by analytical or numerical methods. In [95], 

an on-line efficiency optimization scheme is presented. The θon and θoff angles are 

computed on-line. The initial selection of angles is fine-tuned in steady-state operation to 

minimize the input power of the drive. This method is not suited for traction drives due to 

continuously changing operating point. In [96], [97], an analytical solution of θon and θoff 

angles is obtained to maximize the average torque per ampere. In [98], the θon can be 

calculated using the conventional approach. Besides, the θoff is defined analytically for the 

highest efficiency. The analytical solution of θoff is very complicated; some parameters 

are obtained through simulation or measurements. This is a time-consuming task that 

introduces uncertainties in the controller leading to errors. 

The simplifying hypothesis makes the analytical methods inaccurate. Therefore, the 

need for optimization techniques capable of considering all nonlinearities of SRM arose. 

In the beginning, the maximization of average torque per ampere was aimed at [57], but 

soon the need for a secondary objective such as torque maximization, torque-ripple 

reduction, and copper losses minimization has been acknowledged [99]. In [93], [100], 

the firing angles are calculated for torque ripple reduction and efficiency improvement. In 

[101], the θon and θoff angles are optimized offline for torque ripple reduction through 

numeric simulations. 
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Figure 1.2: Block diagram of ATC 

1.2.3.3 Other Control Techniques 

Other torque control techniques are also reported for SRM control such as direct 

Lyapunov method [102], model predictive control (MPC) [103]–[106], sliding mode 

control (SMC) [107]–[109], ANNs [110], [111], and fuzzy logic systems [112]–[114]. In 
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[102], a Lyapunov function-based direct torque controller of SRM, with emphasis on 

torque ripple reduction is used. The schematic diagram of the control system is shown in 

Figure 1.3(a). The TSF is divided into increasing and decreasing torque regions as seen in 

Figure 1.3(b). The TSF outputs the reference torques (Tinc-ref, Tdec-ref). The actual torque 

(Tinc, Tdec) for each phase is estimated based on the measured magnetic characteristics of 

SRM in form of lookup tables. The electronic phase commutator decides the active 

phases based on rotor position feedback and assigns the duty cycle to each individual 

phase (d) to the pulse-width modulation (PWM) converter which realizes the actual phase 

voltages (v) to be applied to the respective windings. The nonlinear state equation is given 

by (1.1). The objective is to generate the control input v(t) so that the torque (T) tracks the 

reference value (Tref). The dynamic tracking error is written as e = Tref – T. Hence, it is 

required to find out the control input v(t) such that the tracking error e(t) asymptotically 

converges to zero. The Lyapunov function is taken as V = 0.5e
2
. The control input v(t) is 

estimated by (1.2). In order to find the control signal v(t) in (1.2), the model parameters f 

and b are needed. However, f and b cannot be estimated accurately due to the highly 

nonlinear magnetization characteristics of SRM. Besides, a simple and accurate analytical 

model for flux-linkage λ(i, θ) is not available. Hence, a linearized model of SRM based on 

motor geometry is adopted which adds more complexity to control algorithm. In addition, 

the gain λ has to be calculated instantaneously or bad torque tracking occurs.  

  

  
 (

  

  
) (

  

  
)
  

(    
  

  

  

  
)  

  

  

  

  
 (

  

  
) (

  

  
)
  

  ,  

 ̇    ( )   ( )   

 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

(1.1) 

 ( )     ( ̇        )  
 

 
 

 
 

 

 

(1.2) 

where f and b are highly nonlinear functions that depend on torque, flux, and position. λ is 

a strictly positive number,  
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(a) Control system (b) Structure of TSF 

Figure 1.3: Block diagram of the Lyapunov function-based controller using IITC 

Also, The model predictive control (MPC) is proposed for SRMs [103]–[106]. The 

MPC predicts the future state (k+1) based on the available data of the current state (k). A 
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block diagram of predictive torque control is shown in Figure 1.4. The phase current and 

the position are predicted by (1.3) [115].  

        
  

       
(      

   

  
)    

             

 

(1.3) 

where λ, v, i represent the phase flux linkage, the phase voltage, and the phase current. θ 

represents the rotor position,   depletes the rotor speed, R is the phase resistance, and Ts 

represents the sampling interval. 

The torque can be predicted by approximate analytical expressions about estimated 

current and angle at the next moment as follows 

  (     )  
  (  )  

     (  )        
(1.4) 

where ak(θ) and bk(θ) are a position dependent parameters, which can be obtained by 

finite element simulation based on motor geometry and magnetic property of the iron. 
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Figure 1.4: Block diagram of the predictive torque 

control 

Figure 1.5: The flow chart of predictive torque 

control 

A cost function (Fobj) including one or more control variables such as torque ripple, 

current, or copper loss can be used. Thus, when the same torque is produced, the phase 

whose cost function is the minimum is selected to conduct. Figure 1.5 gives the flow 

chart of the predictive control algorithm. Based on the current and rotor position sampled 

at the moment of k, the current and rotor position can be calculated under different 

predictive inputs at the next moment. Vpred represents the possible phase voltage that 

could be positive, negative, or 0. The torque values under different predictive inputs at the 

moment of k+1 are obtained by (1.4). Switching signals conducted on the power 

converter are derived according to the value of the cost function.  
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Despite, MPC estimates the best state of motor performance; the control performance 

depends on model accuracy. Besides, an accurate model involves complex computation 

burden on real-time implementation [69]. Also, different weight factors are needed for the 

objective function due to the different units of variables. The determination of weight 

factors not only affects the control performance but also is a difficult task [115]. 

The sliding mode control (SMC) is also reported for the speed control [107]–[109], 

current control [116], [117], and sensor-less operation [118]–[120] of SRMs.  

Finally, In [110], [111], ANNs are employed for the torque control of SRM. In [76], 

an ANN is used to implement the torque inverse model base TSF torque control. The 

fuzzy logic systems are also reported in [112]–[114]. They are used as speed controllers 

to achieve fast dynamics or to compensate for torque, current, and position errors. 

Despite, the variety of torque control techniques for SRM, when both the torque 

ripples and wide speed range are highly considered, no one of these techniques could be 

sufficient enough for such a purpose. The ITC has a high capability of torque ripple 

reduction but with a limited speed range. On the other hand, the ATC has a wider speed 

range, better torque/ampere ratio, simple structure, but relatively high torque ripples. The 

MPC is developed based on the structure of ITC; it involves a complicated control 

algorithm due to the nonlinear modeling; besides, its accuracy depends on the modeling 

and made assumption. The SMC, fuzzy systems, ANNs, and the other nonlinear controls 

are built as part of these techniques to overcome the highly nonlinear characteristics of 

SRMs. Therefore, it is essential to establish a universal controller for SRM drives that can 

be effectively used over the maximum available speed range of an EV. Two or more 

torque control techniques have to be merged for the development of such a controller. 

But, first, it is more important to deeply analyze each control technique in order to be 

fully aware of the advantages and disadvantages over wide speed ranges. Further 

developments of each control technique alone could be an option. But, it may not be a 

completely universal control for all kinds of EV. It may fit properly for certain vehicle 

requirements.  

1.3 Thesis Objectives 

The main objective of the thesis is to develop an efficient, simple, and robust switched 

reluctance motor drive for electric vehicle applications. To fulfill the main objective, 

smaller secondary objectives, but all serving the same final goal can be defined as 

follows. 
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1.3.1 Accurate Modeling of SRM 

A highly trusted model of SRM has to be created. This model should be able to 

eliminate all the unwanted approximations while obtaining the highly nonlinear 

characteristics of the machine. It should be capable of providing a realistic and accurate 

behavior of the machine during transient or steady-state load conditions to implement and 

compare different control techniques. 

A complete drive system has to be designed, built, and integrated on a test bench for 

testing SRMs for vehicle propulsion. The simulation results can be compared to the 

measured results and this will allow the validation of the described principles. 

1.3.2 Optimal Control Parameters and MTPA of SRM 

For improved system operation, the determination of optimal control parameters such 

as the optimal turn-on angle, turn-off angle, and reference current have to be created. The 

optimum control parameters should be determined by simplified mathematical 

formulations that fit the highly nonlinear characteristics of the machine or using artificial 

intelligence techniques based on optimization problems.  

To assure high torque and power densities with faster torque response, the maximum 

torque per ampere (MTPA) operation for SRM drives have to be achieved over the entire 

range of operating speeds.  

1.3.3 Advanced Torque Control Techniques of SRM  

Different torque control techniques including ITC and ATC have to be implemented 

and compared. For each operating point, the most suited control technique has to be 

chosen. A cost function can be determined using efficiency, torque ripple, and losses at 

optimal state searching. Investigation of the drive speed control can be executed after this. 

Algorithms ensuring fast adaptation and having simultaneously a fairly few calculation 

requirements can be applied effectively for torque ripple reduction and efficient current 

and speed control. 

1.3.4 Universal Control of SRM  

A universal control technique of SRM drives for EV propulsion should be achieved. It 

could include one or more torque control techniques. It is supposed to obtain all the 

benefits of the gathered techniques and achieve all the vehicle requirements. A smooth 

transition between the chosen combinations of torque control techniques should be 

achieved simply without any complications for the overall control algorithm.  



Chapter 1: Introduction 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

16 
 

1.4 Thesis Outline 

Chapter 2 gives the fundamental principles of SRM drives. It obtains the machine 

configurations, the operational and control principles, the converters topologies, the 

equivalent circuit modeling of SRM, and the EV model.  

Chapter 3 presents an accurate magnetic characterization and model development of 

SRM drives. First, it gives the finite element method (FEM) based electromagnetic 

analysis of SRM. Second, it measures experimentally the magnetic characteristics of the 

tested 8/6 SRM to obtain the imperfections introduced by manufacturing processes. The 

measurement errors are analyzed and post-processed to reduce/cancel them. The accuracy 

of measurement is verified by FEM, inductance-capacitance-resistance (LCR) meter, and 

by comparison with the results of an installed search coil on stator poles. Finally, a 

dynamic model for the tested machine is developed. An analytical model of torque is 

developed to express the details of torque behavior. A very good agreement is found 

between the simulated and experimental measured current and torque waveforms which 

demonstrates measurement accuracy and verifies model dependability. 

Chapter 4 introduces a new analytical technique for optimum excitation of SRM 

drives. The proposed control technique considers accurately the effect of back-emf 

voltage for high and even low-speed operation. It determines the most efficient turn-on 

angle and turn-off angles. The proposed technique simplifies SRM control to cut down 

complexity and cost. It offers easy implementation and can be used for sensor and sensor-

less operation. In order to show the feasibility of the proposed control technique, a closed-

loop turn-on angle controller is built and a series of results are compared under different 

operating conditions. Moreover, experimental results are obtained to prove the promising 

performance and simplicity of the proposed control.  

In addition, a multi-objective optimization of SRM control parameters is achieved. It 

optimizes the motor performance based on its dynamic torque-speed characteristics 

instead of the common analysis of static torque curves. The optimization process aims to 

obtain the maximum average torque with the minimum copper losses. Because of the 

highly nonlinear magnetic characteristics of SRM, the objective function is calculated 

using the built Simulink model. A searching algorithm is developed for the optimization. 

It also calculates the base values of the objective function as they vary for each operating 

point. The optimum control parameters are defined for each operating point. Then, the 
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obtained data are used to train a feed-forward artificial neural network (ANN) in order to 

implement the control algorithm. 

Chapter 5 describes the instantaneous torque control (ITC) for torque ripple 

reduction of SRM drives. A proposed method is developed to achieve the maximum 

torque per ampere (MTPA) production based on indirect instantaneous torque control 

(IITC) using the torque sharing function (TSF) strategy. The TSF is used to distribute the 

total commanded torque among the motor phases. The reference torque signal is 

converted into a reference current signal with two proposed methods. The obtained 

reference current is directly used for optimum control parameters that fulfill MTPA 

production.  

Moreover, an efficient technique is proposed to compensate for SRM torque ripples. 

The total electromagnetic torque is calculated based on machine modeling and compared 

to its reference torque signal to estimate torque error. The torque error is compensated 

through the TSF controller. The TSF compensates for the torque error with the incoming 

motor phase due to its lower changing rate of flux linkage. Besides, the incoming phase is 

switched-on at minimum inductance zone leading to a higher capability of current 

control. The torque error compensation provides a total electromagnetic torque with 

reduced ripple over an extended-speed range.  

Furthermore, a direct instantaneous torque control (DITC) of SRM is developed. It 

provides both MTPA production and torque ripple compensation. A multi-objective 

optimization problem is set to obtain the lowest torque ripple, lowest copper losses, and 

the highest efficiency.  

Chapter 6 presents a proposed simple average torque control (SATC) of SRM drives. 

An optimization problem is developed to obtain the lowest torque ripple, lowest copper 

losses, and the highest efficiency. The optimum control parameters are defined for each 

operating point. 

Chapter 7 presents a universal controller of SRM drives for EV applications. It uses a 

DITC for low-speed operation and employs a SATC for high-speeds. A smooth transition 

between DITC and SATC is guaranteed within switching angles optimization while 

obtaining MTPA.  

Chapter 8 involves the conclusions and future work. 

To give a unified picture and facilitate understanding of the contents and the 

distribution of contributions among the different chapters Figure 1.6 is drawn, which 
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describes the workflow in the dissertation. According to the Figure, the contents of the 

dissertation are divided into five parts, namely, Part I, Part II, Part III, Part IV, and Part V. 

Introduction
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Figure 1.6: Structure of the dissertation 
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Chapter 2: Fundamentals of SRM Drives 

This chapter includes the fundamentals of SRM drives. First, it explains the motor 

geometry configuration, principle of operation, and control principles. Second, it gives 

the mathematical modeling of SRM and the electric vehicle. Finally, it discusses the 

different torque control techniques of SRM drives.  

2.1 Basic Fundamentals of SRM 

2.1.1 Configuration of SRM 

The SRM has unequal numbers of stator and rotor poles with common configurations 

of 6/4, 8/6, and 12/8 as given in Figure 2.1(a-c), respectively. Both 6/4 and 12/8 pole 

configurations are 3-phase machines. In 6/4 SRM, the coils on diametrically opposite 

poles are connected in series/parallel to form one phase. For 12/8 SRM, every phase 

consists of four coils as shown in Figure 2.1(c). On the other hand, the 8/6 pole 

configuration makes 4-phase SRM with similar coils’ connection to 6/4 SRM as seen in 

Figure 2.1(b). The variety of pole configuration offers different properties for each SRM. 

A higher number of poles offer reduced torque ripple but comes with a higher switching 

frequency [17].  

   

(a) 6/4 SRM (b) 8/6 SRM (c) 12/8 SRM 

Figure 2.1: Cross-sectional view of SRM. (a) 6/4 SRM, (b) 8/6 SRM, (c) 12/8 SRM 

2.1.2 Principle of Operational  

The operational principle of SRM is based on the tendency of its movable part to 

obtain a stable equilibrium position. When one motor phase is excited, an attractive force 

affects the closest rotor poles. The force rotates the rotor to an aligned position where the 

inductance is maximized [16]. When the rotor poles become nearly aligned with the two 

stator poles of the excited-phase, a second phase is excited to bring a second pair of rotor 

poles into alignment. The movement of a 3-phase, 6/4 SRM is shown in Figure 2.2(a-f).  
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(a) 0º (b) 15º (c) 30º 

   
(d) 45º (e) 60º (f) 75º 

Figure 2.2: Successive phase energizing of a 3-phase, 6/4 SRM in the anti-clockwise direction. 

Figure 2.2 illustrates each phase status every 15º. The three-phases are excited in 

sequence A, C, and B. Each phase has a conduction period of 30º. At 0º as shown in 

Figure 2.2(a), phase-A is in the unaligned position where it has a minimum inductance 

(Lu). When phase-A is excited, the resulting torque rotates the rotor in the anti-clockwise 

direction towards its aligned position. As the rotor rotates, the air-gap decreases, and the 

resulting torque and flux lines increase as shown in Figure 2.2(b). After the rotor reaches 

30º, phase-C is switched-on to continue pulling the rotor in the anti-clockwise direction as 

shown in Figure 2.2(c). At the same instant (30º), phase-A is switched-off to have enough 

time for its phase current to decay to zero at/before its aligned position as shown in Figure 

2.2(d). At this aligned position, the phase-A inductance is maximum (La). When the rotor 

reaches 60º, the excitation of phase-B will continue pulling the rotor in the anti-clockwise 

direction as shown in Figure 2.2(e). But at this instant (60º) if phase-A is excited by 

mistake, it will produce a braking (negative) torque. So, to avoid this braking (negative) 

torque, it is very essential to switch-off phase-A in order to have zero current while the 

poles are separating. In generator mode, windings are excited during the separation of the 

respective poles, yielding a braking attraction. When the rotor reaches 75º, the excitation 

of phase-B will continue pulling the rotor in the anti-clockwise direction as shown in 

Figure 2.2(f). To rotate the rotor by 90 mechanical degrees, the three phases should be 

energized in sequence. The current in each phase is switched many times equal to the 

number of rotor poles during one revolution. For reverse direction (clockwise), the same 
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procedure is employed with a different excitation sequence of motor phases to be such as 

A then B then C [121].  

When the rotor poles are perfectly aligned with the two stator poles of one phase, the 

motor is said to be in the aligned position. The machine has a maximum inductance (La) 

and minimum reluctance in this position as shown in Figure 2.2(d) for phase (A). With 

the rotor motion away from the aligned position in either direction, the phase inductance 

decreases gradually. The shape of the inductance variation with the rotor position depends 

on the machine geometrical structure. The inductance profile is a fingerprint of each 

machine (each machine has a specific inductance profile). When the rotor poles are 

symmetrically misaligned with the stator poles of a phase, the position is said to be in an 

unaligned position as shown in Figure 2.2(a) for phase (A). The phase has the minimum 

inductance (Lu) in this position [19].  

Figure 2.3 shows the ideal inductance and torque profiles. The exciting phase current 

is assumed to be a square wave. In the rising inductance region, a positive (motoring) 

torque is produced. On the contrary, the current pulses in the falling inductance region 

produce negative (generating) torque. The sign of the produced torque is determined by 

the slope of the inductance profile. In the actual situation, due to the deep magnetic 

saturation and the finite rise and fall times for phase currents, the inductance and torque 

profiles look very far from ideal [16]. 
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Figure 2.3: The typical waveforms assuming ideal (a) Inductance profile, (b) Phase excitation for motoring, 

(c) Phase excitation for generating torque; (d) Electromagnetic torque. 
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2.1.3 Control Principles 

The SRM can’t run directly from a DC or AC line, it requires discrete commutation 

from one phase to another [122]. The control strategy of SRM drives depends mainly on 

its inherited inductance profile. Closed-loop control is essential to run the machine. The 

main job of closed-loop control is to synchronize the current pulse with the active interval 

of the motoring inductance profile [123]. The process is controlled mainly by several 

control parameters; the turn-on angle (θon), the turn-off angle (θoff), and the reference 

current (iref). The switching angles (θon, θoff) are defined for each phase based on the rotor 

position information provided by a position sensor located on the motor shaft [16].  

 Figure 2.4 shows the block diagram of the closed-loop speed control of the SRM 

drive system. The controller has two loops. The outer loop controller is a speed controller. 

While, the inner loop controller is a current controller. The outer loop generates the 

reference current (iref) from the speed error (Δω). The reference commanded current is 

compared with the actual motor phase current (iph) to estimate the current error signal 

(Δi). This error signal is processed using a current controller in order to regulate the motor 

current to track its reference value [17]. 

Speed 

Controller
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+ SRM+

-
iph
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iref ∆i 
ΣΣ

Current 

Controller

Power 

Converter

Vdcθon θoff
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+ωref 

ω

∆ω 

 

Figure 2.4: Block diagram of the SRM drive system 

The design of a high-performance SRM controller requires a good understanding of 

current behavior at different operating points of the torque/speed envelope. The shape of 

the current waveforms in motor phases depends on operating speed and mechanical 

loading. The current waveforms at low and high speeds are given in Figure 2.5. For each 

SRM, there is a particular speed called base speed at which the machine can develop rated 

power at rated torque. At speeds below base speed, the back-emf is small compared to the 

bus voltage; hence the phase currents need to be limited from reaching dangerously high 

values [124]. To achieve this, hysteresis type current control is usually used which 

regulates the phase currents at a set reference value. Therefore, this mode of operation is 

called the current-controlled mode. 
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Figure 2.5: Typical current waveforms with idealized inductance profile at (a) Low speeds, (b) High speeds. 

At higher speeds, the motor’s back-emf builds up sufficiently, hence the current 

cannot be forced to the rated value against the higher back-emf and the motor operates in 

the single-pulse mode. The phase current waveform is a train of single pulses and the 

peak current never reaches the rated value. The turn-on angle (θon) is advanced to allow 

phase current to build up early and gain positive torque impulse during the rising 

inductance period. Accordingly, the energized phase switches off early before the aligned 

position is reached, giving the current sufficient time to decay such that there is no 

undesirable negative torque [122].  

2.1.4 Four-Quadrant Operation 

The SRM drive needs the motor to operate in all four quadrants of torque-speed 

characteristics. The controller block diagram is shown in Figure 2.6. According to the 

control command, the controller switches the motor between motoring and braking 

regions. The sign of reference torque and motor speed determines the operating quadrant. 

The appropriate and different turn-on and turn-off angles are used depending on the 

operating quadrant. Operation in the second and third quadrants is the mirror symmetry of 

that of the fourth and first quadrants [76], [125], as shown in Figure 2.7.  
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Figure 2.6: Controller block diagram Figure 2.7: Operating points in different quadrants 
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2.1.5 Converters Topologies for SRM 

The converter topologies for SRMs are classified according to their number of power 

switches per phase (q). They could be q, (q+1), 1.5q, and 2q switch topologies [17].  

Among these topologies, the asymmetric bridge converter is the most common and 

widely used converter for SRMs. Figure 2.8(a) shows its structure considering only one 

phase of SRM. Despite it has two switches and two diodes per phase, it offers good 

performance in terms of torque ripple reduction as it allows independent control of 

different phases [5], [121]. 

Turning on transistors Q1 and Q2 will circulate a current in phase-A of the SRM as 

shown in Figure 2.8(b). If the phase current (ia) rises above its commanded reference 

value, Q1 and Q2 are turned off. The stored energy in the motor winding will keep 

current to flow in the same direction till it is depleted. Hence, diodes D1 and D2 will 

become forward biased leading to recharging of the source. This operation is explained 

with the waveforms of Figure 2.8(c). After Q1 and Q2 are turned off, the voltage of 

phase-A becomes negative and equal to the source voltage VDC. During turn-on and turn-

off of Q1 and Q2, the machine phase winding experiences twice the rate of change of dc-

link voltage. Hence, putting more ripples into the dc-link capacitor, reducing its life, and 

increasing the switching losses of the power switches [17]. 
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(a) Asymmetric bridge converter for one phase of SRM. (b) Q1 and Q2 are turned on. 
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 (c) Q1 and Q2 are turned off.  (d) Q2 is turned on. 

Figure 2.8: Converter for SRM  
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The energy stored in the phase-A can be effectively circulated in itself by turning off, 

say, Q2 only as shown in Figure 2.8(d). In that case, the current will continue to flow 

through Q1, phase-A, and D1, the latter having forward-biased soon after Q2 is turned off. 

That will decay the phase current in a time greater than that of the previous strategy. This, 

in turn, reduces the switching frequency and the switching losses. When the current 

command goes to zero, both Q1 and Q2 are turned off simultaneously. During this 

interval, the voltage across the winding is –VDC as long as D1 and D2 conduct (i.e., until ia 

goes to zero) and thereafter the winding voltage is zero [121].  

2.2 Equivalent Circuit Modeling of SRM 

Due to the double salient structure of SRMs, the phase inductance varies with rotor 

position. Therefore, the flux linkage, torque, and inductance are functions of both rotor 

position and current magnitude. In a three-phase and four-phase SRMs, no more than two 

phases are likely to conduct simultaneously. The incoming and outgoing phases are 

denoted as k
th

 and (k-1)
th

 phases,, respectively. The phase voltage equations can be 

derived as follows [116], [126], [127]: 

       
   

  
             

     

  
  (2.1) 

where vk, ik, and λk are the phase voltage, current and flux linkage of the k
th

 phase,, 

respectively; vk-1, ik-1, and λk-1 are the phase voltage, current and flux linkage of the (k-1)
th

 

phase, respectively. When mutual flux is considered, flux linkage for incoming and 

outgoing phases can be expressed as. 

                                     (2.2) 

where λk,k, and λk-1,k-1 are the self-flux linkages of k
th

 and (k-1)
th

 phase; λk,k-1, and λk-1,k are 

mutual flux linkages.  

The flux linkage can be represented in terms of self- and mutual-inductances as: 
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(2.3) 

where Lk,k and Lk-1,k-1 are the self-inductances of the k
th

 and (k-1)
th

 phase; Mk,k-1 and Mk-1,k 

are the mutual inductances.  

Considering magnetic saturation, the inductance is a function of the rotor position and 

current. Therefore, the phase voltage equations are derived as: 
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where θ and ωm are rotor position and angular speed of SRM,, respectively. Linc_k and 

Linc_k-1 are the incremental inductances of the k
th

 and (k-1)
th

 phase,, respectively; Minc_k,k-1 

and Minc_k-1,k are the incremental mutual inductances, respectively.  

Incremental inductance and incremental mutual-inductance are given in (2.5) and 

(2.6). In the linear magnetic region, the incremental inductance is equal to the self-

inductance. 

              
     

   
                                                 

         

     
   

(2.5) 

                      
       

     
                         

       

   
   

(2.6) 

Electromagnetic torque of k
th

 phase can be derived as (2.7) by neglecting magnetic 

saturation and mutual coupling. 

   
 

 

     

  
  
   

 

(2.7) 

where Tk is the torque produced by k
th

 phase, and ik is the k
th

 phase current. 

For SRM with n-phases, the total electromagnetic torque Te can be represented as: 

   ∑   
 
     (2.8) 

The equation for mechanical dynamics is expressed as: 

           
   

  
  

 

(2.9) 

where TL is the load torque; B is the friction constant; J is the inertia of the machine. 

2.2.1 Performance Indices  

The average torque (Tav) and the mechanical output power (Pm) can be calculated over 

one electric cycle (τ) as follows [124]:  
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            (2.11) 

The torque ripple (Tav) can be calculated as:  

   
         

   
   (2.12) 

where Tmax is the maximum instantaneous torque, and Tmin is the minimum instantaneous torque. 

The RMS phase current (I) and the copper losses (Pcu) can be calculated as: 
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The instantaneous supply current (is) is a periodical waveform. Its RMS value (IRMS) 

and its average value (Iav) can be calculated as follows: 

     √
 

 
∫    ( )  

 

 
 

 

(2.15) 

    
 

 
∫   ( )  

 

 
  (2.16) 

The motor efficiency (η) can be expressed as: 

  
  

   
 

      

       
  (2.17) 

2.3 Electric Vehicle Model 

The electric vehicle geometry is shown in Figure 2.9. The vehicle has two equally 

sized wheels, moving forward or backward along its longitudinal axis. It is assumed that 

the vehicle is in a vertically balanced condition. Thus, the wheels are always 

perpendicular to the horizontal plane. The vehicle parameters are given in Table 2.1. 

Figure 2.9 shows the forces acting on a vehicle moving uphill, including traction force 

Ft, rolling resistance Fr, aerodynamic resistance Faero, hill climbing resistance Fg, and 

accelerating resistance Fa [128], [129]. 

According to Newton’s second law: 

                    (2.18) 

where  

                          

                
  

  

          

    
   

  
      

  

 
(2.19) 

where M is the vehicle mass, fr is the friction rolling coefficient, Vx is the vehicle speed, ρ 

is the air density, Af is the frontal area of EV, and Cd is the drag coefficient.  

If ηt is the efficiency of transmission, Ng is reduction gear ratio, Te is electromagnetic 

torque, and Rw is the wheel radius, then the traction force becomes as follows

  
       

  

  
  

 

(2.20) 

The driving force resistance balance equation of pure EVs is shown as follows 

    
  

  
                 

            
   

  
 

 

(2.21) 

The dynamic simulation for the propulsion system is shown in Figure 2.10(a). It 

involves the integration of the EV model with SRM. One can see that the modeling of 

each block is feed-backward. The motor torque (Te) is inputted to (2.21) to output the 
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vehicle speed (Vx). But in Simulink, it is necessary to calculate the load torque (TL). 

Hence, the vehicle speed (Vx) is translated again into a loading torque using (2.18) 

considering the wheel radius. Instead of those complications, a passive loading scheme 

for the EV can be used.  

The steady-state torque-speed characteristics of the EV can be obtained from (2.21). 

A constant torque (Te) is applied, and then the steady-state speed of the EV is reported. 

The procedure is repeated several times with different torque values. In the end, the 

vehicle characteristics are obtained as shown in Figure 2.10(b, c). These characteristics 

are used as direct loading torque for the SRM. The input is the vehicle speed and the 

output is the load torque (TL). Noting that the passive loading does not consider the 

vehicle inertia, so, it should be included with the motor inertia [129]. 

Mg
β 

β 

Mg.cos(β)

Fr

Fr

Ft

Fa

 

Figure 2.9: Forces acting on a vehicle moving uphill. 

Table 2.1: The simulation parameters of EV 
 

 

Symbol Definition Value 

M  The vehicle mass (kg) 900 kg 

fr Rolling resistance coefficient 0.01 

Cd Aerodynamic drag coefficient 0.45 

Af Front area (m
2
) 1.94 

g Gravity acceleration (m/s
2
 ) 9.8 

ρ Air mass density (kg/m
3
 ) 1.205 

Rw Wheel radius (m) 0.325 

Ng Gear ratio 5.5 

δ Rotational inertia factor 1.29 

ηt Estimated propulsion system efficiency 0.92 

Cmax Maximum climbing gradient 16% 

 Base speed (km/h) 30 

 Maximum speed (km/h) 50 
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(a) The dynamic simulation for the propulsion system 

  
(b) The force-speed curve on the vehicle side (c) The torque-speed curve on the motor side 

Figure 2.10: The steady-state characteristics of EV. 
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Chapter 3: Accurate Magnetic Characterisation and 

Modelling of SRMs 

This chapter presents an accurate characterization for the nonlinear magnetic 

characteristics of tested SRM prototypes using both FEA and measurement methods. 

Besides, it gives a detailed description of measurement errors and their reduction 

methods. Moreover, the dynamic model for the tested 8/6 SRM prototype is developed 

and experimentally verified. Finally, an analytical fitting of torque data is achieved for 

real-time implementations.   

3.1 FEM-based Electromagnetic Analysis of SRM 

In the early days, the electromagnetic field analysis of SRMs with FEM was 

considered slow and demanding, but the recent programs for FEA make the calculation 

much easier and speed up computations by static magnetic field analysis [43], [50].  

The FEM-based electromagnetic analysis of an SRM starts by creating the geometry 

of the real machine. The thesis studies two SRMs with different pole combinations. The 

first machine is a 4-phase, 4kW SRM with 8/6 pole combination (8 poles on the stator 

and 6 poles on the rotor). The other machine is a 3-phase, 2.5kW SRM with 6/4 pole 

combination (6 poles on the stator and 4 poles on the rotor). All phases are composed of 

two coils connected in series, placed on opposite poles. The geometrical dimensions of 

the studied machines are gathered in Table 3.1.  

A 2D model of the studied SRMs, created in finite element method magnetics 

(FEMM), is illustrated in Figure 3.1. Due to the considerable axial length of the machine, 

the end effects of the coils can be neglected and, thus, a 3D analysis is not necessary 

[121]. The axial symmetry of the machine allows the model of the machine to be reduced 

to only half of the cross-section. In this manner, time is saved and the required 

computational power is significantly reduced. 

The determination of magnetic field distribution inside the machine is made based on 

the following assumptions [125]:  

a) The outer surface of the stator stamping can be treated as a flux line of a zero 

magnetic vector potential. Dirichlet boundary condition is used to define the nodes 

along this flux line. 

b) The stator and rotor magnetic materials are isotropic and hysteresis effects are 

neglected.  

c) The current density and magnetic vector potential have z-directed components only.  

d) Along the axial direction of the motor, the magnetic field distribution is constant. 
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e) The end effects are ignored.  

f) All the stator windings are identical and positioned symmetrically along the stator 

bore. 

g) The stator and rotor are concentric and the air gap which separates them has 

constant width at the aligned position.  

h) Core losses and MMF space harmonics are neglected. 

i) All conductors have a negligible cross-section. The skin effect will therefore not be 

taken into account. 

j) The mutual inductance among phase windings is very small compared to its self-

inductance. 

The mesh definition, Figure 3.2, plays a very important role in FEA. The finer the 

mesh the more accurate the results are [5]. But, the finer the mesh size, the higher the 

required memory, and computations. Thus, a compromise between mesh size and 

computation effort has to be made. The mesh size does not have to be constant in all areas 

of the studied domain. For SRM, a finer mesh is demanded in the air gap, as it has a high 

changing rate of magnetic field. The mesh size in the air-gap is seen in Figure 3.2(b). 

The flux lines in the studied SRMs at three distinct positions (aligned, intermediate, 

and unaligned) can be observed in Figure 3.3. The fringing flux, more accentuated in the 

unaligned and intermediate positions, causes the non-linear variation of the inductance. 

The non-linearity of phase inductance contributes to the saturation of the magnetic circuit, 

too. The magnetic flux density distribution in 8/6 SRM at the intermediary position is 

illustrated in Figure 3.4. The high values of the magnetic flux density noticed in the 

corners of the stator and rotor poles are leading to higher stress and iron losses in the 

respective regions. 

Table 3.1: The design data of SRMs in mm 

 

 

Geometry parameter 

Value Value 

6/4 SRM 8/6 SRM 

Output power (kW) 2.5 4.0 

Rated voltage (v) 200 600 

Rated speed (r/min) 5000 1500  

Phase resistance (Ω) 0.14 0.642  

Air-gap length 0.4 0.4 

Height of rotor/stator pole 13/18 18.1/29.3 

Stator outside diameter  135 179.5 

Shaft/Bore diameters  27/74.2 36/96.7 

Rotor/stator pole arc  31°/29° 21.5°/20.45° 

Stack length 90 151 

Turns per pole  32 88 

Core material M-27 steel Cooled rolled steel 
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(a) The mesh (b) Mesh in the air gap 

Figure 3.2: The SRM mesh view  

 

   
(a) Unaligned 0º (b) Intermediate 15º (c) Aligned 30º 

   
(a) Unaligned 0º (b) Intermediate 22.5º (c) Aligned 45º 

Figure 3.3: The flux lines at unaligned, intermediate, and aligned positions 

 

  
(a) 8/6 SRM (b) 6/4 SRM 

Figure 3.1: The geometry of SRMs (a) 8/6 SRM (b) 6/4 SRM 
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Figure 3.4: Magnetic flux density distribution - intermediate position 

The variation of flux linkage with current and rotor position can be obtained by FEA. 

Figure 3.5(a, b) illustrates the variation of the flux linkage λ(i,θ) with the current at 

constant rotor position. From these characteristics, the variation of phase inductance 

L(i,θ) with rotor position at constant current is deduced as seen in Figure 3.5(c, d). Figure 

3.5(e, f) illustrates the variation of torque with rotor position at constant current. The 

unaligned position is defined by angle θ=0°. The aligned positions for 8/6 and 6/4 SRM s 

are defined by angle θ=30° and angle θ=45°, respectively. 

  
(a) Flux linkage for 8/6 SRM (b) Flux linkage for 6/4 SRM 

  
(c) Inductance for 8/6 SRM (d) Inductance for 6/4 SRM 

  
(e) Torque for 8/6 SRM (f) Torque for 6/4 SRM 

Figure 3.5: The FEM-calculated characteristics for SRMs.  
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3.2 Experimental Measurement of SRM Magnetization Curves 

3.2.1 Measuring method and platform 

The phase voltage (v) and the phase current (i) are used to measure phase flux linkage 

(λ) indirectly. At a known and desired rotor position (θ), v and i are measured and 

recorded after application of a pulsed dc voltage to one phase winding. The calculation 

process of flux-linkage (λ) is achieved as given in (3.1) or its discrete form using the 

improved Euler formula as illustrated by (3.2) [33]. 

 (   )  ∫(    )    ( )  
 

  

(3.1) 

 ( )  ∑ ( ( )    ( ))  
 
     ( )  

 

 

(3.2) 

where R is the phase resistance. As SRM has no permanent-magnets, the initial flux λ(0) 

is zero, n represents the adopted number of samples, Finally, Ts is the sampling period. 

For torque measurement, while locking the rotor at a specific known position (θ), the 

phase current and torque signals are measured and recorded directly. In order to generate 

the complete flux/torque data, the above measurement procedure should be repeated 

several times according to the desired resolution of rotor positions. 

The wiring and schematic diagram of the measurement platform is illustrated in 

Figure 3.6. The experimental implementation of the platform is given in Figure 3.7. The 

description of the hardware components is given in the Appendix. 
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Figure 3.6: The wiring diagram for the measurement platform 
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Figure 3.7: The experimental test-bench  

3.2.2 Measurement results  

Only one phase can be used for measurement because SRM has an identical 

geometrical structure. For 8/6 SRM, 60° mechanical degrees represent a full electrical 

period (180° electrical) [33]. Because of the symmetrical structure of stator and rotor 

poles, only half an electric period or 30° mechanical degrees are adopted for 

measurement. The remaining half part of machine characteristics can be estimated by 

proper mirroring. The measurement process starts at the unaligned position (θ = 0°) and 

ends at the aligned position (θ = 30°). 

3.2.2.1 The measured results of flux-linkage  

The tested 8/6 SRM is equipped with a one-turn search coil on each stator pole. This 

search coil is used as a direct method of flux measurement for the purpose of verification. 

The flux linkage can be obtained by direct integration of induced voltage (e) on the search 

coil. The measurement results of flux linkage involve both indirect and direct methods 

compared to each other.  

 Figure 3.8(a) gives the experimentally obtained results for phase voltage and phase 

current at the aligned position. Once, v and i are obtained, they are processed according to 

(3.2) to estimate phase flux linkage. The measured flux curve at this aligned position is 

given in Figure 3.8(b). The induced voltages (v-i.R, e) are measured and recorded as 

shown in Figure 3.8(c).  
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(a) The voltage and current waveforms  (b) The flux-linkage waveforms 

 

(c) The induced voltages waveforms (e, V-Ri) 

Figure 3.8: The measured waveforms at the aligned position of 30°. 

Figure 3 shows the obtained flux curve at one position. The complete flux 

characteristics are obtained by repeating the measurement procedure at different rotor 

positions. The complete flux characteristics are illustrated in Figure 3.9. The maximum 

adopted current is 20A with a positioning step of 1°. 

3.2.2.2 The measured results of inductance  

Once the flux curves are obtained, (3.3) can be used for inductance calculation [51]. 

The estimated inductance pattern is shown in Figure 3.10. The inductance is plotted 

against the rotor position with several current levels. As noted, the inductance saturation 

level changes with the current level.  

 (   )    (   )     (3.3) 

  

Figure 3.9: The measured flux curves at a resolution 

of 1°. 

Figure 3.10: The measured inductance curves at a 

current resolution of 1A. 

3.2.2.3 The measured results of static torque  

The electromagnetic torque of 8/6 SRM is measured directly using a DRBK torque 

sensor/transducer. Due to the limited sampling frequency (1 kHz) of the DRBK torque 

transducer, the measurement accuracy may be affected. Better accuracy can be achieved 
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if it is possible to measure a big/reasonable number of samples. As the transducer can 

measure only 1000 samples per second and it isn’t possible to increase its sampling 

frequency, the main focus is to increase the measurement time. This will ensure enough 

number of measured samples that reflect satisfactory measurement accuracy. The 

measurement time can be extended with an addition of external inductance that is 

connected in series with motor winding. This inductance will increase the time constant 

(inductance/resistance). Hence, the phase current will increase slowly giving more time to 

record more torque data/samples. Figure 3.11(a, b) shows the measured torque signal 

along with phase current at positions of 20.5° and 28°, respectively.  

In order to generate the full data of torque characteristics as shown in Figure 3.12, the 

above measuring torque procedure should be repeated several times regarding the 

required position resolution. As observed, the measured torque data in Figure 3.12(a) 

include a notable noise. It requires proper filtering. Therefore, a smoothing filter within 

LABVIEW software is employed. The measurement sampling frequency is 10 kHz. It is 

10 times the sampling frequency of the torque sensor. Hence, a filter is designed to 

smooth the measured data over a band of 6 samples. The filtered data are seen in Figure 

3.12(b). 

  

(a) 20.5° (b) 28° 

Figure 3.11: The measured current and torque waveforms at (a) 20.5°, (b) 28° 

  
(a) Raw data (b) Filtered data 

Figure 3.12: The measured torque curves with a current step of 0.4A 

3.2.3 Error analysis and minimization 

There are several errors/noises that are introduced during the measurement processes 

such as signal errors, parameter errors, and calculation errors. These errors can affect 
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measurement accuracy and therefore need to be well post-processed in order to 

reduce/cancel them.  

3.2.3.1 Signal errors 

The signal errors include sensor-offsets and nonlinearities, electronic noises, and 

quantization errors. Therefore, the voltage and current transducers are inspected precisely 

in order to compensate for the signal error. A high accuracy and linearity current 

transducer (LAH50-P) and OPAMP voltage transducer-based circuit are used in the 

measurements. The quantization errors are reduced through the differential connection of 

DAQ. In this connection, the analog to digital converter (ADC) of the DAQ can achieve a 

14-bit resolution that can ensure minimized quantization errors. 

3.2.3.2 Parameter errors 

The rotor position and phase resistance are the main sources of parameter errors. 

These parameter errors happen as the measured values differ from their actual values. The 

variation of phase resistance is reduced using two ways. First, dc measurement of phase 

resistance is achieved for several times. Then, the actual resistance is taken as the average 

value. Second, the voltage and current pulses are applied for a very short time and very 

low frequency (< 1 Hz). Hence, the minimum effect on measurement is guaranteed as the 

temperature of motor coils will not rise rapidly [40], [41]. 

As the rotor of SRM is mechanically fixed, the source of rotor position error is the 

encoder itself. Therefore, in order to reduce rotor position error, a small angular step 

encoder is employed. The encoder has 1024 PPR. It is capable of giving 4096 positions 

per revolution with an angular step of 360/4096=0.088°. Hence, the position error 

(0.088°) is tiny and can be ignored. 

3.2.3.3 Calculation errors 

The numeric integration of phase voltage and current for flux calculation is the main 

source of calculation errors. These errors depend on the integration method and the 

sampling frequency. If a too low sampling frequency is used, the voltage and current 

waveforms will be distorted. Hence, the truncation errors of the numerical calculations 

will increase. On the contrary, if a too high sampling frequency is adopted, the rounding 

error will increase because of the huge number of computations. In this paper, the 

sampling frequency is 15 kHz to reduce errors. 
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3.2.4 Verification of measurement data  

The measured flux and torque data are verified by three methods: FEM, comparison 

with search coil results, and finally inductance-capacitance-resistance (LCR) meter. 

3.2.4.1 Comparison with FEM  

The FEM is adopted to calculate the pole flux linkage and the electromagnetic torque 

characteristics. Figure 3.13 shows the FEM obtained flux characteristics in comparison 

with the measured flux data while the obtained inductance curves are illustrated in Figure 

3.14. Figure 3.15 gives torque characteristics. As noted for all the measured 

characteristics, a good agreement between FEM calculated and measured data is found. 

Noting that, the FEM accuracy and reliability depend mainly on dimensional parameters 

of the machine and its material characteristics.  

3.2.4.2 Search coil comparison 

The installed search coil on stator poles is used as a direct method for flux 

measurement. After the flux is measured using a search coil, a comparison of flux curves 

is given in Figure 3.16. As seen, a very good agreement is found. Furthermore, this 

agreement is more obvious with the measured flux curves in Figure 3.8(b). However, the 

obtained flux results with the direct method are a maximum of 2% less than their 

corresponding results with the indirect method. This is mainly due to leakage flux. 

  

Figure 3.13: The measured and FEM-calculated 

flux-linkage characteristics. 

Figure 3.14: The measured and FEM inductances. 

  

Figure 3.15: The measured and FEM torque 

characteristics at 2:1:19A 

Figure 3.16: Search coil comparison for the 

measured flux-linkage characteristics. 
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3.2.4.3 LCR Meter 

The LCR meter uses an AC source for inductance measurement. The phase 

inductance is a function of phase voltage and current as illustrated in (3.4) [26]. At a 

certain rotor position, the data of voltage and current is obtained by direct measurement 

then the inductance is calculated according to (3.4). The supply frequency (f) is known as 

50 Hz. The measurement procedure should be repeated several times at different rotor 

positions in order to produce the inductance curve as illustrated in Figure 3.17. As noted, 

a fine agreement is observed that can confirm the measuring accuracy. 

 (   )  
 

   
√(   )     

 

 

 

(3.4) 

 

Figure 3.17: The LCR and measured inductances at 4A 

3.3 Model development 

Once precise flux and torque characteristics are obtained, they can be employed to 

accomplish a highly trusted model of SRM [33], [41]. To avoid the inaccuracies, the 

characteristics of current versus rotor position and flux and that of torque versus rotor 

position and current are stored in look-up tables to be introduced in the SRM model. In 

this manner, an accurate model of the machine is obtained, capable of providing an 

objective perspective on the behavior of SRM under different operating conditions. The 

model can be further used in the optimization of control and/or design. 

 Considering the mutual inductances between phase-A and phases B, C, and D to be 

MAB, MAC, and MAD, respectively, the flux for phase-A becomes as given in (3.5).  

dADcACbABaaa
iMiMiMdtiRVi   )(),(   (3.5) 

The calculated mutual inductances using FEM are given in Figure 3.18(a-c). It is very 

clear that the mutual inductances are very small compared to self-inductance which is 

included in Figure 3.10. Moreover, for 8/6 and 6/4 SRMs, often, only two phases are 

energized at the same time. Therefore, the mutual coupling between phases has a small 
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influence on the machine’s operation, it can be ignored. Besides, the leakage inductance is 

also ignored as it is very small too.  

  
(a) (b) 

 

(c) 

Figure 3.18: The FEM calculated mutual inductances between phases A and (a) B, (b) C, (c) D 

The Simulation of one phase of SRM is shown in Figure 3.19. The inputs are the rotor 

phase position (θph) and the phase voltage (vph). The outputs are phase current (iph) and 

phase torque (Tph). The model utilizes the measurement data of flux and torque after a 

proper rearrangement in the form of lookup tables [33], [123]. The torque data can be 

rearranged easily as torque is measured as a function of current and position T(i, θ). The 

hard task appears with flux data λ(i, θ) as model calculates current as a function of flux 

and position i(λ, θ). Hence, the measured flux data λ(i, θ) should be processed and 

rearranged to produce the required current data i(λ, θ). This can be achieved by 

interpolation and extrapolation of flux data against the current for different rotor 

positions. Due to the enormous measured samples of flux, the interpolation and 

extrapolation of current i(λ, θ) can ensure sufficient accuracy.  

Tph

iph

θph

Vph

1/s
iph

+

-

R

λph 

Tph

Vph-iph.R
i=f(λph, θph)

T=f(iph, θph)

iph

θph 

θph 

 

Figure 3.19: Simulation of one phase of SRM 

3.3.1 The Dynamic Experimental Verification  

After the model is built precisely, a series of dynamic simulation results are compared 

with their corresponding experimentally obtained ones in order to verify the measurement 
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accuracy and model reliability. The measured data includes the current and torque. The 

current can be measured experimentally with high accuracy using a data acquisition 

board. But, the available DRBK torque transducer has a limited sampling frequency of 1 

kHz. It is not fast enough to record all the dynamic changes in the torque signal. It almost 

measures the average torque. Therefore, the torque is calculated analytically as a function 

of rotor position and current.  

3.3.2 Analytical Fitting of Torque Data 

The analytical expression of phase torque is achieved by a proposed third order 

polynomial as given by.  

 (   )    ( )     ( )     ( )      (3.6) 

The four coefficients (a3(θ), a2(θ), a1(θ), a0(θ)) are functions of rotor position as 

illustrated by Figure 3.20(a-d). These coefficients can be easily fitted using a seventh 

order polynomial or their data can be stored in DSP memory as it isn't too much data.  

The fitting accuracy is illustrated in Figure 3.21. As noted a very good agreement 

between measured and fitted torque data is seen. The torque error is very small as seen in 

Figure 3.22. It is maintained within a 0.1 Nm except at three different positions it is a 

maximum of 0.35 Nm. 

The total electromagnetic torque is the summation of the phases’ torque. This torque 

is calculated inside the DSP with a sampling frequency of 10 kHz that is sufficient 

enough to record the torque signal properly. Then, the digital-analog converters (DACs) 

of the DSP are used to output the calculated torque signal. 

  
(a) (b) 

  
(c) (d) 

Figure 3.20: The calculated coefficients for torque data. (a) a3(θ), (b) a2(θ), (c) a1(θ), (d) a0(θ) 



Chapter 3: Accurate Magnetic Characterisation and Modelling of SRMs 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

43 
 

 
Figure 3.21: The fitted and measured torque data 

 
Figure 3.22: The torque errors 

3.3.3 Results and Discussion 

Figure 3.23(a, b) illustrates the experimentally measured and the simulated current 

waveforms at a low-speed of 458 r/min, respectively. The phases’ currents are regulated 

using a hysteresis current control with hysteresis band of 0.3A. The current chopping 

mode is obvious as the motor operates at low-speed. As noted, a very well agreement can 

be seen. In addition, a good agreement is seen for the measured torque waveform 

compared to the simulated one as shown in Figure 3.24(a, b). 

On the other hand, the experimentally measured and simulated current waveforms at a 

higher speed of 817 r/min are given in Figure 3.25(a, b), respectively. A single pulse 

mode for current control is adopted as the motor operates at a high-speed. A very well 

agreement is observed, besides, a good agreement is noticed for torque waveforms as 

shown in Figure 3.26(a, b). 

  

(a) The measured waveforms (b) The simulated waveforms 

Figure 3.23: The current waveforms at 458 r/min, θon = 3°, θoff = 19°.  
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(a) The measured waveforms (b) The simulated waveforms 

Figure 3.24: The torque waveforms at 458 r/min, θon = 3°, θoff = 19° 

  

(a) The measured waveforms (b) The simulated waveforms 

Figure 3.25: The current waveforms at 817 r/min, θon = 3°, θoff = 19°. 

  

(a) The measured waveforms (b) The simulated waveforms 

Figure 3.26: The torque waveforms at 817 r/min, θon = 3°, θoff = 19°.  

 

3.4 Conclusions 

This chapter has been focused on the electromagnetic characterization of SRMs by 

investigating the flux/current/rotor position characteristics. An accurate model of the 

machine capable of eliminating the unwanted approximations and capable of providing a 

close to the real behavior of the machine has been built based on the magnetization 

curves.  

The development of a fully trusted and accurate model for SRMs is represented in this 

chapter. The developed model depends on the accurate determination of SRM magnetic 

characteristics. First, a 2D FEM has been used to determine the machine characteristics. 

Second, the flux data are measured indirectly and verified using three different methods 

that are FEM, search coil comparison, and LCR meter. The torque curves are measured 

directly using a torque transducer. They are verified using FEM. All the expected 

measurement noises and errors are analyzed in detail. Then, proper post-processes are 
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achieved to reduce noise. Finally, the measured data of flux and torque are rearranged and 

employed to develop the SRM model. The model accuracy and dependability are verified 

experimentally. A very well agreement is obtained for both the current and torque 

waveforms. This, in turn, ensures the measurement accuracy and model fidelity. In 

addition, an analytical model is developed for the generated torque data in order to 

estimate the motor instantaneous torque with sufficient resolution.  

Thesis 1 

Due to the double saliency and deep magnetic saturation of SRMs, the modeling of 

SRM becomes a very complicated task,  

 I designed, and experimentally implemented a complete SRM drive system that 

includes the SRM, IGBT power converter, gate drive circuit, current and voltage 

measuring units, encoder, loading unit, and a digital signal processor (DSP). The 

drive system is not only used for verification and demonstration purposes but it is 

also very important for future researches and educational purposes. 

 I built an accurate and highly trusted model for the tested 8/6 SRM. The model can 

include accurately all the machine nonlinearities. Besides, it is capable of obtaining 

the imperfections introduced by manufacturing processes. The magnetic 

characteristics have been measured experimentally. The measurement errors have 

been analyzed and post-processed to reduce them. The measurement accuracy is 

verified by three different methods (finite element analysis (FEA), inductance-

capacitance-resistance (LCR) meter, and comparison with results obtained based on 

an installed search coil on stator poles).  

 Moreover, I developed a simple analytical formulation of motor torque in order to be 

used in a real-time implementation. The measured torque data is analytically fitted 

using a proposed third-order polynomial. The fitting coefficients are calculated as 

functions of the rotor position, and then the coefficients are fitted using seven-order 

polynomials.  
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Chapter 4: Optimum Excitation of SRM Drives over 

Wide Speed Range 

This chapter shows the importance of switching angles (θon, θoff) on the performance 

of SRM. Then, it gives a new analytical technique for the optimum solution of both θon 

and θoff angles. Finally, an optimization problem is set for optimum switching angles in 

order to improve torque production based on the accurate developed model.  

4.1.1 The Effect of Switching Angles Variation 

The switching angles (θon, θoff) are of great importance for SRM drives. They affect 

directly the current, torque production, and hence the range of operating speeds. After the 

phase is turned on, the phase current needs time to rise. It also needs time to fall after 

turning-off. This time depends on the speed, as the motor speed increases, the available 

time for phase current to rise or fall decreases. Hence, the switching instants (θon, θoff) 

must change in a proper adaptive way with the motor speed to give the current enough 

time to rise or fall [16], [17].  

4.1.1.1 The Effect of Turn-on (θon) Angle Variation 

The effect of θon variation can be explained as shown in Figure 4.1(a-f). This figure 

shows the waveforms of phase current and their corresponding torque at different speeds 

and different turn-on (θon) angles. These characteristics are obtained based on the 

simulation platform. At a low-speed of 1000 r/min as shown in Figure 4.1(a), with 

different θon (2º, 5º, 8º), the phase current rises very quickly, it can reach its reference 

(iref). There is no big difference in torque production with θon =2º and θon =5º as shown in 

Figure 4.1(d). But, the difference is clear for θon =8º. It can be concluded that, with early 

θon =2º, almost the same torque can be produced as with θon =5º but with a higher RMS 

phase current. Therefore, early switch-on (θon =2º) causes more copper losses and hence 

lower efficiency. The optimum turn-on angle is θon =5º, as it gives the same torque with 

lower RMS current.  

As the motor speed increases to 2000 r/min as shown in Figure 4.1(b), the phase 

current with θon=5º can barely reach its reference. With θon=8º, the phase current 

completely fails to track its reference. Hence, the optimum turn-on angle is θon =2º. Their 

torque production is shown in Figure 4.1(e), the difference is very clear.  

As the motor speed increases to 3000 r/min as shown in Figure 4.1(c), the phase 

current completely fails to track its reference. The corresponding torque production is 
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very small as shown in Figure 4.1(f). Therefore, for higher speeds, a too early turn-on 

angle (θon<2º) is required.  

It should be noted also, θon should be advanced for higher current levels. It means, if 

reference current (iref) is increased, this will require much time for the phase current to 

rise or fall to track its reference. Hence, an additional advancement in the turn-on angle is 

also required accordingly with the motor speed [17]. 

   

(a) Current at 1000 r/min (b) Current at 2000 r/min (c) Current at 3000 r/min 

   

(d) Torque at 1000 r/min (e) Torque at 2000 r/min (f) Torque at 3000 r/min 

Figure 4.1: the phase current and phase torque at different speeds with different θon angles 

4.1.1.2 The Effect of Turn-off (θoff) Angle Variation 

The turn-off angle (θoff) controls the failing time of phase current to zero. The effect 

of turn-off angles (θoff) variation can be explained as shown in Figure 4.2(a-f). This 

Figure shows the waveforms of phase current and their corresponding torque at different 

speeds and different turn-off (θoff) angles. At a low-speed of 1000 r/min as shown in 

Figure 4.2(a), the phase current falls very quick till zero. With θoff =22º, the produced 

torque is smaller as shown in Figure 4.2(d). The produced torque with θoff =26º and θoff 

=28º is almost the same. Therefore, θoff =26º is the optimum as it gives the same torque 

with lower RMS current.  

As the motor speed increases to 2000 r/min as shown in Figure 4.2(b), the phase 

current needs more time to fall reaching zero. With θoff=26º and θoff=28º, the produced 

torque starts to have a negative part. This means that the average torque will be reduced. 

θoff=22º can be considered the optimum angle as it produces no negative torque.  

As the motor speed increases to 3000 r/min as shown in Figure 4.2(c), the phase 

current needs more time to fall to zero. The negative part of torque with θoff=26º and 



Chapter 4: Optimum Excitation of SRM Drives over Wide Speed Range 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

48 
 

θoff=28º becomes much clearer. Even with θoff=22º, a small part of negative torque 

appears. Hence, the optimum θoff will be smaller than 22º.  

It should be noted also, θoff should be advanced for higher current levels.  

   
(a) Current at 1000 r/min (b) Current at 2000 r/min (c) Current at 3000 r/min 

   
(d) Torque at 1000 r/min (e) Torque at 2000 r/min (f) Torque at 3000 r/min 

Figure 4.2: the phase current and phase torque at different speeds with different θoff angles 

4.1.2 Criteria for Optimum Excitation  

For the sake of simplicity, a linear inductance profile is considered for the explanation 

as shown in Figure 4.3. The motor coils must be excited in the increasing inductance zone 

(dL/dθ>0), and should be de-energized before the negative inductance zone (dL/dθ<0) in 

order to avoid negative torque production.  

The amount of allowed time for phase current to rise/fall is a function of motor speed, 

current magnitude, θon, and θoff angles. The motor current profile differs greatly for low 

and high-speed operations. At low speeds, the motor current can rise and decay quickly to 

reach its commanded reference value. Therefore, the switch-on instant can be delayed 

(close to θm) as illustrated in Figure 4.3(a). On the contrary, at high speeds, the phase 

current can neither rise nor decay quickly enough to reach its preferred level. For that 

reason, the motor phase winding is switched-on early to allow phase current to reach its 

desired level as shown in Figure 4.3(b) [59].  

Figure 4.4 shows the inductance and torque curves for the tested 6/4 SRM. Regarding 

the observation and analysis of static magnetic characteristics of SRM, for a given 

current, the maximum torque occurs as the rotor begins to move out from the minimum 

inductance zone [61]. Thus, the maximum value of torque/ampere occurs at the position 

(θm); at the end of the minimum inductance zone. The main idea behind maximum torque 

production is to make phase current able to reach its commanded level before or at θm. 
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The copper losses will be very high if motor coils are turned-on too advanced. Therefore, 

in order to optimize motor efficiency, θm can be calculated backward from θm. 

 

Figure 4.3: Ideal inductance and optimum current waveforms at low and high speeds 

 

Figure 4.4: The FEA-calculated inductance L(i,θ) and static torque T(i,θ) characteristics 

It can be concluded that the optimum θon under analysis and observation of SRM 

static characteristics should satisfy two conditions [58]–[61].  

1) It should make phase current reach its reference value, 

2) It should force the first peak of phase current to occur at angle θm  

On the other hand, the optimum θoff should make the phase current to decay to zero at 

θz. If the phase current decayed to zero after θz, a considerable amount of negative torque 

will be produced. Besides, if the current fell to zero before θz, the amount of generated 

positive torque will be decreased.  

4.2 Analytical Approach for Optimum Excitation of SRMs 

This section provides a new analytical solution for optimum θon and θoff angles. The 

analytical solution simplifies the SRM control to cut down the complexity and cost. It 
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offers easy implementation and can be used for sensor and sensor-less operation of SRM 

drives. It also provides an eligible candidate for industrial applications as the optimization 

strategy uses an analytical solution. 

The motor for which the analysis is applied is a 6/4 three-phase SRM. The FEA data 

for the inductance, torque, and flux have been given previously in Chapter 3.  

4.2.1 Determination of optimum θon 

The conventional approach calculates θon backward from θm given as [59] 

       
         

   
 

 

 

(4.1) 

where Lu is the minimum inductance, VDC is the supply voltage, ω is the rotor speed, and 

iref is the reference current. Equation (4.1) assumes that the inductance is constant over 

the region [-θm, θm]. This approach can give a reasonable performance under low speeds 

(up to base speed) unless θon becomes less than -θm. For speed higher than rated speed, 

(4.1) starts to break down because of the dominant effect of back-emf voltage. 

The determination of optimum θon over a wide range of speed control depends on the 

accurate estimation of back-emf voltage. This can be achieved if the real inductance 

profile of SRM is considered (Figure 4.4).  

Starting from the voltage equation as follows [122]: 

      (   )
  

  
   

  (   )
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where v is the phase voltage, and R is the phase resistance. Solving the voltage equation 

for phase current (i) during its energizing process gives: 
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(4.3) 

where kb is the slope of phase inductance, kb = dL(i,θ)/dθ, and tr is the required rise time 

for phase current to reach its reference current iref. tr can be calculated as follows: 

   
  (   )

     
  (      

     

   
)  (4.4) 

In order to get the first peak of phase current at θm, θon should be advanced by (ω·tr) 

and θon becomes: 

              
 (   )

     
  (      

     

   
)  (4.5) 

Despite (4.5) gives the optimum solution of θon, it represents θon as a function of 

multiple variables (θm, ω, R, L(i,θ), kb, iref, and VDC). R and VDC have almost constant 

values. θm is the angle at which rotor poles begin to overlap with stator poles. It depends 
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on the motor geometrical structure and found to be 12.5°. ω and iref are control variables. 

Therefore, the determination of optimum θon depends mainly on L(i,θ) and its slope kb.  

4.2.2 Accurate Calculation of L(i,θ) and kb 

The analysis of the inductance profile reveals the fact that in minimum inductance 

zone, L(i,θ) is only a function of rotor position L(i,θ) = L(θ) (see Figure 4.4). Based on 

that fact, L(i,θ) can be fitted against θ using an exponential function as given by (4.6).  

                              (4.6) 

After that, kb can be calculated as the derivative of inductance as illustrated by (4.7). It 

should be noted that kb is negative over [-θm, 0]; and it is positive over [0, θm]. 
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(4.7) 

where a = 0.01161, b = 0.261, and c = 0.8173 are fitting coefficients.. The coefficients 

with 95% confidence bounds are calculated using MATLAB fitting toolbox. Figure 4.5(a) 

shows a comparison between FEA-calculated inductance and its fitting curve. The 

variation of kb against the rotor position is given in Figure 4.5(b). 

  

(a) inductance L(i,θ) fitting (b) kb(i,θ)  

Figure 4.5: Fitting curves of L(i,θ) and kb in minimum inductance zone 

The accurate fitting of L(i,θ) and kb is not enough for accurate determination of 

optimum θon. According to (4.5), θon is calculated backward from θm. As seen in Figure 

4.3, but under consideration of the actual inductance profile, the difference (∆θ) between 

θm and θon is directly proportional to motor speed. As the motor speed increases, the 

difference (∆θ = θm - θon) increases. Hence, for accurate determination of θon, the effective 

amount of inductance L(i,θ) and kb should be calculated over interval ∆θ. In order to 

achieve that, an initial value for θon is required.  

The calculation procedure for accurate θon is shown in Figure 4.6. First, an initial 

value for the switch-on angle is calculated using the conventional approach that is given 

by (4.1). Then, the effective values of L(i,θ) and kb are calculated as the average values 
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over the period [θon, θm] based on (4.6, 4.7). Finally, these values are used to determine 

the optimum θon accurately using (4.5). 

Calculate Initial 

Value of θon

Equation (4.1)

Calculate Effective Values 

of L(i,θ) & Kb(i,θ)

Equation (4.6, 4.7) Kb(i,θ)

L(i,θ) Calculate Accurate 

Value of θon        

Equation (4.5) Accurate 

θon 
Initial 

θon 
ω

iref 

ω iref 

 

Figure 4.6: The procedure for accurate calculation of optimum θon 

It should be noted that the initial calculation of θon using the conventional approach 

may have a little impact on the effective values of L(i,θ) and kb. This impact can be 

eliminated by adding an additional stage that calculates effective values of L(i,θ) and kb as 

a function of accurate θon if required. The effective values of L(i,θ) and kb are plotted 

against the initial θon as shown in Figure 4.7(a, b), respectively. For easy implementation, 

these effective values are fitted against initial θon as third-degree polynomials as follows: 

 (   )        
       

            (4.8) 

  (   )        
       

            (4.9) 

where b1 = 1.718554e
-8 

, b2 = 6.45122e
-7

 , b3 = 5.725676e
-6 

, b4 = 9.0429e
-4 

and c1 = 

8.8571e
-9 

, c2 =1.0006e
-7

 , c3 = 1.7266e
-6

 , c4 = 2.2657e
-5 

are fitting coefficients that are 

calculated using the MATLAB fitting toolbox. 

  
(a) The effective values of L(i,θ) (b) The effective values of kb(i,θ)  

Figure 4.7: Fitting for the effective values of L(i,θ) and kb(i,θ).  

4.2.3 Determination of optimum θoff 

The optimum θoff should make the motor phase current decay to zero at θz. The 

analytical solution for θoff is very complicated because inductance at the instant of switch-

off is a function of current magnitude and rotor position. A simplified solution can be 

introduced based on the fact that the flux rise time equal to its falling time under single 

pulse control with neglected stator resistance [59]. Figure 4.8 shows the phase flux 

linkage and phase current in an electric period. After the phase winding is switched-on, 

the phase flux-linkage rises from zero, reaching its peak at θoff. Meanwhile, after the phase 
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winding is switched-off, the flux-linkage falls reaching zero at θz. With the flux-linkage’s 

rising time (trise) and falling time (tfall): 

      
        

 
       

       

 
               

 

 
(      )  (4.10) 

Equation (4.10) is derived based on single-pulse control under high-speed operation. 

This equation starts to introduce a noticeable error while the speed is decreasing. The 

error becomes unacceptable under the current chopping mode. This error can be handled 

with compensation factors k and kω, and (4.10) becomes: 

     
 

 
(      )   (    

    

    
)  

(4.11) 

where k is a curve-fitting parameter that is adjusted with motor speed as a third-degree 

polynomial is given in Figure 4.9. imax is the maximum permissible current that can follow 

in the motor winding. Mostly, imax = iref during the chopping process. kω = 0.02 is a weight 

factor to adjust suitably the increase of θoff compensation in the case of iref < imax. In 

general, in order to avoid the production of negative torque, angle θz should be equal to 

θa. This may differ slightly according to the motor’s inherited inductance profile. In this 

paper, θz is set to 45◦. The structure of the θoff controller is illustrated in Figure 4.10. 

 

 
 

Figure 4.8: Flux-linkage against phase current 

in an electrical period 

Figure 4.9: Switch-off angle compensation (k)  
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Figure 4.10: The structure of θoff angle controller 
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4.2.4 Simulation Results and Discussion 

The control algorithm is implemented in MATLAB/Simulink. For comparison and 

verification purposes, a closed-loop turn-on angle controller (CL-θon) is chosen as a 

conventional approach. Despite the other types of θon control techniques, the CL-θon is the 

best to guarantee an optimum solution for θon as it is a closed-loop control. This controller 

forces the first peak of phase current (θpeak) to occur at θm and also allows the peak phase 

current to reach its reference level. This, in turn, can achieve the MTPA criterion. The 

CL-θon is discussed in detail through [61]. Its structure is shown in Figure 4.11. It 

compares the peak value of phase current (ipeak) to its reference level (iref), and angle of 

the first-peak position (θpeak) to θm. The error signal is processed using a PID controller 

whose output is added to the conventional approach. The controller parameters are KPθ = 

0.5, KPI = 0.5 °/A, and PID gains are (KP = 0.5, KI = 15, and KD = -0.006).  

The simulation results of the proposed controller are compared to CL-θon controller. 

The motor performance under a sudden change in speed and load torque is shown in 

Figure 4.12(a–h). 

The motor starts with a constant load torque of 4.5 Nm, then load torque is decreased 

from 4.5 Nm to 3Nm at 0.7 s. The speed is suddenly changed from 1500 r/min to 2500 

r/min at 0.9 s as shown in Figure 4.12(a). The online automatic control of the θon is shown 

in Figure 4.12(b). The θon of the proposed controller has a clear difference from the CL-

θon controller because of the required settling time for the CL-θon controller to reach a 

steady-state. The proposed controller provides the optimum solution for the θon angle 

instantaneously according to motor speed and current magnitude. Its performance 

depends on the effective values of L(i, θ) and kb(i, θ). The proposed control technique 

provides an adaptive solution for θon by accurate determination of the effective values of 

L(i, θ) and kb(i, θ) as illustrated in Figure 4.12(c). As seen, L(i, θ) and kb(i, θ)are fully 

adaptive with speed and load torque. The online control of θoff is given in Figure 4.12(d). 

A clear verification of the optimum solution for θon and θoff angles is given in Figures 

4.12 (e–h). The proposed controller provides optimum θon, which forces the first peak of 

phase current to always occur at angle θm = 12.5◦ (see Figure 4.12(e)). It also allows the 

peak value of phase current (ipeak) to reach its recommended reference level as shown in 

Figures 4.12(f, g). For the-CL θon controller, despite it reaching a steady-state value of 

12.5◦, it needs settling time and provides lower dynamic performance compared to the 

proposed controller. 
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Figure 4.11: The structure of closed-loop turn-on angle (CL-θon) controller 

  
(a) The motor speeds (e) Position of the first peak of phase current 

  
(b) Switch-on angles (θon) (f) The peak value of phase current (i peak ) 

 
 

(c) The effective values of L(i, θ) and kb (g) The phase current waveform 

  
(d) Switch-off angles (θoff ) (h) The position of zero current 

Figure 4.12: The simulation results under a sudden change in speed and load torque 

The production of no negative torque can be guaranteed as illustrated in Figure 

4.12(h). After the instant of switching off, the phase current decays to zero at angle θz ≅ 

45◦, which ensures no production of negative torques. Thus, the switch-off angle is 
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optimum over the entire speed range. The current, inductance, and torque waveforms at 

low and high speeds are shown in Figures 4.13(a, b),, respectively. It is clear that the 

position of the first peak of phase current occurs at the end of the minimum inductance 

zone ( θm = 12.5◦), the current decays to zero at θz = 45◦ , and the torque profile has no 

negative torque at all. This ensures the optimum solution of θon and θoff. 

  
(a) At low speed of 1000 r/min (b) At high speed of 2000 r/min 

Figure 4.13: The current, inductance, and torque waveforms 

4.2.5 Experimental Verification 

The controller performance is experimentally verified with a 6/4 three-phase SRM. 

The control algorithm is implemented using a Texas Instruments TMS320F28379D 

digital signal processor (DSP). The detailed description of the hardware system is 

included in the Appendix. Figure 4.14 shows the practical implementation of the 

experimental platform. 

 
Figure 4.14: Practical implementation of the measurement platform. 
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Figure 4.15(a–f) shows the controller behavior under transient conditions. They 

illustrate the actual motor speed and θon and θoff variation under a sudden step-change in 

speed from 200 r/min to 1600 r/min. Both the original and filtered signals are included. A 

clear adjustment of θon and θoff is seen to track changes in motor speed and current 

magnitude. As the motor speeds up, θon decreases automatically to allow motor current to 

reach its reference level. θoff is also adjusted to force current decay to zero at θz.  

The detailed verification of the performance and effectiveness of the proposed control 

technique is given in Figure 4.16(a–f). This figure gives the experimental phase current 

against rotor position at a variety of operating speeds (704 r/min, 1071 r/min, 1317 r/min, 

1514 r/min, 1846 r/min, 1966 r/min). At all the operating speeds, the controller provides a 

very good adjustment of θ on to force the first peak of phase current to always occur at θ 

m = 12.5◦. It also controls θoff to make phase current decay to zero at θz = 45◦. 

 

  
(a) The motor speed (d) The filtered motor speed 

  
(b) The variation of θon (e) The filtered variation of θon 

  
(c) The variation of θoff (f) The filtered variation of θoff 

Figure 4.15: The experimental results under a sudden step-change in speed 
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(a) At a speed of 704 rpm (d) At a speed of 1514 rpm 

  
(b) At a speed of 1071 rpm (e) At a speed of 1846 rpm 

  
(c) At a speed of 1317 rpm (f) At a speed of 1966 rpm 

Figure 4.16: The experimental results at a variety of operating speeds. 

4.3 Optimum Excitation based on Optimization Problem 

As modeling of SRM is a very difficult task, the researches depend mainly on the 

analysis and observation of static magnetic characteristics of SRMs. Once an accurate 

model of SRM is developed, it can be used directly for performance optimization. Figure 

4.17 shows a comparison between static and dynamic/actual torque curves at different 

operating speeds for a typical SRM. The difference between torque curves is very clear. It 

increases as the motor speed increases. Therefore, optimization of the SRM based on its 

real accurate dynamic model becomes indispensable.  

Moreover, Figure 4.18 illustrates the effect of turn-on (θon) angles variation on SRM 

torque-speed characteristics. As noted, the developed torque is affected greatly by turn-on 

angle variation. From 0 - 1400 r/min, the maximum torque production is achieved with 

θon = 6°, and from 1400 - 2200 r/min, the maximum produced torque occurs with θon = 2°. 

Finally, for speeds higher than 2200 r/min, the maximum torque production is obtained 

with θon = 0°. For these reasons, the observation and analysis of static torque curves are 
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not enough to provide the absolute maximum torque production for SRM drives. The 

control parameters should be optimized using the accurate dynamic/actual torque-speed 

curves instead of static torque curves. This, in turn, requires a trusted simulation model 

that accurately involves the highly nonlinear characteristics of SRM. 

 

Figure 4.17: The static and dynamic/actual phase torques at different speeds 

 
Figure 4.18: The torque-speed curves with different θon angles 

Therefore, a multi-objective optimization of SRM control parameters (θon, θoff) is 

achieved. The aim of the optimization process is to obtain the maximum average torque 

with the minimum copper losses. The objective function is calculated using the built 

Simulink model of tested 8/6 SRM. This model is built based on the experimental 

measurement of SRM magnetic characteristics as discussed in Chapter 3. A searching 

algorithm is developed to calculate base values of the objective function as they vary for 

each operating point. The optimum control parameters are defined for each operating 

point. Then, the obtained data are used to train a feed-forward artificial neural network 

(ANN) in order to implement the control algorithm. 

4.3.1 The Optimization Problem  

The optimization of SRM control parameters aims to achieve the highest average 

torque with the lowest copper losses. But, it is impossible to obtain the highest average 

torque with the lowest copper losses simultaneously, as different control parameters (θon, 

θoff) are required for each case. Therefore, a two-group multi-objective optimization 

function is used to attain the desired adjustment between average torque and copper loss. 
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4.3.2 Problem Formulation  

A single-objective optimization problem is obtained from the multi-objective problem 

by a linear combination of average torque and copper losses as follows: 

    (        )     (  
  

 
    

   

    
)  (4.12) 

         (4.13) 

subject to: 

    
           

     (4.14) 

             (4.15) 

where Fobj is the objective function, T is the average torque, and Pcu is the copper loss. Tb 

is the base value of average torque. Pcub is the base value of the copper loss. wT is the 

average torque weight factor. wcu is the copper loss weight factor. The control variables 

are θon and θoff. For 8/6 SRM, the conduction-angle θc=15°. 

4.3.3 Solution Method  

The well-known optimization-techniques such as evolutionary-algorithms, genetic-

algorithm (GA), particle swarm optimization (PSO) are hardly employed for such a 

problem because the base values (Tb, Pcub) have different magnitudes for each operating 

point [101]. For that reason, a searching algorithm is developed to calculate the base 

values and hence the optimum control parameters at each operating point. The flowchart 

of the searching algorithm is shown in Figure 4.19. For each operating point, a step 

changing in turn-on angle (θon) is made. Then, for each step, the average torque and 

copper loss are calculated within the simulation model. At the end of the search, the 

maximum average torque and the minimum copper losses are defined as the base values 

(Tb, Pcub). The turn-on angle (θon) is varied from θon-min = -10° to θon-max = 10° in steps of 

0.2° while the current step is taken as 1A. The smaller the variation steps, the better the 

accuracy. 

The weight factors (wT and wcu) are chosen according to the desired level of 

optimization. In this research, greater importance is directed to improve average torque 

production than to minimize copper losses because the motor has a very small resistance. 

The weighting factor of average torque is taken as wT = 0.95 while the weight factor of 

copper loss is set to wcu = 0.05. For a different level of optimization, different weight 

factors can be chosen. 
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Solving (4.12) gives the optimum parameters that fulfill the highest average torque 

and the lowest copper loss at each of the operation points. The optimized turn-on angles 

obtained from (4.12) are given in Figure 4.20for different weight factors. For a given 

motor speed, the turn-on angle is decreased as the reference current increases. 

The optimization process provides the optimum turn-on angles, as a function of motor 

speed and reference current θon(ω, iref), as illustrated in Figure 4.20. These data are 

implemented within the control algorithm using a feed-forward artificial neural network 

(ANN). Figure 4.21 shows the architecture details of the trained ANN. The ANN has two 

inputs (ω, iref) and one output (θon). The ANN uses the Levenberg-Marquardt technique 

for training with 10 neurons in the hidden layer. Figure 4.22(a) shows the linear 

regression performance with R-value over 0.999 for the total response. Figure 4.22(b) 

shows the training performance of ANN. It shows a small means square error. Therefore, 

the network can work efficiently. 

start

θoff   = θon +θc  

Simulation of SRM MATLAB model,

Calculate and save average torque (T ) 

and copper losses (Pcu)

θon < θon (max)
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Figure 4.19: The flowchart of searching algorithm 
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(a) With wT = 1.0 and wcu= 0.0 (a) With wT = 0.95 and wcu= 0.05 

 
(a) With wT = 0.9 and wcu= 0.1 

Figure 4.20: The optimum turn-on angles with different weight factors 

 

 

 

   

 
a) Regression performance 

 
b) Training performance  

Figure 4.21: The architecture of ANN Figure 4.22: The performance of ANN 
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4.3.4 Simulation Results and Discussion 

In order to show the effectiveness and feasibility of the proposed controller, a closed-

loop turn-on angle (CL-θon) controller is used for the purpose of comparison. The CL-θon 

forces the first peak of phase current to occur at angle θm, so simply it can provide the 

maximum torque per ampere (MTPA) production. Figure 4.23 shows the simulation 

results under sudden-change of commanded speed and loading torque.  

  
a) The motor speed e) The supply RMS current 

  
b) The turn-on angle (θon ) f) The average supply current 

  
c) The mechanical output power (Pm ) g) The copper losses (Pcu ) 

 

 

d) The average torque  

Figure 4.23: The simulation results with the sudden change of reference speed and load torque 

The reference speed is suddenly changed from 1500 r/min to 3000 r/min at 1.1 sec. 

The motor started under load torque of 18 Nm. Then, the load torque is changed suddenly 

from 18 Nm to 15 Nm at 0.85 sec, and from 15 Nm to 7 Nm at 1.1 sec. Figure 4.23(a) 

shows the motor speed. As noted, the proposed control can achieve higher dynamic 
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performance compared to the conventional controller. It allows the motor to reach its 

reference speed faster. The online variation of θon with motor speed and load 

torque/current is illustrated in Figure 4.23(b). A fast and adaptive changing of θon is 

achieved as the proposed controller uses ANN to implement the control algorithm. The 

mechanical output power and average torque are given in Figure 4.23(c) and Figure 

4.23(d), respectively. The proposed controller can provide higher average torque and 

mechanical output power, especially at lower speeds. Moreover, it consumes a lower 

RMS supply current as shown in Figure 4.23(e). But it requires a bit higher average 

supply current for lower speed as shown in Figure 4.23(f), this current is necessary for the 

advantage of higher torque production. Furthermore, it dissipates lower copper losses as 

shown in Figure 4.23(g). 

Figure 4.24 shows the torque/current and power/current ratios. There are no big 

differences in Figure 4.24(a-c). The proposed control provides a higher power/RMS 

current ratio over the operating range of speeds. For high speeds (3000 r/min), the power/ 

RMS current ratios are the highest as illustrated in Figure 4.24(d) after 1.7 sec. This 

means that all the current flowing in motor windings is an effective current that produces 

mechanical output power. Thus SRM offers better efficiency at high speeds.  

  
a) The torque/ average current ratio c) The power/average current ratio 

  
b) The torque/ RMS current ratio d) The power/RMS current ratio 

Figure 4.24: The torque/current and power/current ratios 

Figure 4.25 shows the position of first-peak of phase current and peak phase current 

value. Under the analysis of static torque curves, the conventional controller gives 

optimum solution for θon by forcing the first-peak of phase current to occur at angle θm = 

7.5° as shown in Figure 4.25(a). On the other hand, with the proposed controller, the 
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position of first-peak of phase current does not have a constant value. It varies with motor 

speed and load torque, especially at low speeds. As seen, it has a noticeable difference 

from θm = 7.5° for speeds lower than base speed (1500 r/min) and tends to be very close 

to θm = 7.5° for speeds higher than the rated speed. Furthermore, the proposed controller 

allows phase current to always reach its reference level (16A) as shown in Figure 4.25(b). 

The proposed controller offers a bit higher efficiency at lower speeds as shown in Figure 

4.25(c). 

The current waveforms at different speeds are shown in Figure 4.26. For both 

controllers, the position of first-peak of phase current is obvious to have a clear difference 

under low speeds of 1500 r/min, and have a smaller difference for a higher speed of 3000 

r/min. It can be noted that, for the proposed controller, the RMS phase current has a lower 

value compared to the conventional controller, especially at lower speeds. 

  
a) The position of first-peak of phase current b) The peak value of the phase current with the 

proposed controller 

 
b) The motor efficiency 

Figure 4.25: The simulation results under sudden changes in speed and load torque 

  

(a) At speed of 1500 r/min (b) At speed of 3000 r/min 

Figure 4.26: The phase current waveform at different speeds 

The steady-state torque-speed curve and copper losses are shown in Figure 4.27. The 

proposed controller provides higher torque production with lower current consumption. It 
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has approximately 4% improvement in torque production for speeds up to base speed 

(1500 r/min) as shown in Figure 4.27(a). In addition, the proposed controller consumes 

less amount of copper losses as seen in Figure 4.27(b). 

  
(a) The steady-state torque-speed curve (b) The steady-state copper losses 

Figure 4.27: The steady-state torque-speed curve and copper losses 

4.3.5 Experimental Verification 

The controller performance is experimentally verified with the four-phase 8/6 SRM. 

Figure 4.28 and Figure 4.29 show the waveforms of phase current and its phase position 

with the conventional and proposed controllers, respectively. It is obvious that the 

conventional controller forces the first-peak of phase current to occur always at angle θm 

= 7.5° as shown in Figure 4.28(a, b) for low and high speeds, respectively. On the other 

hand, with the proposed controller, the first-peak of phase current occurs at different 

positions. This is clear in Figure 4.29(b) as the first-peak of phase current occurs at 12°. 

In addition, the current waveform in Figure 4.29(b) has a very similar shape compared to 

the obtained simulation results in Figure 4.26(a). 

  
a) At a speed of 335 r/min a) At a speed of 251 r/min 

  
b) At a speed of 621 r/min b) At a speed of 545 r/min 

Figure 4.28: The experimental waveforms of phase 

current and position with the conventional 

controller 

Figure 4.29: The experimental waveforms of phase 

current and position with the proposed controller 



Chapter 4: Optimum Excitation of SRM Drives over Wide Speed Range 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

67 
 

Figures 4.30 and Figure 4.31 show the waveforms of total electromagnetic torque, 

phases’ currents, and supply current at low speed of 294 r/min and high speed of 806 

r/min, respectively. The inherited drawback of torque ripple for SRM is very clear 

especially at low speeds as shown in Figures 4.30(a). The average torque is calculated 

from the instantaneous torque signal. The motor phases are energized in a certain 

sequence as illustrated by phases’ currents in Figures 4.30(b). The supply current is given 

in Figures 4.30(c). A noticed part of this current is regenerated back to supply because of 

the chopping process. At higher speed, a single pulse control is employed, and the phase 

current becomes much smoother without chopping as shown in Figures 4.31(b). The 

supply current becomes almost positive without the negative regenerated part as 

illustrated in Figures 4.31(c). 

  
a) The total electromagnetic torque a) The total electromagnetic torque 

  
b) The waveform of phases’ currents  b) The waveform of phases’ currents  

  
c) The waveform of supply current  c) The waveform of supply current  

Figure 4.30: The experimental results at a speed of 

294 r/min, 2.05 Nm, θon = 4°, θoff = 19° 

Figure 4.31: The experimental results at a speed of 

806 r/min, 1.8 Nm, θon = 2°, θoff = 19° 
 

Figure 4.32 shows the measured steady-state characteristics of the tested 8/6 SRM. 

The motor rated voltage is 600 V. But due to the lab restrictions, the applied supply 

voltage is 100V. Hence, the rated speed is no longer 1500 r/min, it is almost 600 r/min.  

 For the proposed controller, the average torque is improved very clearly especially at 

low speeds as shown in Figure 4.32(a). It has a good agreement with the simulation 
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results obtained in Figure 4.27(a). For speeds lower than 600 r/min, the improvement of 

average torque production is about 5.3%. Moreover, the proposed controller consumes 

less RMS current and copper losses as seen in Figure 4.32(b, c), respectively. Figure 

4.32(d) shows the average current consumption, it is seen that the proposed controller 

consumes a higher average current that corresponds to higher torque production. It means 

that the consumed current is a totally effective current that produces output torque. The 

torque/current ratios are given in Figure 4.32(e, f). The proposed controller can provide 

higher torque/RMS current as shown in Figure 4.32(e).  

  
(a) The experimental torque-speed curves (b) The experimental RMS current  

  
(c) The experimental copper losses  (d) The experimental average current 

  
(e) The experimental torque/RMS current ratio (f) The experimental torque/ average current ratio 

Figure 4.32: The experimental steady-state results at iref = 5A 

4.4 Conclusions 

This chapter presented an analytical solution for optimum θon and θoff angles of SRM 

drives over a wide range of speed control. The proposed analytical control technique 

determines the optimum θon that provides the most efficient operation. It accurately 

considers the effect of back-emf voltage by adaptive calculation of the effective amount 

of phase inductance L(i, θ) and its derivative kb(i, θ). In addition, it calculates the 

optimum θoff in order to avoid the production of negative torque even at high speeds. The 

proposed control technique uses analytical solutions that offer a simple structure, low cost 
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of implementation, and high dynamics. The experimental and simulation results show that 

the proposed technique provides optimum operation over an extended speed range.  

In addition, this chapter presents also an optimization-based method for SRM control 

parameters to improve torque production. The proposed control calculates the most 

efficient θon according to torque production and copper losses. Instead of the conventional 

analysis of static torque curves, a trust dynamic machine model is used to ensure the 

absolute calculation of optimum θon over the entire range of operating speeds. The used 

machine model is built using the measured data of SRM magnetic characteristics that are 

calculated in Chapter 3. The objective function is calculated within the Simulink model, 

using a two-dimensional search algorithm. The obtained data are implemented using 

ANN. The proposed controller offers low cost and simple implementation. It provides 

optimum motor operation over the entire speed range. It has a faster dynamic response. It 

can provide the highest torque/current and power/current ratios. It consumes lower supply 

current and dissipates lower copper losses. It does not depend on motor parameters. It 

improves torque production capability by 5.3% for speeds lower than the rated motor 

speed.  

The optimization-based method can provide the absolute maximum torque per ampere 

ration as it uses the accurate machine model. The analytical method depends on the 

analysis and observation of the static torque curves for the SRM. From that analysis, the 

MTPA criterion is deduced. After results comparison, despite the optimization-based 

method can provide higher torque production at lower speeds, the analytical method saves 

time and effort, it also very simple and requires only the inductance data that can be 

directly obtained from FEA.  

Thesis 2 

The operation of SRM depends mainly on the synchronization of phases’ excitation 

along with the inductance pattern. The excitation parameters are of great value for the 

optimum operation of SRM drives.  

 I developed a new analytical technique for optimum excitation of SRM drives. The 

proposed technique considers accurately the effect of back-emf voltage for high and 

even low-speed operation. It determines the most efficient turn-on angle as a 

function of motor speed and current magnitude. Moreover, the optimum turn-off 

angle is defined to enhance motor output torque/power without negative torque 

production. The proposed technique simplifies the SRM control in order to cut down 
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the complexity and cost, it offers easy implementation and can be used for sensor 

and sensor-less operation of SRM drives. It also provides an eligible candidate for 

industrial applications as the optimization strategy uses an analytical solution. 

Experimental results are obtained to prove the promising performance and simplicity 

of the proposed controller.  

 In addition, an optimization-based method for SRM control parameters to improve 

torque production has been developed. The proposed control calculates the most 

efficient θon according to torque production and copper losses. Instead of the 

conventional analysis of static torque curves, a trust dynamic machine model is used 

to ensure the absolute calculation of optimum θon over the entire range of operating 

speeds. The proposed controller improves torque production capability by 5.3% for 

speeds lower than the rated motor speed.  
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Chapter 5: Instantaneous Torque Control of SRMs 

5.1 Introduction  

This chapter focuses on the ITC of SRM drives to mainly reduce torque ripples and 

improve system performance. First, it explains the ITC technique and the commonly used 

TSFs. Second, it develops an MTPA technique based on IITC. Third, it introduces a 

torque ripple compensation technique based on IITC to extend the operating speed range. 

Then, it gathers both improvements in one drive system. Finally, it develops an improved 

DITC of SRMs that can provide both MTPA production and torque ripple compensation.  

5.1.1 IITC of SRM drives 

The block diagram of the IITC is given in Figure 5.1. It consists of an outer loop 

speed controller, TSF, torque inverse model i(T, θ), and current controller. The outer loop 

speed controller outputs the reference torque (Tref). Then, a TSF is used to distribute the 

reference torque among motor phases in order to have a total free ripple torque. The TSF 

outputs the reference torque for each phase (Tph-ref). After that, Tph-ref is converted into a 

reference current signal (iph-ref) using torque inverse model i(T, θ). The torque inverse 

model is not a straight forward transformation, as SRM has highly nonlinear 

characteristics. The torque is a function of position and current. Developing analytical 

expressions is not an easy task [4]. Artificial neural networks (ANN) or Look-up tables 

can be employed for such problems [76], [88]. Then, a current controller is used to 

regulate feedback current (iph) to track its reference (iph-ref). The detailed construction of 

SRM torque control based on TSF for 4 phases SRM is shown in Figure 5.2 [77]. 
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Figure 5.1: Block diagram of the IITC scheme based on TSF strategy 
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Figure 5.2: The detailed construction of TSF 
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The sinusoidal, cubic, and linear TSFs are among the most frequently used TSFs [77], 

[79]. The typical profiles of the linear and sinusoidal TSFs are shown in Figure 5.3 and 

Figure 5.4, respectively. The linear TSF provides a linear relation between produced 

torque and rotor position while a sinusoidal function is employed with sinusoidal TSF. 

The mathematical expressions of TSFs are given in (5.1). 
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(5.1) 

 

where θon represents the turn-on angle, θoff depicts the turn-off angle, θov is the overlap 

angle, frise is the rising function, θp depicts the rotor pitch angle, θ1 = θon + θov, and θ2 = 

θoff + θov. 

The rising function of linear, cubic, and sinusoidal TSFs is given by (5.2) to (5.4), 

respectively. The overlap angle (θov) must satisfy (5.5) [79], [131]. 
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Among the several types of sinusoidal, linear, exponential, and cubic TSFs, the 

sinusoidal TSF is selected as optimal TSF, as it could provide the minimum changing rate 

of flux linkage with minimized current [79].  

  
Figure 5.3: Typical profile of linear TSF. Figure 5.4: Typical profile of sinusoidal (nonlinear) 

TSF. 

5.2 Maximum Torque per Ampere (MTPA) based on IITC 

Despite the TSF is a promising strategy for torque ripple reduction of SRM drives, 

ATC provides higher torque per ampere ratio and hence a better efficiency. Therefore, the 

maximum torque per ampere (MTPA) based on the TSF strategy is necessary for SRM 
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drives. In this section, an improved IITC based on the TSF strategy is proposed for 

SRMs. It can provide the MTPA over the wide speed range. The switching angles are 

analytically optimized based on motor speed and the current level.  

The main idea behind MTPA is to calculate the turn-on angle as a function of 

reference commanded current (iref) and speed (ω). The conventional block diagram of 

IITC doesn’t provide a reference current signal. Therefore, an additional part is added to 

estimate reference current (iref) from reference torque (Tref) as shown in Figure 5.5. This 

conversion is not a simple forward task. If such conversion is done directly using the 

torque inverse model, the output current signal iref will have a periodical shape with the 

rotor position. This periodical shape will complicate the control algorithm and deteriorate 

its performance away from optimum operation.  

In this chapter, the conversion is achieved by two methods. The first method uses the 

fact that optimum excitation angles force motor phase current to reach its reference value 

at angle θm. Based on this fact, Tref is converted directly to iref considering data at angle θm 

only. So iref is a function of Tref at angle θm [iref =f(Tref, θm)]. The second method is 

achieved by proper determination of current as a function of average torque. As TSF 

distributes Tref between motor phases, the conduction angle for each phase is constant. For 

8/6 SRM, the conduction angle is 15º. Hence, the average torque can be calculated over 

the interval [θm, θm +15º]. This is the best interval for torque production as shown in 

Figure 5.6. After that, the average torque can be fitted easily against the current as seen in 

Figure 5.7. Once the reference current is estimated from reference torque, the switching 

angles can be calculated as a function of motor speed and reference commanded current. 
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(a) The first method of torque to current conversion 
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(b) The second method of torque to current conversion 

Figure 5.5: The Block diagram of the proposed controller  
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Figure 5.6: Torque curves over the most efficient 15º. Figure 5.7: Average torque vs. Current 

5.2.1 Switching Angles Optimization 

As discussed earlier in previous chapters (Chapter 4, Sections 4.1.2), the criteria for 

MTPA is to force the first peak of phase current to occur at angle θm. This criterion has 

been achieved efficiently by a proposed analytical solution and also using an 

optimization-based method in Sections 4.2 and 4.3, respectively. The analytical solution 

is adopted here to define the most efficient θon using (4.5). Figure 5.8 shows the effective 

values of inductance L(i,θ) and kb for the tested 8/6 SRM. As for 8/6 SRMs, based on 

IITC, the conduction period for each phase is constant and equal to 15º, the switch-off 

angle θoff is equivalent to θon + 15º. 

 

Figure 5.8: The effective values of inductance L(i,θ) and kb for the tested 8/6 SRM 
 

5.2.2 Simulation Results and Discussion 

Figure 5.9 shows the motor performance under a sudden change in load torque and 

reference speed. The load torque is suddenly changed from 20 Nm to 16 Nm at 0.5 sec. 

the reference speed is suddenly changed from 1000 r/min to 2000 r/min at 0.7 sec.  

The motor is efficiently tracking the reference speed as given in Figure 5.9(a). The 

total generated torque is shown in Figure 5.9(b). Fast dynamics can be noticed. The motor 

can produce its rated power over an extended speed range as illustrated in Figure 5.9(c). 

The turn-on angle is effectively changing along with the motor speed and load 

torque/current as shown in Figure 5.9(d). The average supply current and the 

torque/ampere ratio are given in Figure 5.9(e, f), respectively. The system has very good 
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efficiency of more than 95% as given in Figure 5.9(g). The efficiency increases with 

increasing the speed. 

  
(a) Motor speed (d) Turn-on angle 

  

(b) Electromagnetic torque (e) Average supply current 

  
(c) Mechanical output power (f) Torque/ampere ratio 

 
(g) Efficiency 

Figure 5.9: Simulation results under sudden loading. 

For detailed verification, the system performance is investigated under four different 

speeds (500, 1000, 1500, and 2000 r/min) through Figures 5.10 to 5.13, respectively. In 

each case, the phase current tracks efficiently its reference signal. Moreover, the phase 

torque has a good tracking behavior along with its reference phase torque signal. 

Furthermore, the first peak of phase current always happens at the beginning of the rising 

region of phase inductance. This ensures the MTPA production over the whole operating 

range of speeds.  
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Despite the effectiveness of TSF for torque ripple reduction in SRM drives, it is 

meant only for low-speed operation. Noting the differences between actual phase current 

(iph) and its reference (iref) for speeds 500, 1000, 1500, 2000 r/min in Figures 5.10(a), 

5.11(a), 5.12(a), and 5.13(a) show the fact that as the motor speed increases, the motor 

phase current (iph) start to fail tracking its reference current properly. The motor current 

fails to track its reference current because the DC-link voltage is limited. 

The most current error appears in the demagnetizing period as the motor has a higher 

inductance value in this region. With the increased motor speed, the introduced current 

error will rise, and this, in turn, introduces torque ripple which increases with increasing 

motor speed [84], [131]. In order to obtain a satisfactory torque profile, the introduced 

torque ripple can be compensated as follows 

 

  
(a) The reference and actual phase currents (a) The reference and actual phase currents 

  
(b) The reference and actual phase torques (b) The reference and actual phase torques 

  
(c) The phase current & phase inductance (c) The phase current & phase inductance 

Figure 5.10: Current, torque, and inductance curves 

at 500 r/min 

Figure 5.11: Current, torque, and inductance curves 

at 1000 r/min 
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(a) The reference and actual phase currents (a) The reference and actual phase currents 

  
(b) The reference and actual phase torques (b) The reference and actual phase torques 

  
(c) The phase current & phase inductance (c) The phase current & phase inductance 

Figure 5.12: Current, torque, and inductance curves 

at 1500 r/min 

Figure 5.13: Current, torque, and inductance curves 

at 2000 r/min 

5.3 Compensation of SRM Torque Ripple based on IITC 

The proposed control technique is shown in Figure 5.14. It consists of an outer loop 

speed controller that outputs the reference torque (Tref). Then actual total motor torque 

(Te) is subtracted from Tref to generate the torque tracking error (∆T). After that, the 

torque error (∆T) is compensated within the TSF. The proposed TSF is expressed by 

(5.6). The torque error is compensated by the incoming phase as it has the lower absolute 

changing rate of flux linkage with rotor position (θ). The torque compensation is 

converted into current through the torque inverse model i(T,θ) of the torque controller. 

The estimated motor torque (Test) is calculated using the proposed analytical fitting in 

(3.6) (Chapter 3, Section 3.4.2). 
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Figure 5.14: Block diagram of the proposed IITC scheme 

5.3.1 Simulation Results and Discussion 

As known, the torque ripples increase with increasing motor speed. Therefore, the 

compensation will be more obvious at higher speeds. Therefore, the results are obtained 

at rated speed (1500 r/min) for different types of TSFs include sinusoidal, cubic, and 

linear TSFs. For each type of the investigated TSFs, a comparison between the 

conventional TSFs and the proposed TSFs is included.  

First, for the sinusoidal TSF, The simulation results of proposed sinusoidal TSF 

compared to conventional sinusoidal TSF are given in Figure 5.15(a-e). With 

conventional sinusoidal TSF, the actual phase torque fails to track its reference torque 

signal properly as shown in Figure 5.15(a). The torque tracking error is very obvious in 

the demagnetization period. This happens due to the high motor inductance in the 

demagnetization period which causes a current tracking error as shown in Figure 5.15(b). 

On the contrary, with proposed sinusoidal TSF, the torque error is compensated. This 

compensation is added to the reference torque signal that is outputted from the TSF as 

shown in Figure 5.15(c). The torque compensation is converted directly into reference 

current compensation using torque inverse model i(T,θ) as shown in Figure 5.15(d). The 

proposed TSF compensates torque error (produced in the demagnetizing period) leading 

to a total generated electromagnetic torque with reduced ripple as given in Figure 5.15(e). 

Second, for the cubic TSF, its performance evaluation is investigated through Figure 

5.16(a-e). The proposed TSF provides phase torque compensation (Figure 5.16(c)) that 

leads to phase current compensation (Figure 5.16(d)). These compensations result in a 

total torque with reduced ripples compared to conventional cubic TSF as shown in Figure 

5.16(e). It can be noted that the cubic TSF has a similar performance to sinusoidal TSF.  

Finally, for linear TSF, the reference torque changes linearly with the rotor position as 

shown in Figure 5.17(a). This can result in a different commanded amount of phase 

torque compared to nonlinear TSF (sinusoidal and cubic). The amount of phase torque 

that should be compensated is higher than compared to nonlinear TSFs as shown in 

Figure 5.17(c). A higher current is required to compensate for this high torque tracking 

error as shown in Figure 5.17(d). The current tracking error increases; as the reference 
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current is too high to be tracked owing to the dc voltage limits. For these reasons, the 

linear TSF has much torque ripple compared to sinusoidal and cubic TSFs. But still, the 

proposed linear TSF has a smaller torque ripple compared to conventional linear TSF as 

shown in Figure 5.17(e). 

  
a) Phase torques and total motor torque with 

conventional sinusoidal TSF 

a) Phase torques and total motor torque with 

conventional cubic TSF 

  
b) Actual and reference phase currents with 

conventional sinusoidal TSF 

c) Phase torques and total motor torque with 

proposed cubic TSF 

  
c) Phase torques and total motor torque with 

proposed sinusoidal TSF 

b) Actual and reference phase currents with 

conventional cubic TSF 

  
d) Actual and reference phase currents with proposed 

sinusoidal TSF 

d) Actual and reference phase currents with proposed 

cubic TSF 

  
e) The total electromagnetic torque e) The total electromagnetic torque 

Figure 5.15: Simulation results with sinusoidal TSF Figure 5.16: Simulation results with cubic TSF 
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a) Phase torques and total motor torque with 

conventional linear TSF 

c) Phase torques and total motor torque with 

proposed linear TSF 

  
b) Actual and reference phase currents with 

conventional linear TSF 

d) Actual and reference phase currents with proposed 

linear TSF 

 
e) The total electromagnetic torque 

Figure 5.17: Simulation results with linear TSF 

5.4 MTPA-IITC with Torque Ripple Compensation 

This section includes a complete torque control technique based on the TSF strategy 

that provides MTPA and torque ripple compensation. In order to show the feasibility and 

effectiveness of the proposed control based TSF strategies, a comparison between the 

conventional and proposed TSF over a wide range of operating speeds is achieved. This 

comparison includes the torque ripples, average torque, mechanical output power, RMS 

supply current and., copper losses, average supply current, and efficiency. These results 

are shown in Figure 5.18(a-e) and Figure 5.19(a-e) for the sinusoidal and linear TSFs, 

respectively. The motor is tested under full load conditions. Below base speed (1500 

r/min), the motor gives its rated torque (26 Nm). Above base speed, the motor provides its 

rated power (4 kW).  

For both the sinusoidal and linear TSFs, the proposed control can provide the lowest 

torque ripples as shown in Figure 5.18(a) and 5.19(a), respectively. The sinusoidal TSFs 

provide the lowest torque ripple over an extended speed range. Hence it is recommended 

for SRM drives based IITC. There is no significant difference in the remaining part of 
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results, hence as a conclusion, the proposed TSFs consumes the same RMS and average 

current, it also produces the same torque and mechanical power, while providing a better 

torque profile with reduced torque ripples. The efficiency is also unaffected.  

As noted, the efficiency increases with increasing the motor speed, hence it is 

recommended to operate SRM at high speeds. Also, after 2000 r/min, the motor output 

power starts to decrease slightly with the increased motor speed. This because of the high 

back-emf and hence a lower phase current under the same supply voltage. 

  
(a) The torque ripples with sinusoidal TSFs (a) The torque ripples with linear TSFs 

  
(b) The average torque with sinusoidal TSFs (b) The average torque with linear TSFs 

  
(c) The mechanical power with sinusoidal TSFs (c) The mechanical power with linear TSFs 

  
(d) The copper losses with sinusoidal TSFs (d) The copper losses with linear TSFs 

  
(e) The efficiency with sinusoidal TSFs (e) The efficiency with linear TSFs 

Figure 5.18: The SS results of sinusoidal TSFs Figure 5.19: The SS results of linear TSFs 
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5.5 The Proposed DITC Technique  

Figure 5.20 shows the block diagram of the proposed DITC. The speed controller 

outputs reference torque (Tref) which is compared directly to motor torque (Test). The 

torque error (ΔT) is processed through a hysteresis torque controller that outputs the state 

states. An inner loop current controller is required to force feedback current (iph) track its 

reference (iref). The reference current (iref) is obtained as illustrated in Figure 5.21. The 

reference current is obtained directly from reference torque as discussed earlier in Section 

5.2. As noted, the torque error is also compensated after being multiplied by gain K1.  

Speed 

Controller

d/dt

-

+

-

Torque 

Estimator

Test 

Tref ∆T 
ΣΣ

+
ωref 

ω

Switching 

Angles 

Synthesis 

and 

Converter
+

-

Angles 

Control

ω θon

θoff

iref 

iph 

θon≤ θ ≤ θoff 

iref 

Tref 
iref 

SRM

θ

Current  

Controller
Σ

∆I On/off 

Signals 

 

Figure 5.20: Block diagram for the proposed DITC 

 
Figure 5.21: The torque to current conversion 

5.5.1 Switching Angles Optimization 

The switch-on angle is optimized for MTPA production. On the other hand, an 

optimization problem is set for the switch-off angle to provide the minimum torque 

ripples, the lowest copper losses, and the highest efficiency.  

A single-objective optimization problem is obtained from the multi-objective problem 

by a linear combination of torque ripple (Tr), copper losses (Pcu) and efficiency (η) as 

follows: 
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where Fobj is the objective function. Trb is the base value of torque ripples. Pcub is the base 

value of the copper loss. ηb is the base value of efficiency. wr is the weight factor of 

torque ripples. wcu is the weight factor of copper loss. ηr is the weight factor of efficiency.  

A searching algorithm is developed to calculate the base values and hence the 

optimum control parameters at each operating point. The flowchart of the searching 

algorithm is shown in Figure 5.22. For each operating point, a step changing in turn-off 

angle (θoff) is made. Then, for each step, the torque ripple and copper loss are calculated 

within the simulation model. At the end of the search, the minimum torque ripple, the 

minimum copper losses, and the maximum efficiency are defined as the base values (Trb, 

Pcub, and ηb). The turn-off angle (θoff) is varied from θoff-min = 18° to θoff-max = 28° in steps 

of 0.2° while the torque step is taken as 2 Nm.  

The weight factors (wr, wcu, and ηr) are chosen according to the desired level of 

optimization. The weighting factors are wr = 0.4, wcu = 0.3, ηr = 0.3. For a different level 

of optimization, different weight factors can be chosen. 

Solving (5.7) gives the optimum parameters that fulfill the lowest torque ripple, the 

lowest copper losses, and the highest efficiency at each of the operation points. The 

optimized turn-off angles obtained from (5.7) are given in Figure 5.23. For a given motor 

speed, the turn-off angle is almost constant. It decreases with increasing motor speed. 

Simulate of SRM MATLAB model,

Calculate and save torque ripple (Tr ),  

copper losses (Pcu), and efficiency (η)

θoff < θoff (max)

θoff = θof f+∆θoff

θoff  = θoff  (initial) 

yes

No

ω = ω+ ∆ω 

Tref = Tref+∆Tref

Enter the desired limits for turn-off 

angle (θoff), motor speed (ω) and 

reference torque (Tref )

Tref  = Tref  (initial) 

ω   = ω (initial) 

A

B C

Calculate objective function,

Find the optimum switch-off angles

No

End

yes
ω < ω (max)

Tref < Tref  (max)
yes

No

Find the base values for torque ripple 

(Trb ),  copper losses (Pcub), and 

efficiency (ηb)

B

C

A

start

 

Figure 5.22: The flowchart of searching algorithm 
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Figure 5.23: The optimized switch-off angles 

5.5.2 Simulation Results Compared to MTPA-IITC  

The simulation results of the proposed DITC are included compared to the MTPA-

IITC with torque ripple reduction as given in Figure 5.24.  

  
(a) Motor speed (e) Electromagnetic torque 

  
(b) Turn-on angle (f) Torque Ripple 

  
(c) Mechanical output power (g) Copper losses 

  
(d) average supply current (h) Efficiency 

Figure 5.24: Simulation results of DITC compared to MPTA-TSF 
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The results are obtained under a sudden change in torque reference speed signal from 

750 r/min to1500 r/min at 0.3 sec, and from 1500 r/min to 2250 r/min at 0.6 sec as shown 

in Figure 5.24(a). As noted, both techniques have the same speed profile. They also have 

the same switch-on angle that provides the MTPA as seen in Figure 5.24(b). The 

mechanical output power is given in Figure 5.24(c). The output power of the TSF strategy 

starts to decrease after 0.8 sec while DITC provides a constant power production. The 

torque profiles and torque ripples are included in Figure 5.24(e, f), respectively. The 

DITC provided a better torque profile with significantly reduced torque ripples. The 

DITC consumes a bit lower copper losses as illustrated in Figure 5.24(g) while providing 

the same efficiency as seen in Figure 5.24(h).  

In order to verify the MTPA production for DITC, the detailed system performance is 

given in Figures 5.25(a, b) under a speed of 750 and 2250 r/min. In each case, the first 

peak of phase current always happens at the beginning of the rising region of phase 

inductance. This ensures the MTPA production over the whole operating range of speeds. 

  
(a) At 750 r/min (b) At 2250 r/min 

Figure 5.25: The Phase current & phase inductance of DITC 

5.5.3 Experimental Verification 

The control algorithm is implemented experimentally. The obtained results are given 

in Figures 5.26 to 5.29. Due to the limited braking capability of the electromagnetic brake 

(6 Nm), the results are obtained for low torque levels of 3, 4, and 5 Nm. As noted, the 

torque is directly controlled, the ripples are effectively mitigated. However, the control 

performance depends on the fitting accuracy for torque as a function of phase current and 

rotor position, the noises, and measurement errors. Besides, the hysteresis band of the 

current controller also affects the torque ripples. Moreover, there is a negative effect due 

to the inherited one-sample delay of digital control systems.  

As the experimental results are obtained for low torque levels (3, 4, and 5 Nm), the 

noises, measurement errors, and fitting errors cannot be totally ignored.  They are the 

reason why the torque profile is still a bit noisy. For higher torque values near rated motor 

torque (25 Nm), the torque profile will be totally improved.  
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(a) Phase current (a) Phase current 

  
(b) Motor torque (b) Motor torque 

Figure 5.26: The torque waveforms at 180 r/min, θon 

= 3°, θoff = 22° 

Figure 5.27: The torque waveforms at 250 r/min, θon 

= 3°, θoff = 22° 

  
(a) Phase current (a) Phase current 

  
(b) Motor torque (b) Motor torque 

Figure 5.28: The torque waveforms at 311 r/min, θon 

= 3°, θoff = 22° 

Figure 5.29: The torque waveforms at 386 r/min, θon 

= 4°, θoff = 22.6° 

5.6 Conclusions 

This chapter provides ITC techniques for SRM. It presents IITC based on the TSF 

strategy and the DITC technique for torque ripple reduction of SRM drives. The main 

concern is to reduce torque ripple while maintaining better performance and simplified 

control algorithm as possible over an extended-speed range.  

For the IITC, a maximum torque per ampere (MTPA) scheme is produced. The 

switching angles are optimized analytically for maximum torque production. The required 
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reference current signal is obtained from torque data by two methods. A series of 

simulation results are obtained, the proposed system always provides the MTPA 

production. In addition, an improved TSF that compensates torque ripples of SRM is 

introduced. Based on the absolute changing-rate of flux linkage, the improved TSF adds 

torque error to the reference torque signal of the incoming phase. The performance of the 

proposed TSFs technique is investigated through the comparison with conventional TSFs 

(sinusoidal, cubic, and linear). The simulation results show that the proposed TSF based 

torque control of SRM can effectively reduce torque ripples under a wide range of 

operating speed compared to conventional TSFs. In addition, the proposed controller has 

a simple construction and easy to implement.  

A combined system is developed that provides MTPA and torque ripple 

compensation. A series of simulation results are obtained. These results demonstrate the 

effectiveness of the proposed torque controller over an extended speed range. The 

proposed controller provides high efficiency and high dynamics. The torque ripple is kept 

minor over the whole speed range. The proposed system always provides MTPA. 

Finally, an improved DITC is proposed. It provides MTPA production. Moreover, an 

optimization-based problem is set for the turn-off angle in order to obtain the lowest 

torque ripple, the lowest copper losses, and the highest efficiency. The proposed system 

provides simple structure, easy implementation, high dynamics, extended constant power 

range, and reduced torque ripples. 

Thesis 3 

The indirect instantaneous torque control (IITC) has the capability of reducing torque 

ripples for SRM drives, but it lacks the best torque to current ratio. It is also meant for 

low-speed operation.  

 I developed a maximum torque per ampere (MTPA) scheme based on indirect 

instantaneous torque control (IITC) for SRM drives. The switching angles are 

optimized analytically for maximum torque production. The required reference 

current signal is obtained from torque data by two proposed methods.  

 Moreover, I developed an IITC with extended-speed and reduced torque ripple 

capability. An improved TSF that compensates torque ripples of SRM is introduced. 

Based on the absolute changing-rate of flux linkage, the improved TSF adds torque 

error to the reference torque signal of the incoming phase. In addition, the proposed 

controller has a simple construction and easy to implement.  
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 Furthermore, a combined system is developed that provides MTPA and torque ripple 

compensation. The proposed controller provides high efficiency and high dynamics. 

The torque ripple is kept minor over the whole speed range. The proposed system 

always provides MTPA.  

 I developed an improved direct instantaneous torque control (DITC) for SRM drives. 

It provides MTPA production. Moreover, an optimization-based problem is set for 

the turn-off angle in order to obtain the lowest torque ripple, the lowest copper 

losses, and the highest efficiency. The proposed system provides simple structure, 

easy implementation, high dynamics, extended constant power range, and reduced 

torque ripples.  
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Chapter 6: Average Torque Control of SRM Drives  

6.1 Introduction 

This chapter gives a simplified structure ATC of SRM for EVs. The switching angles 

(θon, θoff) are optimized offline for the minimum torque ripple and highest efficiency. 

Constrains are employed to ensure fast dynamics and MTPA production. The variations 

of supply voltage are also investigated.  

6.2 The Proposed Average Torque Control Technique 

Despite the features of ATC, its structure is still relatively complicated. Simplification 

is required as much as possible. Hence, a simple structure ATC for SRM drives is 

introduced as shown in Figure 6.1. The reference current iref is outputted from the speed 

controller accordingly with speed error, and then an inner loop current controller is used 

to regulate the actual feedback phase current iph to track its reference signal iref. The 

excitation angles (θon, θoff) are optimized offline based on motor speed and reference 

current as follows:  

Speed 

Controller

d/dt

-

+ SRM+

-
iph

θ

iref ∆i 
ΣΣ

Current 

Controller

IGBT

Converter

Vdc
θon θoff

On/off 

Signals 
+ωref 

ω

Angles 

Optimization

ω
iref 

 
Figure 6.1: Block diagram of the proposed ATC control 

6.2.1 Switching Angles Optimization 

The optimization of excitation angles aims to achieve the lowest torque ripple, the 

lowest copper losses, and the highest efficiency. However, it is not possible to the lowest 

torque ripple, the lowest copper losses, and the highest efficiency at the same time, 

because each case requires different excitation angles. In order to achieve the required, 

adjustment between torque ripples, copper losses, and efficiency is needed. Therefore, a 

three-group multi-objective optimization function can be used.  

6.2.1.1 Problem Definition 

A single-objective optimization problem is obtained from the multi-objective problem 

by a linear combination of average torque, copper losses, and efficiency as follows: 
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    (        )     (  
  

   
    

   

    
   

  

 
)   

(6.1) 

             (6.2) 

subject to: 

    
             

     (6.3) 

           (6.4) 

                 
  (6.5) 

where Fobj is the multi-objective optimization function. Tr denotes the torque ripple. Pcu 

depicts the copper losses. η is the efficiency. Trb, Pcub, and ηb are the base values of torque 

ripple, copper losses, and efficiency, respectively. wr, wcu, and wη are the weight factors of 

torque ripple, copper losses, and efficiency, respectively. θA and θB are the minimum and 

the maximum limits of the θon, respectively. 

6.2.1.2 Solution Method  

The solution demands the determination of base values, the firing angles limits, the 

rated torque for a given current level, and the weight factors. 

The base values are the minimum or maximum values of their corresponding criterion 

at each operating point (defined motor speed ω and reference current iref). The base values 

are defined as: 

   (        )       
    (  )  (6.6) 

    (        )       
    (   )  (6.7) 

  (        )       
    ( )  (6.8) 

The base values (Trb, Pcub, and ηb) are calculated by a two-dimensional searching 

algorithm. The flowchart of the searching algorithm is shown in Figure 6.2. At a specific 

operating point, the excitation angles are changed in steps. After that, the torque ripples, 

copper losses, and efficiency are calculated at each step. At the end of the search, the 

minimum value of torque ripples, the minimum value of copper losses, and the maximum 

value of efficiency are reported as the base values. For the simulated four phases 8/6 

SRM prototype, the speed is changed from 250 to 3000 r/min in a step of 250 r/min. The 

current is changed from 4 to 18 A in a step of 2A. The switch-off angle is changed from 

18° to 28◦ in a step of 0.2°. The switch-on angle is varied from θA to θB in a step of 0.2°. 

The limits of the θon angle (θA and θB) are very important. During the optimization 

process, several pairs of firing angles (θon, θoff) can provide the same objective function or 

a very close one. But only a few pairs should be selected, as the θon can directly affect the 
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current, torque, and operating speed range. It means that as the motor speed increases, the 

θon angle should be advanced along with the speed and also the current level. If the θon 

angle increases that one calculated in (4.5), the motor will not be able to produce enough 

torque to reach the desired reference speed. Hence, the maximum limit of the θon angle is 

the optimum value that is calculated by (4.5). The minimum limit could be an advanced 

angle such as -5°. These limits are illustrated in Figure 6.3(a).  

In fact, the chosen limits for the θon angle are very large and may cause a huge 

conflict in the final optimization decision. Hence, proposed limits are shown in Figure 

6.3(b). The limits (θA and θB) are defined as a function of optimum θon (calculated by 

(4.5)) and a certain margins ΔθA and ΔθB as follows: 

      
         (6.9) 

      
         

 
(6.10) 

ΔθA and ΔθB are chosen according to the optimization level. In this thesis, ΔθA is set at 

3.5° and ΔθB is set to 1°. These limits will not only achieve the desired optimization level 

but also ensure a smooth variation of firing angles with motor speed and current. 

Simulate of SRM MATLAB model,

Calculate and save torque ripple (Tr ),  

copper losses (Pcu), and efficiency (η)
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Figure 6.2: The flowchart of searching algorithm 

 For a given reference current and speed, the motor rated torque (Trated) should be 

known as it is a very essential constrains in (6.5). The proposed torque tor current 

conversions in Chapter 5 (Section 5.2) can be also employed here. Hence, a revised 
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relationship of torque as a function of phase-current can be easily developed. Noting that, 

as the motor speed increases the base speed (1500 r/min) the torque should be de-rated to 

provide constant power. The rated torque-speed curves for different current levels are 

illustrated in Figure 6.4. 

  
(a) The searching band  (b) The optimum searching band  

Figure 6.3: The optimum band of angles 

 
 Figure 6.4: the rated torque-speed curves for different current levels  

The weight factors for (wr, wcu, and wη) are determined according to the required 

optimization level. In this thesis, greater importance is directed to reduce torque ripples. 

The weight factors are set to wr=0.6, wcu=0.2, and wη=0.2. Different weight factors can be 

applied depending on the required optimization level.  

Solving (6.1) equation gives the optimum excitation angles that satisfy the lowest 

torque ripples, the lowest copper losses, and the highest efficiency for various operation 

points. The switch-on angles that are obtained from (6.1) are given in Figure 6.5(a-d) with 

different weight factors. It can be noted that at the same speed, the turn-on angle is 

advanced if current increases as shown in Figure 6.5(a, c). The obtained switch-off angles 

are shown in Figure 6.5(b, d). As seen, the variation of switch-off angles over the given 

range of speed and torque is relatively small.  

If further simplifications are required, the switch-off angle can be taken as the average 

value of the obtained values as its variation is relatively small. This may have a negative 

effect on torque ripples, but has a better impact on system simplification. In this thesis, 
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the obtained angles data are used in the form of lookup tables to achieve higher accuracy 

of implementation. 

  
(a) The optimized turn-on angles with wr=0.6, wcu= 

0.2, and wη= 0.2 

(b) The optimized turn-off angles with wr=0.6, wcu= 

0.2, and wη= 0.2 

  
(c) The optimized turn-on angles with wr=1.0, wcu= 

0.0, and wη= 0.0 

(d) The optimized turn-off angles with wr=1.0, wcu= 

0.0, and wη= 0.0 

Figure 6.5: The optimized turn-on and turn-off angles 

6.2.2 Simulation Results and Discussion 

The simulation results include a comparison between the proposed ATC and the 

conventional DATC shown in Figure 1.2(b). The optimized firing angles are used for 

both techniques with weight factors of wr=0.6, wcu=0.2 and wη=0.2.  

6.2.2.1 Sudden Change in Reference Speed and Load Torque 

 Figure 6.6 shows the simulation results under a sudden change in motor speed and 

load torque. The reference speed is changed from 1500 to 2500 r/min at 1.0 sec. The load 

torque is suddenly changed from 17 to 13 Nm at 0.7 sec. both SATC and DATC can track 

properly the reference commanded speed as shown in Figure 6.6(a). As noted, the SATC 

has a better tracking performance as it directly controls the motor current. The SATC has 

fast dynamics for the reference current (Figure 6.6(b)) compared to DATC. This because 

DATC has an inner loop torque controller (PI) that outputs the reference current with time 

delaying.  

The variation of turn-on and turn-off angles is given in Figure 6.6(c) and Figure 

6.8(d), respectively. A smooth and adaptive variation along with speed and current is 

observed. The optimized firing angles kept the torque ripple minor as seen in the torque 

profile in Figure 6.6(e).  
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a) The motor speed g) The mechanical output power 

  
b) The reference current h) The average supply current 

  
c) The variation of the turn-on angle i) The RMS supply current 

  
d) The variation of the turn-off angle j) The copper losses 

  
e) The total electromagnetic torque k) The efficiency  

 

 

f) The torque ripple  

Figure 6.6: Simulation results under a sudden change in motor speed 
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The torque ripples are given in Figure 6.6(f). Both STAC and DATC have the same 

value of torque ripple under steady-state. The ripples are minor under the rated power (4 

kW) or higher powers (>4 kW); the mechanical output power is given in Figure 6.6(g). In 

these regions, the motor generated torque is high, so the percentage of ripples is obviously 

low. In low torque regions, the ripple percentage increases but still have a good torque 

profile.  

The average supply current, the RMS supply current, and the copper losses are given 

in Figure 6.6(h-j), respectively. The SATC can draw a bit higher current but also provides 

a corresponding mechanical power. That is why it has almost the same efficiency (Figure 

6.6(k)) as for DATC. As noted, the efficiency slightly increases with motor speed. Hence, 

SRMs are preferred to operate under high speeds. 

6.2.2.2 Acceleration with Electric Vehicle Loading 

Figure 6.7 shows the simulation results under acceleration with EV as a load. The 

motor speed is given in Figure 6.7(a). The SATC reaches the reference commanded speed 

faster than DATC that reflects the fast response. The load torque on the motor side is 

illustrated in Figure 6.7(b). As the vehicle accelerates, its loading torque increases. A 

smooth and adaptive variation along with speed and current is observed as given in Figure 

6.7(c) and Figure 6.7(d), respectively. The optimized firing angles kept the torque ripple 

minor as seen in the torque profile in Figure 6.7(e). The torque ripples are given in Figure 

6.7(f). The motor efficiency is shown in Figure 6.7(g). 

6.2.2.3 Acceleration and Deceleration with Electric Vehicle Loading 

Figure 6.8 shows the simulation results under acceleration and Deceleration with 

electric vehicle loading. The motor speed is given in Figure 6.8(a). The vehicle starts to 

decelerate at 0.6 sec. hence; the reference current becomes negative as shown in Figure 

6.8(b). The motor operates in the forward generating mode. So, the switching angles are 

completely changed to excite the motor phase in the decreasing inductance region. The 

variation of firing angles is given in Figure 6.8(c) and Figure 6.8(d), respectively. A 

smooth and adaptive variation under motoring and generating modes is observed. The 

optimized firing angles kept a good torque profile under motoring and generating modes 

as shown in Figure 6.8(e). The torque ripple is illustrated in Figure 6.8(f). 

The torque ripple is almost minor except when the motor torque crosses zero as it was 

negative under generating and becomes positive again under motoring. The torque ripple 

shows a big notch but the torque profile is till smooth. 
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a) The motor speed f) The mechanical output power 

  
b) Load torque on the motor side g) The total electromagnetic torque 

  
c) The reference current h) The torque ripple 

  
d) The variation of the turn-on angle i) The copper losses 

  
e) The variation of the turn-off angle j) The efficiency  

Figure 6.7: Simulation results under starting with EV loading 

The phase current and inductance under motoring and generating modes are 

illustrated in Figure 6.9(a, b). As noted, for motor action, the motor phase is excited in the 

increasing inductance zone. And, for generator action, the motor phase is excited in 

decreasing inductance zone. 
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a) Motor speed f) The total electromagnetic torque 

  
b) Load torque on the motor side g) The torque ripple 

  
c) The reference current h) The mechanical output power 

  
d) The variation of the turn-on angle i) The RMS supply current 

  
e) The variation of the turn-off angle j) The copper losses 

Figure 6.8: Simulation results under starting with EV load torque variation 

  
a) The phase current (motoring) b) The phase current (generating) 

Figure 6.9: The phase current in motoring and generating modes. 
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6.2.2.4 Supply Voltage Variation 

Figure 6.10 shows the motor speed, torque profile, and torque ripple with a 0% 

decrease in the supply voltage. The same results are shown in Figure 6.11 but with a 15% 

decrease in the supply voltage. As noted the SRM drive still capable of tracking the 

reference commanded speed as shown in Figure 6.11(a). It is also capable of providing a 

good torque profile as seen in Figure 6.11(b) especially at low speeds. The torque ripple 

increases only under high speeds as shown in Figure 6.11(c) because the back-emf 

becomes more dominant. But the system inertia will filter the torque ripple properly under 

higher speed. Therefore, no problem will arise in such a situation.  

Figure 6.12 and 6.13 shows the motor speed, torque profile, and the torque ripple with 

20% and 25% decrease in the supply voltage. The SRM drive is still capable of tracking 

its reference commanded speed. The torque still has a good profile. The torque ripple is 

kept minor for low speeds. But, it increases under higher speeds. 

  
a) The motor speed a) The motor speed 

  
b) The total electromagnetic torque b) The total electromagnetic torque 

  
c) The torque ripple c) The torque ripple 

Figure 6.10: simulation results with 0% voltage 

reduction 

Figure 6.11: simulation results with 15% voltage 

reduction 
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a) The motor speed a) The motor speed 

  
b) The total electromagnetic torque b) The total electromagnetic torque 

  
c) The torque ripple c) The torque ripple 

Figure 6.12: simulation results with 20% voltage 

reduction 

Figure 6.13: simulation results with 25% voltage 

reduction 

6.2.3 Experimental Verification 

The experimentally obtained results are given in Figures 6.14 to 6.19. The results are 

obtained only for a maximum of 6 Nm due to the limited braking capability. Figures 6.14 

and 6.15 show the inherited torque ripples of SRM. As seen, the torque ripple is very high 

for a low-speed of 378 r/min and a higher one of 680 r/min.  

  
(a) Phase current (a) Phase current 

  
(b) Motor torque (b) Motor torque 

Figure 6.14: Results at 378 r/min, θon=3°, θoff = 22° Figure 6.15: Results at 680 r/min, θon= 1.5°, θoff = 23° 
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For the ATC, both θon and θoff are calculated for the minimum torque ripples. Figures 

6.16 and 6.17 show the experimental results under almost the same speed 411 and 430 

r/min, respectively, but with different loading torques of 6 and 4 Nm, respectively. In 

both cases, the torque ripples are very minor. For higher loading torque of 6 Nm (Figures 

6.16(b)), the ripples are obviously to be more reduced. Figures 6.18 and 6.19 show the 

experimental results under different speeds (511 and 600 r/min) and different loads (4 and 

3 Nm). As seen, the optimization of θon and θoff can effectively reduce the torque ripples. 

 

  
(a) Phase current (a) Phase current 

 
 

(b) Motor torque (b) Motor torque 

Figure 6.16: Results at 411 r/min,  θon = 7°, θoff = 23.1° Figure 6.17: Results at 430 r/min,  θon = 7.8°, θoff = 23.6° 

 

 
 

(a) Phase current (a) Phase current 

 
 

(b) Motor torque (b) Motor torque 

Figure 6.18: Results at 511 r/min,   θon = 6.6°, θoff = 22° Figure 6.19: Results at 600 r/min,  θon = 6.8°, θoff = 22.6° 
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6.3 Conclusions  

This chapter presents an improved average torque control technique for SRM drives 

for EV applications. The proposed ATC has an effective and promising performance for 

electric vehicles. It has a simple structure that offers easy implementation and lower cost. 

It has high dynamic performance over a wide range of operating speeds. The torque 

ripples are kept minor over the entire speed range. The torque ripples are very low at low 

speeds. This means lower vehicle oscillations and noise. The torque ripples are reduced 

based on the optimization of excitation angles. The optimization is achieved with a multi-

objective optimization function that aims to achieve the lowest torque ripples, the lowest 

copper losses, and the highest efficiency.  

Thesis 4 

I constructed a simple structure average torque control (ATC) technique for SRM 

drives. It has an effective and promising performance for electric vehicles. It has a simple 

structure that offers easy implementation and lower cost. It has high dynamic 

performance over a wide range of operating speeds. The torque ripples are kept minor 

over the entire speed range. The torque ripples are low at low speeds which mean lower 

vehicle oscillations and noise. The torque ripples are reduced based on the optimization of 

excitation angles. The optimization is achieved with a multi-objective optimization 

function that aims to achieve the lowest torque ripple, the lowest copper losses, and the 

highest efficiency.  
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Chapter 7: Universal Controller of SRM for EVs  

In order to develop the best control technique of SRMs for EV application, a 

comparative study with a detailed analysis of control performance is essential to gain the 

benefits of each technique.  

7.1 Comparative Study of SRM Control Techniques 

The comparative study includes the DITC, the TSF with MTPA and ripple 

compensation, and the SATC. The DATC is not included as it gives the same steady-state 

characteristics as SATC. The study is done under full load and EV load conditions.  

7.1.1 Under Full Load Conditions 

Figure 7.1 shows the steady-state characteristics under full load conditions. The motor 

is loaded with a constant load torque of 26 Nm till the base speed (1500 r/min), and then 

the torque decreases inversely with speed as shown in Figure 7.1(a). As noted, the SATC 

has the capability to provide higher torque production under high speeds. The torque 

ripples are illustrated in Figure 7.1(b). The DITC has the lowest torque ripples till the 

speed of 2500 r/min. The TSF provides also low torque ripples. The SATC has higher, 

but still limited, torque ripples. It has low ripples under higher speeds as the firing angles 

are optimized to reduce torque ripple with 0.6 weighting factor.  

The SATC has the ability to drawn more average current and produce effective 

mechanical power as given in Figure 7.1(c, d). It has a bigger flat power zone which in 

turn can reduce the required rated motor power for the same application. The RMS 

current is shown in Figure 7.1(e), the DITC and SATC have the lowest current. This is 

reflected in the ratios of Tav / IRMS and Pm / IRMS as seen in Figure 7.1(f, g). The DITC has 

the highest ratios until the speed of 2500 r/min, after this speed, the SATC has the highest 

values. The copper losses have no significant differences as illustrated in Figure 7.1(h), 

but DITC and SATC have lower copper losses under low speeds.  

The SATC does not have a current profiling control; hence it provides the lowest 

switching converter frequency as given in Figure 7.1(i). The maximum achievable 

switching frequency is less than 10 kHz that can be easily implemented. The TSF 

provides lower total harmonic distortion (THD) of phase current until the speed of 2200 

r/min as seen by Figure 7.1(j). After that speed, the SATC gives the lowest THD of phase 

current. The peak phase current is shown in Figure 7.1(k). The SATC provides the lowest 

current that means lower converter ratings.  
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a) The average torque h) The copper losses 

  
b) The torque ripple i) The switching frequency 

  
c) The average supply current j) The total harmonic distortion 

  
d) The mechanical output power k) The peak phase current 

  
e) The RMS supply current l) The peak flux 

  
f) The power/current ratio m) The flux derivative 

  

g) The torque/current ratio n) The efficiency 

Figure 7.1: The steady-state characteristics under the full load conditions 
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The iron losses are proportional to the peak flux density and the rate of change of flux 

[121]. The peak flux and the flux derivative are given in Figure 7.1(l, m), respectively. As 

seen, the TSF has the highest dλ/dt. On the other hand, the DITC and SATC have a lower 

dλ/dt. The efficiency curve is shown in Figure 7.1(n). The DITC has higher efficiency 

under low speeds; the SATC provides higher efficiency under high speeds. Noting that 

the SATC can provide higher efficiencies if required, this can be achieved if the firing 

angles are optimized with a higher weighting factor for the efficiency part. 

7.1.2 Under EV Loading 

Figure 7.2 shows the steady-state characteristics under EV loading conditions. The 

load torque proportionally increases with motor speed as shown in Figure 7.2(a). As 

noted, the SATC has the capability to provide higher torque production under high speeds 

(beyond 2200 r/min). The DITC has the lowest torque ripples till the speed of 2500 r/min 

as illustrated in Figure 7.2(b). After that speed, the SATC provides the lowest torque 

ripples. The SATC has the ability to drawn more average current and produce effective 

mechanical power as given in Figure 7.2(c, d). Even it can provide mechanical power 

greater than the rated value (4 kW).  

The RMS current is shown in Figure 7.2(e), the DITC and SATC have the lowest 

current. This is reflected in Tav / IRMS and Pm / IRMS ratios as seen in Figure 7.2(f, g). The 

DITC has the highest ratios until the speed of 2200 r/min, after this speed, the SATC has 

the highest values. The copper losses have no significant differences as illustrated in 

Figure 7.2(h). The SATC provides the lowest switching converter frequency as given in 

Figure 7.2(i). The maximum achievable switching frequency is less than 10 kHz.  

The TSF provides lower total harmonic distortion (THD) of phase current until the 

speed of 2500 r/min as seen by Figure 7.2(j). After that, the SATC gives the lowest THD 

of phase current. The peak phase current is shown in Figure 7.2(k). The SATC provides 

the lowest peak current. The peak flux and the flux derivative are given in Figure 7.2(l, 

m), respectively. As seen, the DITC and SATC have the lowest dλ/dt with close 

characteristics. The efficiency curve is shown in Figure 7.2(n). The DITC and SATC have 

higher efficiencies (almost the same) under low speeds. But, the SATC provides higher 

efficiency under high speeds. Noting that the SATC can provide higher efficiencies if 

required, this can be achieved within firing angles optimization.  
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a) The average torque h) The copper losses 

  
b) The torque ripple i) The switching frequency 

  
c) The average supply current j) The total harmonic distortion 

  
d) The mechanical output power k) The peak phase current 

  
e) The RMS supply current l) The peak flux 

  
f) The power/current ratio m) The flux derivative 

  
g) The torque/current ratio n) The efficiency 

Figure 7.2: The steady-state characteristics under EV loading 
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The steady-state torque curves under different operating speeds are given in Figure 

7.3. As observed, the DITC has the smoothest torque profile and hence the lower torque 

ripples. Despite the higher torque ripples of SATC, its torque profile seems very smooth 

especially under low speeds as seen in Figure 7.3(a, b). As the speed increases, the torque 

ripples also increase; but can be filtered by vehicle inertia. After 2000 r/min, the torque 

ripple appears even with DITC and TSF as seen in Figure 7.3(e, f). 

  
a) At 500 r/min d) At 2000 r/min 

  
b) At 1000 r/min e) At 2500 r/min 

  
c) At 1500 r/min f) At 3000 r/min 

Figure 7.3: The steady-state torque curves 

7.1.3 Dynamic Performance 

The dynamic performance of control techniques is illustrated in Figure 7.4. The 

control techniques are tested with a sudden change of reference torque signal from 5 Nm 

to 25 Nm at 0.1 sec. All the control techniques can provide a fast dynamic response under 

the entire speed range as shown in Figure 7.4(a-f). 

7.1.4 Detailed Comparison 

Table 7.1 shows a detailed conclusion of the comparative study. As concluded, the 

TSF gives a satisfactory behavior but involves a complex control algorithm. The DITC 

and SATC are very good choices for EV applications. 

The choice of control technique depends mainly on the vehicle itself. For small EVs, 

the vehicle inertial may not filter properly the ripples; hence the DITC is the best choice. 

On the other hand, for bigger EVs, the SATC could be the superior choice as it has a 
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simple structure. SATC also is the best choice if the EV travels long distances under high 

speeds such as trains because SATC can provide higher efficiency under high speeds. A 

combination between the DITC and the SATC can be the best choice for EVs. 

  
a) At 500 r/min d) At 2000 r/min 

  
b) At 1000 r/min e) At 2500 r/min 

  
c) At 1500 r/min f) At 3000 r/min 

Figure 7.4: The dynamic torque curves 

 

Table 7.1: Summary of comparison results 

Performance indices Low Speed High Speed 

 DITC TSF SATC DITC TSF SATC 

Algorithm complexity  Moderate Complex Simple Moderate Complex Simple 

Required control period Medium  Short  Long  Medium  Short  Long  

Dynamic response Fast  Fast  Fast  Fast  Fast  Fast  

Parameter sensitivity No No No No No No 

Machine losses Low High  Low Low High  Low 

Requirement of torque 

inverse model  

No yes No  No Yes  No  

Requirement of online 

torque estimation 

Yes Yes  No  Yes Yes No 

Torque ripple Low Low Medium  High  High  Medium  

RMS current Low High  Low Low Medium  High 

Peak current Low Low Low High Medium  Low 

Switching frequency High Medium  Low Medium  Low High 

Total harmonic distortion Medium  Low High High Medium  Low 

Efficiency  High Medium  High Medium  Medium  High 
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7.2 Universal Control of SRM for EVs 

As noted earlier during the comparative study, each control technique provides a 

unique performance under a certain speed range. In order to gain the benefits of each 

control technique, a combination of these techniques is the solution. The best choice for 

the low-speed range is the DITC. It provides a very low torque ripple, fast dynamic 

response, high efficiency, and lowest RMS current. On the other hand, SATC is the best 

choice for high speeds. It provides high efficiency, fast dynamic response, and lowest 

RMS current. At high speeds, the vehicle inertial can filter the torque ripples.  

A proposed universal control of SRM for EVs is given in Figure 7.5. It employs a 

DITC and SATC. The DITC is meant for low speeds and the SATC is meant for high 

speeds. The transition between the two techniques should be very smooth without 

transient or disturbances.  
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Figure 7.5: The proposed universal control of SRM for EVs 

7.2.1 Smooth Transition Control 

The control will change from DITC to ATC after a certain speed. At the changing 

instant, a smooth transition should occur without transient. A smart solution without 

much complication of the control algorithm could be the best. There is no need for cross-

over control to transit form a state to another.  

The smartest and simplest solution for a smooth transition could be the excitation 

angles. As the DITC has inherited capability for torque ripple reduction, its turn-on angle 

is optimized for MTPA using (4.5), and the turn-off angle is re-optimized with higher 

efficiency weighting of wη=0.6. The other weights are wr=0.2, wcu=0.2. For SATC, it is 

employed for high speeds, hence torque ripples are not of great interest as it could be 

filtered by inertia. The efficiency becomes of the greatest value. Therefore, the firing 

angles are re-optimized for higher efficiency focusing. The turn-on angle is optimized for 

MTPA using (4.5), and the turn-off angle is optimized with a higher efficiency weighting 

factor of wη=0.6. The other weights are wr=0.2, wcu=0.2. The optimized turn-off angles 
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for DITC and SATC are given in Figure 7.6(a, b), respectively. As noted, the turn-off 

angles lie in a limited band.  

With firing angles, a smooth transition is guaranteed. Both DITC and SATC utilize 

(4.5) for optimum turn-on angle that means perfect transition over turn-on. The changing 

band of the turn-off angle is very limited as seen in Figure 7.6. Hence, the transition from 

DITC to SATC will be very smooth too.  

  
(a) DITC (b) ATC 

Figure 7.6: The optimized turn-off angles for DITC and ATC with wr=0.2, wcu=0.2, and wη=0.6. 

7.2.2 Simulation Results and Discussion 

The simulation results include dynamic performance evaluation under a sudden 

change of reference speed and load torque. It also includes investigation of control 

behavior under EV loading in acceleration and deceleration regions.  

7.2.2.1 Sudden Change in Reference Speed and Load Torque 

 Figure 7.7 shows the simulation results under sudden changes in motor speed and 

load torque. The reference speed is changed from 1500 to 2500 r/min at 1.2 sec as shown 

in Figure 7.7(a). The load torque is suddenly changed from 16 to 12 Nm at 0.8 sec, then 

from 12 to 17 Nm at 1.8 sec as shown in Figure 7.7(b).  

The transition speed is 2000 r/min. it means that the control starts with DITC till the 

speed of 2000 r/min, and then it changes to SATC. The transition is illustrated by the red 

dashed line (SIG), it is zero value means SATC, and the positive value means DITC.  

The transition is very obvious as seen in Figure 7.7(c) for the reference current signal. 

The reference current is very smooth under SATC; its compensation is obvious under 

DITC. The variation of turn-on and turn-off angles are shown in Figure 7.7(d, e), 

respectively. A very smooth behavior is seen that ensures a smooth transition.  

The torque profile is given in Figure 7.7(f). The DITC provides a smooth torque 

profile; the SATC seems to have higher torque ripples. The value of torque ripples is seen 

in Figure 7.7(g). In both regions of control, the motor can provide its rated power even 

with 20% higher as shown in Figure 7.7(h). The switching frequency has a limited band 
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as illustrated by Figure 7.7(i). The efficiency curve is seen in Figure 7.7(j). As noted, the 

efficiency increases with motor speed. At the transition instant, the efficiency is very 

clear to be increased. The DITC provides a very good efficiency of almost 96.5%. On the 

other hand, the SATC provides a higher efficiency (almost 97.5%).  

  
a) The motor speed f) The total electromagnetic torque 

  
b) The load torque g) The torque ripple 

  
c) The reference current h) The mechanical output power 

  
d) The variation of the turn-on angle i) The switching frequency 

  
e) The variation of the turn-off angle j) The efficiency  

Figure 7.7: Simulation results under a sudden change in motor speed 

7.2.2.2 Acceleration with Electric Vehicle Loading 

Figure 7.8 shows the simulation results under acceleration with EV as a load. The 

motor speed is given in Figure 7.8(a). The reference speed changes from 1500 to 2500 
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then to 3000 r/min at 0.6 and 1.2 sec, respectively. The load torque on the motor side is 

illustrated in Figure 7.8(b). As the vehicle accelerates, its loading torque increases. A 

smooth and adaptive variation for turn-on and turn-off angles is observed as given in 

Figure 7.8(c, d), respectively. The torque profile and the torque ripples are shown in 

Figure 7.8(e, f), respectively. A smooth transition is obvious over the torque curve. The 

switching frequency increases with speed as the motor employs single pules control under 

high speeds as seen in Figure 7.8(g). The efficiency is observed to be around 97.5% as 

shown in Figure 7.8(h).  

  
a) The motor speed e) The total electromagnetic torque 

  
b) The load torque on the motor side f) The torque ripple 

  
c) The variation of the turn-on angle g) The switching frequency 

  
d) The variation of the turn-off angle h) The efficiency  

Figure 7.8: Simulation results under EV acceleration  

7.2.2.3 Acceleration and Deceleration with Electric Vehicle Loading 

Figure 7.9 shows the simulation results under acceleration and deceleration with 

electric vehicle loading. The motor speed is given in Figure 7.9(a). The vehicle starts to 

decelerate at o.8 sec. hence; the reference current becomes negative as shown in Figure 

7.9(b). The motor operates in the forward generating mode. The switching angles are 

completely changed to excite the motor phase in the decreasing inductance region. The 



Chapter 7: Universal Controller of SRM for EVs 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

112 
 

variation of firing angles is given in Figure 7.9(c) and Figure 7.9(d), respectively. A 

smooth and adaptive variation under motoring and generating modes is observed.  

  
a) The motor speed f) The mechanical output power 

  
b) The reference current g) The total electromagnetic torque 

  
c) The variation of the turn-on angle h) The total electromagnetic torque 

  
d) The variation of the turn-off angle i) The torque ripple 

  
e) The average current j) The switching frequency 

Figure 7.9: Simulation results under starting with EV acceleration and deceleration  

In generating (braking) region, the motor returns current back to supply/battery, hence 

average current becomes negative as shown in Figure 7.9(e). The mechanical power and 

torque become negative in the braking region as seen in Figure 7.9(f, g), respectively. 

Zooming on torque profile in the braking zone is shown in Figure 7.9(h). First, the 

motor brakes under DITC, then under SATC, as seen a very smooth transition under 

generating is observed too. The torque ripple is seen in Figure 7.9(i), its spikes because 

the machine torque crosses zero while changing from positive (motoring) to negative 
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(generating) and vice versa. The switching frequency still has a limited value as seen in 

Figure 7.9(j). 

The phase current and inductance under motoring and generating modes are 

illustrated in Figure 7.10. As noted, for motor action, the motor phase is excited in the 

increasing inductance zone. And, for generator action, the motor phase is excited in 

decreasing inductance zone. 

 
Figure 7.10: The phase current in motoring and generating modes 

7.3 Conclusions  

This chapter presents the development of a universal control of SRM drives for EVs. 

First, it includes a detailed comparative study and analysis of different control techniques 

of SRMs. Based on the comparative study and the advantages of each control technique; 

it makes a combination of DITC and SATC to develop a universal control of SRM drives 

for EVs. The proposed control technique utilizes a DITC for low-speed operation and 

employs a SATC for high speeds. A very smart and smooth transition between DITC and 

SATC is guaranteed within switching angles optimization while obtaining MTPA. The 

controller is considered to be universal because it minimizes torque ripple, maximizes the 

efficiency and torque production using simple operations.  

Thesis 5 

I developed a universal control technique of SRM drives for EVs. It utilizes a DITC 

for low-speed operation and employs a simple average torque control (SATC) for high 

speeds. A very smart and smooth transition between DITC and SATC is guaranteed 

within switching angles optimization while obtaining MTPA. During the optimization 

process, greater importance is directed to efficiency improvement. 
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Chapter 8: Summary and Future works 

8.1 The Novelty of the Dissertation 

The most important new scientific results of the present dissertation can be 

summarized in six theses as follows: 

8.1.1 Thesis 1 

Due to the double saliency and deep magnetic saturation of SRMs, the modeling of 

SRM becomes a very complicated task,  

 I designed, and experimentally implemented a complete SRM drive system that 

includes the SRM, IGBT power converter, gate drive circuit, current and voltage 

measuring units, encoder, loading unit, and a digital signal processor (DSP). The 

drive system is not only used for verification and demonstration purposes but it is 

also very important for future researches and educational purposes. 

 I built an accurate and highly trusted model for the tested 8/6 SRM. The model can 

include accurately all the machine nonlinearities. Besides, it is capable of obtaining 

the imperfections introduced by manufacturing processes. The magnetic 

characteristics have been measured experimentally. The measurement errors have 

been analyzed and post-processed to reduce them. The measurement accuracy is 

verified by three different methods (FEA, inductance-capacitance-resistance (LCR) 

meter, and comparison with results obtained based on an installed search coil on 

stator poles).  

 Moreover, I developed a simple analytical formulation of motor torque in order to be 

used in a real-time implementation. The measured torque data is analytically fitted 

using a proposed third-order polynomial. The fitting coefficients are calculated as 

functions of the rotor position, and then the coefficients are fitted using seven-order 

polynomials.  

This thesis was published in [J6, B10, and C14]. 

8.1.2 Thesis 2 

The operation of SRM depends mainly on the synchronization of phases’ excitation 

along with the inductance pattern. The excitation parameters are of great value for the 

optimum operation of SRM drives.  
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 I developed a new analytical technique for optimum excitation of SRM drives. The 

proposed technique considers accurately the effect of back-emf voltage for high and 

even low-speed operation. It determines the most efficient turn-on angle as a 

function of motor speed and current magnitude. Moreover, the optimum turn-off 

angle is defined to enhance motor output torque/power without negative torque 

production. The proposed technique simplifies the SRM control in order to cut down 

the complexity and cost, it offers easy implementation and can be used for sensor 

and sensor-less operation of SRM drives. It also provides an eligible candidate for 

industrial applications as the optimization strategy uses an analytical solution. 

Experimental results are obtained to prove the promising performance and simplicity 

of the proposed controller. This thesis was published in [J7, C15]. 

 In addition, an optimization-based method for SRM control parameters to improve 

torque production has been developed. The proposed control calculates the most 

efficient θon according to torque production and copper losses. Instead of the 

conventional analysis of static torque curves, a trust dynamic machine model is used 

to ensure the absolute calculation of optimum θon over the entire range of operating 

speeds. The proposed controller improves torque production capability by 5.3% for 

speeds lower than the rated motor speed. This thesis was published in [J5]. 

8.1.3 Thesis 3 

The indirect instantaneous torque control (IITC) has the capability of reducing torque 

ripples for SRM drives, but it lacks the best torque to current ratio. It is also meant for 

low-speed operation.  

 I developed a maximum torque per ampere (MTPA) scheme based on indirect 

instantaneous torque control (IITC) for SRM drives. The switching angles are 

optimized analytically for maximum torque production. The required reference 

current signal is obtained from torque data by two proposed methods. This thesis 

was published in [C11]. 

 Moreover, I developed an IITC with extended-speed and reduced torque ripple 

capability. An improved TSF that compensates torque ripples of SRM is introduced. 

Based on the absolute changing-rate of flux linkage, the improved TSF adds torque 

error to the reference torque signal of the incoming phase. In addition, the proposed 

controller has a simple construction and easy to implement. This thesis was 

published in [C13, C16]. 
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 Furthermore, a combined system is developed that provides MTPA and torque ripple 

compensation. The proposed controller provides high efficiency and high dynamics. 

The torque ripple is kept minor over the whole speed range. The proposed system 

always provides MTPA.  

 I developed an improved direct instantaneous torque control (DITC) for SRM drives. 

It provides MTPA production. Moreover, an optimization-based problem is set for 

the turn-off angle in order to obtain the lowest torque ripple, the lowest copper 

losses, and the highest efficiency. The proposed system provides simple structure, 

easy implementation, high dynamics, extended constant power range, and reduced 

torque ripples. This thesis is to be published in [J3]. 

8.1.4 Thesis 4 

I constructed a simple structure average torque control (ATC) technique for SRM 

drives. It has an effective and promising performance for electric vehicles. It has a simple 

structure that offers easy implementation and lower cost. It has high dynamic 

performance over a wide range of operating speeds. The torque ripples are kept minor 

over the entire speed range. The torque ripples are low at low speeds which mean lower 

vehicle oscillations and noise. The torque ripples are reduced based on the optimization of 

excitation angles. The optimization is achieved with a multi-objective optimization 

function that aims to achieve the lowest torque ripple, the lowest copper losses, and the 

highest efficiency. This thesis was published in [J4, C12]. 

8.1.5 Thesis 5 

I developed a universal control technique of SRM drives for EVs. It utilizes a DITC 

for low-speed operation and employs a simple average torque control (SATC) for high 

speeds. A very smart and smooth transition between DITC and SATC is guaranteed 

within switching angles optimization while obtaining MTPA. During the optimization 

process, greater importance is directed to efficiency improvement. This thesis is to be 

published in [J1]. 
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8.2 Directions of Further Research 

There are several research points around the topic of SRM control that need more 

investigations. Emerging research problems that come from this research include the 

following: 

8.2.1 Multi-dimensional Design of SRM 

The performance of SRM drives depends not only on control techniques but also in 

the first step on motor design. For the best overall performance, a Multi-dimensional 

design of SRM considering the real control parameters and limitations has to be 

considered.  

8.2.2 PWM Current Control 

The hysteresis current control is widely employed for SRM current controllers as it 

provides a simple implementation. It also fits for the entire speed ranges. But, it has a 

great disadvantage as it has a variable switching frequency.  Hence, it is very important to 

develop a fixed-frequency PWM current control. It could help in torque ripple reduction 

and the limitation of switching frequency.   

8.2.3 Analytical Modeling 

The main problem that appears in each part of the SRM control algorithm is the 

highly nonlinear characteristics and their modeling in real-time processors. The accurate 

model is not only important for the machine analysis bur also for real-time control. 

Therefore, it is very essential to develop a simple analytical model for SRM to achieve 

high-performance real-time control.   

8.2.4 Model Predictive Control 

Model predictive control (MPC) has been adopted widely for AC motor drives. It is 

also a good choice for SRM drives as it can predict the best control state. The prediction 

depends on the machine model which is a complicated task for real-time processors. More 

effort has to be directed to machine modeling in order to fully use the benefits of MPC.   

8.2.5 Sensor-less-Operation 

Sensor-less-operation of SRM is very beneficial for industrial applications as the 

encoders are very fragile which means lower reliability. Besides, the resolvers are very 

expensive.   
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Appendix: Description of the Experimental System 

In this appendix, detailed parameters and specifications of the hardware prototypes of 

the experimental model are shown. It includes SRM, IGBT bridge converter, IGBT gate-

driver, current and voltage transducers, Torque transducer, DSP board, data acquisition 

board, and an electromagnetic brake. Figure A.0.1 shows the schematic diagram of the 

measurement platform. Figure A.0.2 shows the final experimental implementation of the 

measurement platform. 
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Figure A.0.1 Schematic diagram of the measurement platform. 

 
Figure A.0.2: The practical implementation of the measurement platform. 
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The SRM is coupled to an electromagnetic brake (MAGTORL model 4605c), which 

acts as a mechanical load. An incremental shaft encoder is used to provide the rotor 

position. The estimated variables are output using the digital-analog converters (DACs) of 

the DSP board. High-accuracy and linear LAH50-P current transducers (CTs) are used for 

phase current measurements. The phase voltages and supply voltage are measured using a 

high-speed and linearity-based op-amp circuit. A three-phase transformer, three-phase 

diode rectifier, and capacitor are used to provide DC power. The data are collected and 

plotted using a data acquisition board (DAQ NI USB-6009) and LabView software. The 

DSP is programmed using MATLAB/Simulink with the C2000 microcontroller support 

package in addition to Code Composer Studio (CCS) software. 

A.1 System Description  

A.1.1 SRM 

The motor is 4 kW, 1500 r/min, 8/6 poles, 4 phases SRM. It has equipped with search 

coils on stator poles for flux measurement. A 1024 PPR incremental encoder is also 

attached to the motor shaft for position estimation.  

A.1.2 IGBT Bridge Converter 

The converter is an asymmetric bridge converter. It has 2 switches and two diodes per 

phase as illustrated in Figure 2.8. The IGBT modules are MIXA60HU1200VA. A brief 

description of the rating and connections are given in Figure A.0.2. 

A.1.3 IGBT Gate-Driver 

The gate drive circuit is used to isolate the control circuit away from the power 

circuit. The isolation is carried out using a high-speed optocoupler (HCPL-3120-J312). 

This low input current logic gate opto-isolator has a detector with 4-state output suitable 

for driving data buses. It has an internal shield that gives good common-mode transient 

immunity (25 kV/μs). The opto-isolator circuit used to drive one IGBT is shown in Figure 

A.0.3. The isolated power supply comes from a dc/dc Converter circuit as shown in Figure 

A.0.4. The used dc/dc Converter is ITB Series (ITB1215SA) dc/dc Converter. 
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Figure A.0.3 IGBT modules. 

 
Figure A.0.4 Wiring diagram of optocoupler isolation circuit. 

 
Figure A.0.5 Wiring diagram of the dc-dc converter circuit. 

A.1.4 Current and Voltage Transducers 

The main purpose of transducers is to step down the voltage and current, as well as to 

provide electrical galvanic isolations between the high power stages of the motor and low 

power stages of the DSP and DAQ. Since the analog inputs of the DSP board only accept 
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signals ranging from 0 to 3.3 V. The current measurement is achieved using a current 

transducer module (LAH 50-P) made by LEM. The voltage measurement is made using 

an OPAMP based circuit as shown in Figure A.0.5. 

 
Figure A.0.6 The voltage measurement circuit. 

A.1.5 Torque Transducer 

The torque transducer is a DRBK torque transducer. It has a 0.5% accuracy, 100 Nm 

full scale, and 1 kHz sampling frequency. 

A.1.6 Electromagnetic Brake 

The electromagnetic brake is a MAGTORL (model 4605c). It has a maximum torque 

braking capability of 60 kg.cm (≅ 6 Nm). 

A.1.7 The Digital Control System  

Figure A.0.5 shows the high speed (150 MHz) C2000 Microcontroller board 

(TMS420F28355) from Texas Instruments. The Microcontroller is utilized to control the 

switching sequences of IGBT switches. The software control program is constructed by 

the author to implement the proper required functions using MATLAB/Simulink. This 

program is converted into C-codes and downloaded into the Microcontroller board using 

specific software (code composer studio).  
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Figure A.0.7 Digital photo of Microcontroller board. 

A.1.8 Data Measurement System 

The data measurement was carried out using a DAQ system from National 

Instruments (NI USB-6009). The DAQ card used in this work is state-of-the-art 

technology hardware and software developed by National Instruments (NI). It has a 

sampling rate of 49 k samples/sec with 8 Single-Ended analog inputs or 4 differential 

analog inputs.  

 

 

 

 

 

 

 


