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ABSTRACT 

This thesis presents a novel scheme for speed regulation/tracking of Switched 

Reluctance (SR) motors based on Higher-Order Sliding-Mode technique. In 

particular, a Second-Order Sliding-Mode Controller (SOSMC) based on Super 

Twisting algorithm is developed. Owing to the peculiar structural properties of SRM, 

torque produced by each motor phase is a function of phase current as well as rotor 

position. More importantly, unlike many other motors the polarity of the phase torque 

in SR motors is solely determined by the rotor position and is independent of the 

polarity of the applied voltage or phase current.  

SR motor needs an electronic commutation scheme for its operation. So design of 

commutation scheme plays an important role in motor efficiency and performance. 

This commutation scheme is embedded in its power supply as switching timers. The 

existing commutation schemes cause high power loss and based on those 

commutation schemes, the existing controller techniques for SR motor show low 

robustness especially when motor’s parameters change. Therefore a new commutation 

scheme is developed which optimizes power consumption in motor phases. On the 

bases of this commutation scheme, a new controller technique is used to design 

controller for SR motor which is highly efficient, simple to design and easy to 

implement and also provides sufficient robustness against parameter variations and 

unknown disturbances. The proposed controllers take advantage of this property and 

incorporate a commutation scheme which, at any time instant, selects to energize only 

those motor phases for the computation of control law, which can contribute torque of 

the desired polarity at that instant. This feature helps in achieving the desired speed 

regulation/tracking objective in a power efficient manner as control efforts are applied 

through selective phases and phases producing the torque of opposite polarity are kept 

switched off. This approach also minimizes the power loss in the motor windings 

reducing the heat generation within the motor. 

The common techniques for designing the SR Motor controls are fuzzy logic control, 

Artificial Neural Network (ANN) and feedback linearization. Fuzzy logic control 

provides sufficient robustness against parameter variations but at a high 

computational cost. Artificial Neural Network (ANN) shows good dynamic response 



viii 

 

against unknown disturbances but problem in using this technique is requirement of a 

large training data set. In the feedback linearization technique, nonlinear control 

problem is transformed into linear control problem and then any one of the well 

established and mature linear controller techniques are applied on the resulting 

system. Feedback linearization cannot be applied to all types of nonlinear systems; 

and in case of parameters uncertainties, the robustness cannot be guaranteed. All the 

deficiencies in discussed techniques can be overcome by introducing sliding mode 

control which is simple, easy to implement and provides robustness. The inherent 

problem of chattering in classical FOSMC can further be improved by using higher 

order sliding mode control (HOSMC).  

In order to highlight the advantages of Higher-Order Sliding-Mode controller, a 

classical First-Order Sliding-Mode controller (FOSMC) is also developed and applied 

to the same system. The comparison of the two schemes shows much reduced 

chattering and low power consumption in case of SOSMC. This feature is especially 

very important for SR motor control, due to reduced chattering; wear and tear 

problem of actuators is reduced.  The responses of synthesized controllers are also 

investigated against changes in moment of inertia which could be due to engagement 

of load; stator phase resistance which could vary due to temperature variations in 

winding during operation and coefficient of viscous friction as a model uncertainty. 

The performance of the proposed SOSMC controller for speed regulation is also 

compared with that of another sliding mode speed controller published in the 

literature and also with dynamic sliding mode controller. The same technique is also 

applied on position control problem and, FOSMC and SOSMC are developed for 

position regulation problem; making it possible candidate for servo drive application. 
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Chapter 1  

INTRODUCTION 

This chapter is dedicated to a brief introduction of switched reluctance (SR) motor 

and its structure, highlights some of the advantages and disadvantages associated with 

it and the applications where its use could be beneficial in terms of power and cost 

optimization. The contribution of the thesis is summarized in Section 1.3.  Section 1.4 

gives the layout of thesis and Section 1.5 gives concluding remarks.  

1.1   Switched Reluctance Motor (SR motor) 

SR motors have recently received increasing interest of research community due to its 

simple construction, rugged mechanical structure, fault-tolerant operation capability 

and low cost drive electronics. Due to the absence of any windings on the rotor, SR 

motor is very suitable for operations at high speed and/or at high temperatures and 

vibrations [1]. A number of possible practical applications of SR motor increase its 

requirement in industrial society. 

SR motor is doubly salient machine, i.e. both stator and rotor have salient poles on 

their laminations. Torque is generated due to the tendency of rotor poles to align 

themselves with the poles of the excited motor phases. The sequential excitation of 

the phases based on rotor position rotates the motor. Torque is nonlinear function of 

phase current and rotor position, and its polarity is independent of the polarity of 

phase current but depends only upon the relative position of the rotor poles with 

respect to the excited phase poles. Therefore, low cost unipolar power converters are 

used to drive SR motors. This fact also leads to a very important feature peculiar to 

this motor. 

Unlike most of the other types of electrical motors, it is not necessary that all poles of 

motor would be generating the torque of same polarity (in the same direction; 

clockwise or anticlockwise). It is quite possible that at a particular instant, one or 

more than one phases/ poles of motor are generating torque for clockwise rotation 

while the remaining phases are generating the torque in counterclockwise direction. It 
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is quite possible for example, that in a regular 3-phase SR motor, there are certain 

rotor positions where only one phase is generating the torque in a clockwise direction 

whereas the torques generated by the other two phases are in counterclockwise 

direction. In such a situation/ rotor positions, the torque in the opposite of the desired 

direction would give a cancellation effect thus wasting power input to the motor. 

Therefore it would not be necessary to energize all the phases, and only phases 

generating the torque in the desired direction would be energized.  

1.1.1 Basic Operation of SR Motor 

Consider a regular 3-phase 6/4 SR motor [2]. Initially the rotor poles R1 and R1
’
 are 

aligned with the stator poles B and B
’
. Here the rotor is at aligned position with 

respect to phase B but at unaligned position with respect to phase C. Aligned position 

is also called stable equilibrium point where the phase current cannot produce any 

phase torque at this point but slightly away from this point attracts the rotor towards 

it. Unaligned position is also called unstable equilibrium point where a small 

displacement causes the rotor away from that point. After energizing the phase C, the 

flux is produced through stator poles C and C
’
 and rotor poles R2 and R2

’
 which tends 

to bring rotor poles R2 and R2
’
 into alignment with the stator poles C and C

’
 

respectively in the clock wise direction as shown in the Figure 1.1 (i).  

 

Figure 1.1: Operation of SR motor. (i) Phase B is aligned. (ii) Phase C is aligned. 

 

After the alignment, the stator current in phase C is turned off and the subsequent 

situation can be seen in Figure 1.1(ii).  
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The rotor rotates in a step. The step angle is calculated by the following formula 

𝜃𝑠 =
2𝜋

𝑞  𝑁𝑟
          (Eq 1.1) 

where 𝑞 is the number of phases and  𝑁𝑟  is the number of rotor poles. In this 

particular motor, the step angle is  𝜃𝑠 =
2𝜋

3𝑋4
= 300       

Now phase A is energized, causing the poles R1 and R1
’
 move towards the poles A and 

A
’ 
respectively. Similarly by exciting phase B, results in alignment of rotor poles R2 

and R2
’
 with stator poles B and B

’
 respectively. Therefore, in three excitation in 

sequence CAB, moves the rotor to an angle 90 degree in the clock wise direction and 

for one complete revolution, current is switched in any phase as many times as  the 

number of rotor poles in the motor. Similarly, excitation in the sequence ACB rotates 

the motor in the counter clock wise direction. 

1.1.2 Torque Production Principle 

The torque production in SR motor is described with the help of electromechanical 

energy conversion principle of solenoid as shown in the Figure 1.2(i) [2]. When 

solenoid is excited with a current i having N turns, the coil establishes a flux 𝛷. With 

the increment of excitation current, the armature will rotate towards the fixed yoke. 

Let 𝑥𝑎  and 𝑥𝑏  be two points in the air gap such that 𝑥𝑏 <  𝑥𝑎  then their fluxes verses 

magneto-motive force (mmf) plot can be shown in the Figure 1.2(ii). The flux vs. 

mmf behaviour is linear for 𝑥𝑎  due to dominant reluctance and makes the flux smaller 

in the magnetic circuit. 

 

Figure 1.2: Solenoid and its characteristics. (i) A solenoid. (ii) Flux vs. mmf characteristics. 
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The input electrical energy 𝑊𝑒  is expressed as  

𝑊𝑒 =  𝑒𝑖 𝑑𝑡 =  𝑖 𝑑𝑡
𝑑𝑁𝛷

𝑑𝑡
=  𝑁𝑖 𝑑𝛷 =  𝐹 𝑑𝛷            (Eq 1.2) 

where 𝑒 and 𝐹 are the induced electro-motive force (emf) and mmf respectively. 𝑊𝑒   

is also equal to the energy stored in the coil 𝑊𝑓  plus the energy converted into 

mechanical work 𝑊𝑚 . 

𝑊𝑒 = 𝑊𝑓 + 𝑊𝑚           (Eq 1.3) 

In case of no mechanical work, the field energy is equal to the input electrical energy 

given in (Eq 1.2).  This field energy corresponds to the area OBEO as shown in the 

Figure. The complement of field energy is called coenergy corresponding to the area 

OBAO. Now for 𝑥𝑏 , field energy and coenergy correspond the area OCDO and 

OCAO. In this case, the incremental input electrical energy is written as 

𝛿𝑊𝑒 = 𝛿𝑊𝑓 + 𝛿𝑊𝑚          (Eq 1.4) 

⟹ 𝛿𝑊𝑚 = 𝛿𝑊𝑒 − 𝛿𝑊𝑓         (Eq 1.5) 

Let a constant excitation force 𝐹1 be applied at the point A then the corresponding 

𝛿𝑊𝑒  and 𝛿𝑊𝑓  are written as 

𝛿𝑊𝑒 =  𝐹1
𝛷𝑏

𝛷𝑎
𝑑𝛷 = 𝐹1 𝛷2 − 𝛷1 = 𝑎𝑟𝑒𝑎(𝐵𝐶𝐷𝐸𝐵)       (Eq 1.6) 

𝛿𝑊𝑓 = 𝛿𝑊𝑓 𝑥=𝑥𝑏
 − 𝛿𝑊𝑓 𝑥=𝑥𝑎

 = 𝑎𝑟𝑒𝑎 𝑂𝐶𝐷𝑂 − 𝑎𝑟𝑒𝑎 𝑂𝐵𝐸𝑂     (Eq 1.7) 

Now plugging (Eq 1.6) and (Eq 1.7) in (Eq 1.5) and get 

𝛿𝑊𝑚 = 𝑎𝑟𝑒𝑎 𝑂𝐵𝐶𝑂         (Eq 1.8) 

This is the incremental mechanical energy for a given mmf 𝐹1. In case of rotating 

machine, 𝛿𝑊𝑚  can be expressed as 

𝛿𝑊𝑚 = 𝑇𝑒𝛿𝜃          (Eq 1.9) 

where 𝑇𝑒  is the electromagnetic torque and 𝛿𝜃 is the change in position, therefore 

𝑇𝑒 =
𝛿𝑊𝑚

𝛿𝜃
          (Eq 1.10) 

Since 𝐹1 is a constant excitation force so 𝛿𝑊𝑚  is equal to the rate of change of 

coenergy, therefore 
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𝛿𝑊𝑚 = 𝛿𝑊𝑓
′            (Eq 1.11) 

and 𝑊𝑓
′ =  𝛷 𝑑𝐹 =  𝛷 𝑑 𝑁𝑖 =   𝑁𝛷 𝑑𝑖 =  𝜆 𝜃, 𝑖 𝑑𝑖 =  𝐿 𝜃, 𝑖 𝑖 𝑑𝑖  

where 𝐿 𝑎𝑛𝑑 𝜆 are the inductance and flux linkage respectively. Both are the 

functions of rotor position and current. This change in coenergy has been occurred 

from rotor position  𝜃𝑏  to rotor position 𝜃𝑎 . 

Now (Eq 1.10) can be written as 

𝑇𝑒 =
𝛿𝑊𝑚

𝛿𝜃
=

𝛿𝑊𝑓
′

𝛿𝜃
=

𝛿𝑊𝑓
′  𝑖 ,𝜃 

𝛿𝜃
  𝑖 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡        (Eq 1.12) 

If inductance is a linear function of rotor position at a given phase current which is not 

possible in actual motor operation, (Eq 1.12) can be rewritten as 

𝑇𝑒 =
𝑑𝐿 𝜃 ,𝑖 

𝑑𝜃
 .

𝑖2

2
         (Eq 1.13) 

where  
𝑑𝐿 𝜃 ,𝑖 

𝑑𝜃
=

𝐿 𝜃2 ,𝑖 −𝐿 𝜃1 ,𝑖 

𝜃2−𝜃1
 𝑖 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡   

Now following observations can be deducted from (Eq 1.13). 

 Since 𝑇𝑒 ∝
𝑖2

2
  so unidirectional torque can be developed by applying unipolar 

current requiring only one power switch for current regulation in phase 

winding. Due to this characteristic, less hardware is used in motor convertor, 

making the motor more economical.  

 Since torque is proportional to the square of the current so SR motor has a 

sufficient starting torque. 

1.1.3 Inductance verses rotor position relationship derivation 

Due to saturation and variation of phase current, the ideal inductance profile given in 

Figure 1.4 is not possible for actual motor operation; however for clarity and ease of 

understanding, motor is being assumed working in an unsaturated region with 

constant phase current. The inductance profile changes are expressed in terms of 

stator pole arc  𝛽𝑠 , rotor pole arc  𝛽𝑟  and number of rotor poles  𝑁𝑟 . The stator 

pole arc is supposed to be smaller than rotor pole arc, and then, the following 

expressions are derived [2]. 

𝜃𝑎 =
1

2
 

2𝜋

𝑁𝑟
−  𝛽𝑠 + 𝛽𝑟           (Eq 1.14) 
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𝜃𝑏 = 𝜃𝑎 + 𝛽𝑠            (Eq 1.15) 

𝜃𝑐 = 𝜃𝑏 +  𝛽𝑟 − 𝛽𝑠            (Eq 1.16) 

𝜃𝑑 = 𝜃𝑐 + 𝛽𝑠          (Eq 1.17) 

𝜃𝑒 = 𝜃𝑑 + 𝜃𝑎 =
2𝜋

𝑁𝑟
           (Eq 1.18) 

 

Figure 1.3: Basic rotor position definition in 2-poles SR motor. 

 

 

Figure 1.4: Inductance profile. 
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From Figure 1.4, following regions are considered. 

 0 − 𝜃𝑎 , 𝜃𝑑 − 𝜃𝑒  (No over lapping)  

In these regions, flux path is mainly determined by the air gap making the 

inductance minimum; it is almost constant. This inductance is termed as 

unaligned inductance  𝐿𝑢 . These regions do not play a part in torque 

production. 

 𝜃𝑎 − 𝜃𝑏   (Partial overlapping)  

Flux path in this region is generally through stator and rotor pole core. The 

inductance increases linearly with rotor position providing positive slope, so 

positive torque (conversion of electrical energy into mechanical energy) is 

produced. This region comes to end before the full overlapping region starts.   

 𝜃𝑏 − 𝜃𝑐  (Full overlapping) 

In this region, the inductance has maximum value, it is almost constant. This 

inductance is termed as aligned inductance  𝐿𝑎 . Since the inductance is 

constant so no torque is generated in this region instead of presence of phase 

current. This region plays an important role in providing sufficient time to 

make current zero or some minimum value during commutation thus avoiding 

negative torque.  

 𝜃𝑐 − 𝜃𝑑  (Partial overlapping) 

The inductance in this region decreases linearly with rotor position providing 

negative slope, so negative torque (conversion of mechanical energy into 

electrical energy) is produced.  

1.1.4 Advantages and Disadvantages of SR Motor 

The SR motor acquires some distinguished features that make it strong contestant to 

existing AC and DC motors in various engineering applications. The advantages of 

SR motor can be summed up as following [1-2]: 

 SR motor preserves high efficiency over wide speed and load ranges. 

 Since in SR motor, there are no brushes on rotor, and there is no winding or 

permanent magnets on rotor, therefore SR motor has low rotor inertia and a 
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high torque/inertia ratio. Due to this property, rotor has the ability to move 

faster. 

 SR motor has simple mechanical construction. The stator and rotor has salient 

poles made up of laminations and there is no winding cost on rotor. Therefore 

the overall manufacturing cost of SR motor is low. 

 Since SR motor is a brushless machine similar to AC machine, therefore its 

maintenance is easier than DC machine. 

 Since there is no such mechanical arrangement (a brush commutator) in SR 

motor, and rotor is free from winding or permanent magnets, therefore rotor 

can move up to high speeds and low speeds/zero speed with full rated torque. 

 SR motor can be used for four quadrant operation either for motoring or 

generating purpose. 

 SR motor is shape adaptable; it can be designed as a pancake or long to adjust 

the available space. 

SR motor has a unique inverter topology in which each leg is facilitated with a 

separate phase winding preventing it from a shoot through failure. Shoot 

through failure or shoot through fault in SR motor may be classified into two 

categories: machine fault and convertor fault.  

 Machine fault may be phase winding open or phase winding short.  

 Convertor fault may be phase switch open, phase switch short, DC 

voltage drop etc.  

This feature makes SR motor a good fault tolerant machine. 

 Due to independent stator phases, the motor operation will not be stopped in 

case of one or more phases loss. 

 SR motor control is also possible without position sensors. The information 

about rotor position is achieved by means of change in inductance and change 

in flux during the entire electrical cycle of rotor rotation. 

However, SR motor has some disadvantages which are listed below: 



9 

 

 SR motor needs a small air gap in order to optimize its output power density. 

This thing leads to increase the complexity in manufacturing SR motor and 

also becomes the source of inductance irregularity. 

 Usually, in SR motor control, position encoder is used to estimate the rotor 

position but there are some situations where the encoder is not allowed (e.g. 

compressor), sensorless control is the best solution for such problems.  

 Potential cost of SR motor drive was high but with the growth of electronic 

circuits, its cost is now gradually decreasing. 

 The phase torque is the nonlinear function of rotor position and phase current 

and net torque which is equal to the sum of torques produced by all phases of 

the motor is usually not smooth. In order to make smoothness, complex 

control technique can be employed. Further, ripples are appeared in the 

generation of phase torque due to switching of phase current. A number of 

techniques have been developed in the literature in order to minimize the 

torque ripples [3-5]. 

 SR motor produces acoustic noise due to time varying phase current. Acoustic 

noise may be dangerous for the motor because it distorts the stator yoke with 

time. However, this problem can be reduced with good mechanical 

construction. 

1.1.5 SR Motor Applications  

SR motor can be used for the following purposes [2]. 

 General purpose industrial drive 

 Application specific drive such as compressors, fans, centrifuge, and pumps 

etc. 

 Domestic drives such as food processors, washing machine and vacuum 

cleaners etc. 

 Electric vehicle application 

 Aircraft actuators and generators. Actuators are used in defence application 
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 Servo drives and coolant pumps in nuclear power plant 

1.2   Motivation 

The thesis is aimed at design of model based controllers for power optimization of an 

SR motor. The mathematical model of an SR motor is highly nonlinear due to 

magnetic saturation effects therefore the speed/position control of this motor is 

important issue in industrial drive application. A number of techniques had been 

found in literature for speed/position control of SR motor. Each one has its own 

merits and demerits. Feedback linearization method was introduced in [6-9] etc. to 

address speed/position control problems for SR motor. However, the controller 

synthesis process was complex and also dependent on exact external load model. It 

also required complete knowledge about magnetization characteristics. The use of 

fuzzy logic technique was reported in [10-12] etc. for speed control problem of SR 

motor. However in this technique, the selection of appropriate set of rules was 

compulsory and the designer was required to have the knowledge about system 

behavior and fuzzy system so that required membership functions could be selected. 

Moreover, optimization of parameters in membership function was very complex.  

Sliding mode technique emerged from Soviet Union in 60s and attracted the attention 

of researchers due to its simple structure, robustness and easy implementation. Since 

motor control is intrinsically discrete in nature, use of sliding mode technique is ideal 

in electric machines because its switching control structure property is best suited for 

electronic power circuit. In [3, 5, 13-22], sliding mode technique had been reported on 

SR motor for various control issues. Along with these benefits, it had the drawback of 

chattering which is dangerous for electromechanical systems because it excites 

unmodelled dynamics that may cause unexpected problems and may cause instability. 

A number of techniques had been developed to avoid chattering. One of the 

techniques was the use of boundary layer in which the saturation function was 

introduced to approximate the sign function term in the sliding manifold (see, e.g., 

[23]). The significance of this technique was that the system trajectories were 

bounded to remain within the small vicinity of the sliding manifold but this caused 

steady state error. Another solution of chattering reduction was the use of dynamic 

sliding mode control [24] where the dynamic sliding surface was used to produce 

dynamic feedback. This method was restricted to a specific nonlinear system. One of 
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the possible solutions of chattering reduction was the use of higher order sliding mode 

(HOSM) control. Many authors applied this technique on various industrial drive 

applications. For example, HOSM control on DC Motor [25], induction motor [26-

27], permanent magnet synchronous motor [28-29], stepper motor [30] had been 

found in literature for various engineering problems. The motivation of this thesis is 

to develop such control strategy to address speed/position problems of SR motor 

which should be almost chattering free and robust against parameter variation and 

unknown disturbances. In addition, the desired performance may be achieved in finite 

time.   

1.3   Contribution of the Thesis 

In this thesis a number of model-based sliding mode controllers are designed for 

power optimization and speed control of SR motors. The designed controllers are 

compared with PI controller for performance evaluation. A novel commutation 

scheme is designed for controller design because it is an essential and integral part of 

SR motor controls. The major individual contributions of this thesis are summarized 

as below. 

 A novel commutation scheme for SR motor has been proposed. The proposed 

commutation scheme minimizes input power by exciting at the most two out 

of three phases of same polarity at any instant. Conversely, at least one, and at 

the most two phases of opposite polarity are kept off to avoid the negative 

contribution which causes power loss at the own expenses. Thus the motor is 

driven in a power efficient manner by this commutation scheme. 

 A high performance second order sliding mode controller (SOSMC) for speed 

regulation/tracking problem of SR motor has been derived and simulated. A 

conventional first order sliding mode controller (FOSMC) has been developed 

for comparison. This technique has been applied first time for this motor 

application according to author’s best knowledge based on extensive literature 

survey. 

 A FOSMC for position regulation has been designed for SR motor and its 

robustness has been tested against parameter variations and unknown 
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disturbances; making it possible candidate for servo drive application. This 

technique has also been applied first time for position control of SR motor. 

 A high performance SOSMC for position regulation problem for the same 

system has also been developed first time and its performance has been 

compared with FOSMC. 

1.4   Organization of the Thesis 

This thesis is organized as follows: 

A mathematical model is described on the bases of physical laws in Chapter 2. It is 

taken from [31]. Next, a novel commutation scheme is presented for SR motor which, 

at any time instant, selects only those motor phases for the computation of control 

law, which can contribute torque of the desired polarity at that instant. This feature 

helps in achieving the desired speed/position regulation/tracking objective in a power 

efficient manner as control efforts are applied through selective phases and 

counterproductive phases are left un-energized. This approach also minimizes the 

power loss in the motor windings and thus reducing the heat generation within the 

motor. Using this proposed commutation scheme, a conventional PI controller is also 

designed and its performance is tested against parameter variation and unknown 

disturbances.   

A first order sliding mode controller (FOSMC) is derived for SR motor and its 

convergence issues are also discussed Chapter 3.  SR motor is highly nonlinear 

machine due to its nonlinear characteristics. Many nonlinear techniques were 

developed so far for the control of SR motor. Most of the techniques required a lot of 

knowledge about the dynamic system, such as phase resistance, inductance, flux 

linkage, inertia, coefficient of friction and external load. Moreover, the controller 

design and its implementation were very complex. A brief survey of these techniques 

on SR motor is presented in this chapter. Sliding mode technique has gained much 

popularity and has received considerable attention from control community due to its 

simple structure, inherent robustness and easy implementation. To understand this 

technique and how to design sliding mode controller, few examples are quoted. The 

designed FOSMC with proposed commutation scheme is simulated and compared 

with conventional SMC for speed regulation/tracking problem. FOSMC saves power 
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consumption and its performance is far better than conventional SMC. But sliding 

mode technique causes undesirable chattering. Higher order sliding mode is one of the 

solutions of chattering reduction.     

Higher order sliding mode (HOSM) technique is introduced and its applications on 

different types of systems especially motors are elaborated in Chapter 4.  HOSM is 

one of the solutions of chattering removal in addition of robustness and order 

reduction. Theory of HOSM control is given in detail along with design of super 

twisting algorithm which is one of the popular algorithms that does not require the 

time derivatives of sliding variable. An example from [32] is taken in order to 

demonstrate the performance of second order sliding mode controller (SOSMC) over 

FOSMC. In addition, important simulation results are given for comparison of 

conventional SMC, FOSMC and SOSMC over power loss, amount of voltage, and 

torques for speed/position regulation problem.  

Chapter 5 deals with robustness, the important characteristic of the proposed 

controllers. The significant results are elaborated through simulation study. The 

performance of the proposed controllers SOSMC is tested and compared with 

FOSMC against parameter variation such as moment of inertia, coefficient of friction, 

resistance and external disturbances.  

In Chapter 6, a brief review of the results of the previous chapters along with some 

general comments is given and proposed future work is also presented. 

1.5   Conclusion 

This chapter has briefly described the overall structure of thesis. SR motor and its 

various applications in real life have been discussed. Since due to its magnetic 

structure, SR motor is highly nonlinear, many nonlinear techniques have been 

developed for its control. The sliding mode technique was selected for controller 

design and analysis for speed control application in this thesis. Among these, sliding 

mode has received much attention from control community due to its simple structure, 

robustness and easy implementation but it was affected by chattering phenomenon 

which can be evaded by introducing HOSM control. This technique is also applied on 

speed control problem of SR motor. The same technique is also applied on position 

regulation problem; making it possible candidate for servo drive application.    
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Chapter 2  

MATHEMATICAL MODEL AND PROPOSED 

COMMUTATION SCHEME FOR SR MOTOR 

In order to study the dynamics of SR motor and to synthesize its controllers, a 

mathematical model of the system is required. In Section 2.1, model is described on 

the bases of physical laws. Next, the commutation scheme for SR motor is proposed 

in Section 2.2 and Section 2.3 discusses the design and performance of conventional 

PI controller against parameter variations and unknown disturbances for speed control 

problem. Section 2.4 concludes the chapter. 

2.1   Model Description 

For any controller design, the important step is to develop the reliable mathematical 

model that represents the system dynamics under various operating conditions. A lot 

of work has been done on modeling and design of SR motor. Several numbers of 

techniques have been found in literature for estimating the motor parameters. Finite 

element method (FEM) is one of the popular techniques used for mathematical 

modeling.  It has the capability to grasp complicated geometries with relative ease. 

Ref. [33] has applied FEM on SR motor by incorporating its nonlinear model. Flux 

linkage was estimated for a particular current and rotor position. The estimated 

parameters were verified through simulation results at different operating conditions. 

Artificial neural network (ANN) has the quality of self learning and can approach the 

problem with any accuracy. Ref. [34] applied ANN on SR motor and proposed a 

model. The model consisted of further two submodels namely forward model and 

inverse model. Forward model was used to estimate flux linkage and torque as a 

function of current and rotor position whereas inverse model was used for current and 

flux linkage estimation depending upon torque and rotor position. The proposed 

model was independent of phase voltage and torque sensors and was shown to be 

more effective and accurate. However ANN has a drawback, the searching capability 

of global optimization solution and convergence rate is poor. Genetic algorithm (GA) 
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compensates these two deficiencies. Ref. [35] has combined both ANN and GA for 

SR motor modeling by exploiting the fast convergence of GA and computational 

accuracies of ANN. Their simulation results showed the improved convergence rate 

and accuracy of the proposed technique. Ref. [36] introduced new approach for 

developing dynamic model of SR motor. The approach was based on assumption that 

phase inductance profiles always have triangular shapes and its peak values depend 

upon phase current. It was concluded that the proposed model was very suitable for 

controller design.  

Although the proposed controllers can be developed for any SR motor with arbitrary 

number of phases, for clarity of presentation and subsequent simulations, a specific  

6/8, regular 3-phase commercial SR motor [31] is considered whose parameters are 

listed in Table-1.  

Table 1: Parameters of SR Motor. 

Parameter Value 

No. of Phases 3 

No. of Stator Poles 6 

No. of Rotor Poles 8 

Inertia (J) 0.1 N.ms2 

Coefficient of Friction (B) 0.1 N.ms 

Phase Resistance 4.7  

DC Voltage Supply 250 V 

Rated Speed 492 rad/sec 

Rated Power 5 KW 

 

The mathematical model of SR motor consists of electrical and mechanical dynamic 

subsystems which are described below.  
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2.1.1 Electrical Subsystem 

Because of the concentrated nature of phase windings, the mutual inductance between 

various phases of SR motor is negligibly small. Thus the voltage applied to any one 

phase of the SR motor can be accurately described as 

𝑢𝑗  (𝑡) = 𝑅𝑗 𝑖𝑗  (𝑡) +
𝑑𝜆𝑗  𝜃 ,𝑖𝑗  

𝑑𝑡
      𝑗 = 1,2,3     (Eq 2.1) 

Where 𝑢𝑗 , 𝑅𝑗 , 𝑎𝑛𝑑  𝑖𝑗  represent the input, resistance, and current in the jth phase. 

𝜆𝑗  𝜃, 𝑖𝑗   is the flux linkage in the jth phase which is a the nonlinear function of rotor 

position and phase current. For simplicity of notation, the explicit dependence of 

𝑢𝑗  and 𝑖𝑗  on time ‘t’ will be omitted in the remaining part of the thesis. The decoupling 

between motor phases leads to the following expression for the time derivative of 

phase flux linkage: 

 
𝑑𝜆𝑗  𝜃 ,𝑖𝑗  

𝑑𝑡
=  

𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝜃
 
𝑑𝜃

𝑑𝑡
+  

𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗  
 
𝑑𝑖𝑗  

𝑑𝑡
     (Eq 2.2) 

Substituting (Eq 2.2) in (Eq 2.1) gives:  

𝑢𝑗   = 𝑅𝑗 𝑖𝑗  +
𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝜃
 𝜔 +  

𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗  
 
𝑑𝑖𝑗  

𝑑𝑡
       (Eq 2.3) 

which can be re-written in the following form  

𝑑𝑖𝑗  

𝑑𝑡
  = ( 

𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗
 ) −1( 𝑢𝑗   − 𝑅𝑗 𝑖𝑗  –𝜔 

𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝜃
 )    (Eq 2.4) 

Where  
𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗  
  represents the self-inductance of the phase and  𝜔

𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝜃
  is the back 

EMF produced in the jth phase.  

Variables and parameters of electrical subsystem are summarized in Table 2. 

Table 2: Model Summary of Electrical Subsystem. 

Sr. No. Variable/parameter Description 

1 𝑢𝑗   Input voltage in jth phase 

2 𝑅𝑗  Resistance in jth phase 

3 𝑖𝑗   Current in jth phase 

4 𝜆𝑗  Flux linkage of jth phase 
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5 𝜃 Rotor position 

6 𝜔 Rotor speed 

7 
𝜕𝜆𝑗  𝜃, 𝑖𝑗  

𝜕𝑖𝑗  
 Self-inductance of the jth phase 

8 𝜔
𝜕𝜆𝑗  𝜃, 𝑖𝑗  

𝜕𝜃
 

Back EMF produced in the jth phase. 
 

 

2.1.2 Mechanical Subsystem 

Mechanical subsystem can be expressed by the following relation. 

𝑑2𝜃

𝑑𝑡 2 =
1

𝐽
(𝑇𝑒 𝜃, 𝑖𝑗  − 𝐵𝜔 − 𝑇𝐿)      (Eq 2.5) 

where 𝜃  is the rotor angle and 𝜔 is the rotor speed. J and B are the moment of inertia 

and coefficient of friction, respectively. 𝑇𝑒 𝜃, 𝑖𝑗    is the total electromagnetic torque 

which is equal to the sum of individual torques produced by all motor phases. For 

simplicity, the explicit dependence of 𝑇𝑒  on 𝜃 and 𝑖 is being omitted in the remaining 

part of the report. 

𝑇𝑒 =   𝑇𝑗  𝜃, 𝑖𝑗  
3
𝑗=1         (Eq 2.6) 

where 𝑇𝑗  𝜃, 𝑖𝑗   is the torque of the jth phase. 

𝑇𝑗  𝜃, 𝑖𝑗  =  
𝜕𝑊𝑐 𝜃 ,𝑖𝑗  

𝜕𝜃
         (Eq 2.7) 

where 𝑊𝑐  is co-energy. 

 𝑊𝑐 𝜃, 𝑖𝑗  =   𝜆𝑗  𝜃, 𝑖𝑗  
𝑖𝑗

0
   𝑑𝑖𝑗        (Eq 2.8) 

Now   (Eq 2.7) takes the form as 

𝑇𝑗  𝜃, 𝑖𝑗  =  
𝜕

𝜕𝜃
     𝜆𝑗  𝜃, 𝑖𝑗  

𝑖𝑗
0

   𝑑𝑖𝑗       (Eq 2.9) 

Variables and parameters of mechanical subsystem are summarized in Table 2. 

Table 3: Model Summary of Mechanical Subsystem. 

Sr. No. Variable/parameter Description 

1 J Moment of inertia 

2 𝑇𝑒  Total electromagnetic torque produced in the motor 
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3 𝐵 Force of friction 

4 𝑇𝐿  Torque load 

5 𝑇𝑗  Torque of the jth phase 

6  𝑊𝑐  Co-energy 

 

 

Now, the complete dynamic model of the SR motor can be expressed in the following 

state-space form:  

𝑑𝜃

𝑑𝑡
= 𝜔                          (Eq 2.10) 

𝑑𝜔

𝑑𝑡
=

1

𝐽
(𝑇𝑒 𝜃, 𝑖𝑗  − 𝐵𝜔 − 𝑇𝐿)          (Eq 2.11) 

 
𝑑𝑖𝑗

𝑑𝑡
=

𝜕𝜆𝑗 (𝜃 ,𝑖𝑗 )−1

𝜕𝑖𝑗
 (𝑢𝑗  𝑡 − 𝑅𝑗 𝑖𝑗  𝑡 − 𝜔

𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝜃
)    (Eq 2.12) 

 

2.2   Commutation Scheme 

As stated earlier, torque is produced in SR motor when rotor moves towards the 

excited phase. This sequential excitation of the phases rotates the motor which is 

performed through commutation scheme. Contrary to other motors, commutation in 

SR motor is achieved electronically instead of being operated from AC source or DC 

bus. To accomplish this power electronics are used to regulate the commutation of the 

motor’s phases. The commutation scheme plays a vital role in SR motor control. The 

commutation scheme use position feedback either from position sensors [37-38] or 

from sensorless approach ([15], [39-40] etc.).  The basic idea behind the commutation 

scheme is the selection of phase for excitation which depends upon the rotor position 

in order to optimize the motor performance. The detail of the commutation scheme is 

given in the next section.  

2.2.1 Proposed Commutation Scheme 

For finding proper control laws for SR motor control using FOSMC and SOSMC at 

each instant, in terms of phase voltages, the elements of control vector u will be 
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selected so as to engage only those phases which can contribute torque of the desired 

polarity. The selection of the appropriate motor phases at each instant depends upon 

the rotor position and the sign of the speed error at that instant. The commutation 

scheme which does this phase selection is now being explained.  

Although the phase torque of SR motor is a complex non-linear function of rotor 

position and phase current as explained earlier, for ease in explaining the 

commutation scheme the researcher would refer to Figure 2.1 which shows the phase 

torques of a regular 3-phase SR motor at a specific value of phase currents, ignoring 

the effects of magnetic saturation and spatial harmonics. The figure shows the 

variation of phase torques as a function of rotor position within one electrical cycle. 

The complete electrical cycle is divided into 12 distinct regions R1-R12 such that in 

each region, specific phase(s) can only produce positive torque whereas the remaining 

phase(s) can contribute only negative torque. For example, in region R1, positive 

torque is only produced via phase B, while phase C and phase A when energized 

provide only negative torques. Similarly in region R3, phases B and C provide 

positive torque while negative torque can only be produced by energizing phase A.  

Thus if the rotor position lies in R3 at a specific time instant and positive torque is 

required to reduce the speed error, only phases B and C should be used to compute the 

control laws. This would lead to achieving the desired net torque using lower voltage 

levels and with reduced copper losses in the motor windings. Had all the motor phases 

energized, not only that phase A would have generated counterproductive torque, 

other phases would had to produce higher than the required values of torques to 

cancel the opposing torque produced by phase A. This would have lead to applying 

higher phase voltages and an increase in copper losses too. On the other hand, if 

negative torque is required in this region to reduce the speed error, then only phase A 

should be energized. There is no need to energize phases B and C because they can 

only produce positive torques in this region, which would be counterproductive.  

A similar approach is adapted in all these regions, which suggests that for a regular 3-

phase SR motor, only one or at the most two phases can produce the desired polarity 

torque at any instant depending upon the current rotor position. Thus a judicious 

choice of the phases to be used in computing the control laws would result in saving 

net power leading to increased system efficiency.  
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Figure 2.1: Division of one electrical cycle into 12 distinct  region for commutation purposes. 

 

To understand the above commutation scheme clearly, a flow chart is given on the 

next page.  
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To have some idea about the commutation scheme, see the Figure 2.2; for instance, 

position control application. Using conventional scheme (a), error is to be estimated 

from the estimated position and the desired position, and this error is then propagated 

to controller for further process. Once the error is estimated, the controller determines 

how much torque is required to compensate the error and then, on the bases of the 

desired compensating torque, required input voltages are estimated. For this particular 

6/8 3-phase regular SR motor, the input values ua, ub, uc are estimated by the 

controller and then, are applied to motor phases.  

In the proposed design (b), the scheme takes present position to determine in which 

region the rotor of the motor lies. The scheme also takes position error to determine 

which polarity of the torque whether positive or negative torque is required. On the 

bases of this information, the scheme gives the correct phases that should be 

energized.  Therefore, the contributing phases out of the phases given by the 

controller are to be selected. The selected phases may be at most two as it is the 

design of proposed commutation scheme. The output of commutation is applied to 

motor phases. 

 

Figure 2.2: Block diagram of commutation schemes. 
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To apply conventional control on SR motor model represented by (Eq 2.10) - (Eq 

2.12) using proposed commutation scheme described in Section 2.2, PI controller for 

speed regulation/tracking problem is designed and its performance is discussed in the 

following section. 

2.3   PI Controller for speed control application 

PI controllers are widely used in industries due to their design simplicity and low cost. 

Moreover, their implementation in analogue or digital hardware is simple and easy. 

Under limited operating conditions, they perform well and also their steady state 

performance is good. The PI controller for SR motor can be expressed as  

𝑢 = 𝐾𝑝𝑒 𝑡 + 𝐾𝑖  𝑒 𝑡 𝑑𝑡       (Eq 2.13) 

Where 𝐾𝑝  and  𝐾𝑖  are the proportional and integral gain constants. Since the motor is 

highly nonlinear and state variables are coupled, so it is not easy to predict the system 

dynamics with the help of mathematical solution. Therefore classical pole placement 

method is not applicable for designing PI controller. For a certain operating point, the 

gains 𝐾𝑝  and  𝐾𝑖   are tuned using trial and error method. Online tuning would require 

a lot of computational resources and real time response could still be in question 

Speed Response of PI Controller to a Step Command 

Figure 2.3 shows the speed response when motor is commanded to accelerate from 

zero to 10 rad/sec and its error plot is shown in Figure 2.4.  

 

Figure 2.3: Speed response of PI for a step command. 
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Figure 2.4: Error plots of speed response of PI for a step command. 

It can be noted that the designed controller shows an initial overshoot which is 

reasonable and then tracks the motor speed closely to the desired speed. It is also 

important to see that conventional PI controller exhibits speed ripples in the range -

0.2% to 0.05% as it is reflected from Figure 2.5.  

 

Figure 2.5: A close up view of speed response of PI controller for a step command. The high 

magnitudes of speed ripples are clearly noticeable. 
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2.3.1 Controller Effort 

Controller effort is given in Figure 2.6. Due to the proposed commutation scheme, at 

the most two phases are energized at any instant to produce the desired net torque 

instead of energizing all the motor phases thus reducing heat generation within the 

motor. This is very much clear in Figure 2.7 and Figure 2.8. 

 

Figure 2.6: Controller effort during the simulated period for a simulation run of 1.0 second. 

 

Figure 2.7: Controller effort in transient state when commutation scheme was used. 
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Figure 2.8: Controller effort in initial stage of steady state when commutation scheme was used. 

2.3.2 Speed Response of PI Controller to a Sinusoidal Signal 

Figure 2.9 illustrates the tracking response when the designed controller is following 

the sinusoidal trajectory. Figure 2.10 represents its respective error plot. It can be 

visualized that the tracking performance of PI controller is acceptable as the tracking 

error is low i.e. -1.5% to 2%.  

 

Figure 2.9:  Speed response of PI controller against the sinusoidal signal.. 
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Figure 2.10: Speed error response of PI controller for sinusoidal signal. 
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Figure 2.11: Speed response with torque load. 

 

Figure 2.12: A close up view of speed response against sudden change in torque load. 
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Figure 2.13: Speed response with variations in moment of inertia J. 

 

 

Figure 2.14: A close up view of speed response with changes in J. 
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Figure 2.15: Speed response with variations in coefficient of friction B. 

 

 

Figure 2.16: A close up view of speed response with changes in B. 
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Figure 2.17: Speed response with variations in resistance R. 

 

Figure 2.18: A close up view of speed response with changes in R. 
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performance is operating point dependent. When operating point is changed, its 

performance starts deteriorating. Therefore, there is a need of high performance 

controller which compensates these problems and requires minimum amount of 

computations, and provides stability and enough robustness against parameter 

variations and unknown disturbance.  

2.4   Conclusion 

After describing the mathematical model of SR motor, a novel commutation scheme 

was presented for SR motor which, at any time instant, selects only those motor 

phases for the computation of control law, which can contribute torque of the desired 

polarity at that instant. This feature helps in achieving the desired speed/position 

regulation/tracking objective in a power efficient manner as control efforts are applied 

through selective phases and counterproductive phases are left un-energized. This 

approach also minimizes the power loss in the motor windings and thus reducing the 

heat generation within the motor. Using this proposed commutation scheme, a 

conventional PI controller was designed and its performance was tested against 

parameter perturbation and unknown disturbances.    
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Chapter 3  

FIRST ODER SLIDING MODE CONTROL  

This chapter provides an overview of basic theory of sliding mode control (SMC) and 

its design technique. In Section 3.1, some existing techniques about the control of SR 

motor are discussed.  The use of sliding mode on SR motor control is given in Section 

3.2. To understand SMC and its use in control applications, few examples are quoted 

in Section 3.3, Section 3.4 addresses the first order sliding mode controller design 

(FOSMC) for SR motor and issues of its convergence in detail. Section 3.5 provides 

the important simulation results for comparison of SMC and designed FOSMC for 

speed regulation/tracking problems, and some drawbacks of the above mentioned 

controllers are also discussed in this section. Finally the Section 3.7 highlights the 

main points of this chapter.  

3.1   Existing Techniques for the Control of SR Motor 

SR motors are usually operated in magnetic saturation to increase its output torque. 

Magnetic saturation and mechanical saliencies in SR motors make phase torque a 

highly non-linear function of phase current and rotor position. Due to advancements 

in control theory, many nonlinear control techniques such as artificial neural network, 

feedback linearization, sliding mode, back stepping, fuzzy logic, etc. have been 

explored in the literature for the control of SR motors.  Ref. [41] used finite element 

method for obtaining dynamic model of SR motor by incorporating flux current rotor 

position and torque current rotor position values. The model was then used for the 

development of self tuning fuzzy PI controller with artificial neural network for speed 

regulation purpose. The designed controller was further tested with other controllers 

under load and no load conditions. The simulation results presented in their work 

showed improved performance as compared to fuzzy PI controllers. Ref. [42] used the 

idea of feedback linearization and proposed speed controller of SR motor using multi 

phase excitation scheme. The scheme was claimed to be helpful for the reduction of 

torque ripple and the production of high power. The proposed controller was then 

compared with conventional PI controller and shown to be robust in presence of 
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uncertainties and unknown disturbances.  Ref. [7] proposed a method using the same 

technique for controlling speed and torque of SR motor. In their method, a modified 

state space model was incorporated and generated torque was transformed into 

transfer function having order one. The main advantage of using this technique was 

that, the controller could be automatically synthesized and system behaviour remained 

linear in the working region but for its implementation, a powerful digital processor 

was required.  

Ref. [43] used backstepping approach and developed speed controller for SR motor. 

Using this approach, feedback control law and Lyapunov based design are considered 

in controller design. The proposed controller took inputs in the form of rotor position, 

rotor speed, phase currents and reference speed to estimate the required phase current 

to keep the motor speed near to the reference speed. The simulation results showed 

that the proposed controller was better than PI controller in providing fast dynamic 

response. Ref. [4] developed an adaptive intelligent control based on Lyapunov 

functions. The proposed technique comprised of two components; the first one 

approximated the load-torque, error in the moment of inertia and the coefficient of 

friction, the second component drove the system output to track the desired value. The 

speed controller did not require exact motor parameters and was shown to be robust 

against disturbances and uncertainties. Neural network torque estimator was used as a 

second controller in the proposed technique for torque ripple reduction. A nonlinear 

robust controller was developed in [44] for speed regulation problem. A model with 

mutual coupling effects of the phases and their contributions in electromagnetic 

torque was used. The simulation results indicated that the proposed controller was 

more robust than PI controller and capable of torque ripples reduction.  Ref. [45] 

presented and implemented the control scheme for four quadrant SR motor. The 

scheme utilized separate PI controller for phase current, phase torque and speed of the 

motor. The instantaneous torque was calculated from the look up table on the basis of 

rotor position and phase current. The results showed that the proposed scheme 

behaved well under certain operating conditions. Ref. [46] worked on sensorless 

control of SR motor and developed speed controller based on Lyapunov function. 

Shaft position and speed were obtained by estimating inductance of the motor. The 

proposed scheme was then implemented using 32-bit microprocessor and was shown 

to be robust to unknown disturbances and parameter variations.  
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Ref. [10] proposed fuzzy logic speed controller for SR motor to improve its dynamic 

response and robustness. Using this scheme, the need of having exact motor model 

was not compulsory. In [11], fuzzy logic based control scheme was also reported for 

speed regulation problem of SR motor by utilizing Gaussian membership function as 

input and triangular membership function as output . The scheme was employed using 

DSP board TMS320F281 and was tested under different working conditions. It was 

shown that the proposed controller was more robust than conventional controllers. 

Ref. [12] developed fuzzy controllers for SR motor in order to overcome the 

deficiencies of conventional PID controller in the form of robustness based on small 

signal model. First controller so called fuzzy compound controller contained the 

features of both PID and fuzzy control while the other one used fuzzy techniques to 

tune the controller parameters dynamically. However in this method, the selection of 

appropriate set of rules is compulsory. For this the designer must have the knowledge 

about system behavior and fuzzy system so that required membership functions can 

be selected. In addition, optimization of parameters in membership function is more 

complex.  

Ref. [47] introduced artificial neural network approach with supervised learning for 

speed control of SR motor. The technique was based on back propagation algorithm 

in which error and its derivative was taken as input and reference current used as 

output. After comparing with PI controller, the designed controller showed good 

dynamic response. In [48], intelligent speed controller was suggested based on 

emotional learning for SR motor. It did not require the exact model and showed 

suitable behavior for nonlinear system. They also developed position estimator based 

on Adaptive Neuro Fuzzy Inference System by taking flux linkage as an input. The 

proposed scheme was compared with fuzzy logic control at different load conditions 

and speed, and shown to be superior. 

Among the various techniques of SR motor control, only a few of them were about 

position control problem. Ref. [49] proposed PID controller for position control 

application. Their work primarily focused on the theoretical concepts about motor 

shaft position but it did not compensate the large position error near the alignment 

poles. Ref. [50] introduced partial state feedback technique for position tracking 

problem of SR motor using rotor position and phase current estimated from nonlinear 
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observer. The motor was then operated to drive a robotic load. Convergence was 

confirmed using Lyapunov approach. However the proposed technique requires the 

complete knowledge of the dynamic system.  Ref. [51] suggested a scheme for motion 

control problem of SR motor for high performance servo drive applications. The key 

parameter of motor drive system is switching angle which was selected using 

predetermined look up table. The scheme was implemented using TMS320F2812 

DSP card. However controllers required fine tuning as some delay and ripples were 

observed. Ref. [52] developed a position controller for linear SR motor for high 

performance application in automation process. They claimed that the proposed 

controller was robust and performed well in a hostile environment. Ref. [53] did the 

same work using dSPACE platform. The real time code was generated for PD 

controller and its parameters were tuned online. It was shown that the scheme was 

effective and promising as the position error was no more than 0.04 mm.  However 

their work did not account for magnetic saturation which is the important feature of 

SR motor. 

Ref. [54] studied motion control problem of SR motor by exploiting average torque 

control technique. PI controller for speed and PD controller for position were 

designed. Controllers’ parameters were on line adjusted in accordance with rotor 

speed and load torque. Good dynamic response and accurate position tracking within 

the limited range were reported. But these conventional controllers cannot be used for 

large operational range. Ref. [55] used genetic algorithm to adjust the parameters of 

PI controller used for speed control of SR motor. The proposed scheme was adaptive 

and it was demonstrated by simulation results that the proposed genetic PI controller 

gave excellent performance for all speed range than conventional PI controller. Ref. 

[56] proposed new scheme based on intelligent control algorithm for motion control 

problem of SR motor. A neurofuzzy model was taken into account for the design of 

controller whose parameters were tuned permanently by Emotional Learning 

Algorithm.  Under this scheme, control effort was considerably reduced as indicated 

by simulation results.  

In [9], position control problem using adaptive feedback linearization approach was 

discussed for three phase SR motor based on parameterized model.  Robustness 

against parameter variations like phase resistance, moment of inertia and external load 
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was realized using adaptive control. Unfortunately controller parameters updating 

hold only provided that magnetic saturation would not be taken into account. Ref. [8] 

derived the nonlinear model of SR motor with all nonlinearities on the basis of 

differential geometric theories and developed feedback controller for direct drive 

application. However, the controller synthesis process was complex and also 

dependent on exact external load model.  

Most of the discussed techniques require a lot of knowledge about the dynamic 

system, such as phase resistance, inductance, flux linkage, inertia, coefficient of 

friction and external load. Moreover, the controller design and its implementation 

both are very complex. In a last couple of decades sliding mode technique has gained 

much popularity and has received considerable attention from control community due 

to its simple structure, inherent robustness and capability to control nonlinear systems 

[57]. Since it is nonlinear technique, it works equally well in both linear and nonlinear 

systems. The structure of the controller is changed in response to the changing 

variables of the system for achieving optimal control performance in variable 

structure system [58].  This notion is realized by using high speed switching control 

law which forces a trajectory of a system to move into a sliding manifold and to stay 

in that manifold thereafter. The regime of a system in a sliding manifold is called 

Sliding Mode. In the following section, a brief survey of recent use of sliding mode 

control for SR Motor is presented.  

3.2   Sliding Mode Technique for the Control of SR Motor 

First Order Sliding Mode Control (FOSMC) has been successfully applied in control 

application of SR Motor due to its intrinsic robustness in dealing with nonlinearities 

and easy implementation. Ref. [13] and Ref. [59-60] have used sliding-mode control 

for SR motor to control speed but their work did not account for magnetic saturation. 

Ref. [14] and Ref. [42] took magnetic saturation of the motor into account and 

developed sliding mode controller for speed regulation problem used in servo 

applications. The proposed scheme employed only one voltage regulator for all phases 

making it low cost and then it was implemented on TMS320C50 Processor. After 

comparing with PI controller, the proposed scheme showed robustness against 

parameter variations and unknown disturbances. The performance comparison of 

sliding mode control with PI control for SR motor was also reported in [17]. The 
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simulation results reflected that the proposed controller was superior to PI controller. 

Ref. [16] have developed torque controller based on sliding mode technique for SR 

motor. A switching control voltage was also employed in order to ensure that the 

torque error lied within the specified bounds. The torque ripples up to the certain limit 

were minimized by the proposed scheme and was shown to be robust against model 

inaccuracies and disturbances.  

Sliding mode technique had been used to minimize torque ripples and noise in SR 

motor e.g., [18]. Ref. [5] used a new approach for torque ripples minimization by 

controlling the sum of square of the phase currents. The approach uses only two 

current sensors and is independent of digital calculation and exact rotor position. The 

dynamic model with mutual inductances was derived and sliding mode controller was 

designed. The controller was capable of removing low frequency oscillations. The 

proposed controller was then used for speed regulation problem and was shown to be 

more effective and robust than PI and fuzzy controllers. In [3], a method based on 

sliding mode control was presented to eliminate the effect of radial and tangential 

forces which were the sources of noise in SR motor by taking voltage as a control 

variable. Using this method, the desired smooth torque for each phase was calculated 

depending upon the selection of sliding surface. The method was simulated and 

implemented on DSPACE platform and showed good dynamic response. Ref. [21] 

considered the effect of mutual inductances and magnetic saturation in SR motor and 

developed its mathematical model which was then used for the design of controllers 

based on sliding mode technique and feedback linearization.  Convergence of speed 

and phase current was ensured. It was also shown from simulation results that both 

the controllers were robust to system parameter and load torque variations; speed 

ripples were reduced to some extent.    In [61], a scheme based on sliding mode was 

incorporated for speed control of SR motor. The rotor position/speed was estimated 

using wavelet neural network and the estimated values were given to PI controller for 

finding the desired torque. The torque inverse model which was trained using fuzzy 

neural network determined the desired phase current for the given desired torque. The 

current controller based on sliding mode was used to regulate the current. The 

simulation results showed that, using the proposed scheme, the robustness was 

improved in addition of torque ripple reduction.  
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A sliding mode observer based controller was reported in [15] for SR motor. The 

rotor position was estimated using terminal voltage and current, incorporated for 

electronic commutation. The estimated states were given to the controller for speed 

regulation problem. The proposed controller was shown to be robust without requiring 

any position sensors.   

In [62], a robust scheme was suggested for speed control problem of SR motor having 

any number of phases. The scheme utilized only one current sensor and two sliding 

mode controllers; one for input power and other for speed regulation and then it was 

implemented by using 8-bit processor. The simulation results showed good 

performance of the proposed scheme against nonlinearities of the system and load 

disturbances. Ref. [20] presented sensorless control scheme based on sliding mode 

algorithm for SR motor where the implementation problems along with their solutions 

were addressed. The position was estimated using 2nd order sliding mode observer 

and estimated value was given to the controller for speed control problem for the 

entire range. The scheme was shown to be effective and practically applicable at low 

speed and zero speed.  

A comprehensive study of sliding mode, PID and fuzzy logic controllers for SR motor 

was also reported in [19] for speed regulation problem. Performance was measured in 

term of speed ripple, overshoot, starting and speed reversal time and torque load 

capability at different operating points. The simulation results indicated that the 

performance of sliding mode controller was better than PID and fuzzy logic 

controllers. A new commutation scheme for SR motor was suggested in [22]. They 

developed controller based on sliding mode technique for speed regulation and 

tracking problem. The proposed controller selects only those motor phases which can 

contribute torque of the desired polarity. In this way the power loss could be reduced 

considerably as proved by the simulation results. 

3.3   Sliding mode control examples 

In this section few examples of sliding mode technique will be addressed. First 

example gives important theoretical concepts about this technique and its design 

procedure. Second example is for using this technique for stabilizing nonlinear 

system. Third example is about speed tracking of DC motor. 
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3.3.1 Example 1 

Consider a second order nonlinear system given below 

𝑥 1 = 𝑥2 

𝑥 2 = 𝑓 𝑥, 𝑡 + 𝑔 𝑥, 𝑡 𝑢       (Eq 3.1) 

Where  

𝑓 𝑥, 𝑡  and 𝑔 𝑥, 𝑡  are nonlinear functions which can be continuous or discontinuous. 

and  𝑔 𝑥, 𝑡 > 0 

During the reaching phase, it can be observed that  x1 is stable if  

𝑥 1 = −𝑏𝑥1                 , 𝑏 > 0       (Eq 3.2) 

Taking sliding surface as 

𝑆 = 𝑥2 + 𝑏𝑥1          (Eq 3.3) 

⇒ 𝑥2 = −𝑏𝑥1 + 𝑆        (Eq 3.4) 

Above equation is stable only when  S = 0 

Sliding phase dynamics are elaborated by taking time derivative of  𝑆 

𝑆 = 𝑥 2 + 𝑏𝑥 1         (Eq 3.5) 

𝑆 = 𝑓 𝑥, 𝑡 + 𝑔 𝑥, 𝑡 𝑢 + 𝑏𝑥2       (Eq 3.6) 

3.3.1.1 Convergence analysis 

The convergence is analyzed by using the Lyapunov candidate function as 

𝑉 =
1

2
𝑆2          (Eq 3.7) 

Taking the time derivative of Lyapunov function following is obtained. 

𝑉 = 𝑆 𝑆                                               (Eq 3.8)           

𝑉 = 𝑆(𝑓 𝑥, 𝑡 + 𝑔 𝑥, 𝑡 𝑢 + 𝑏𝑥2)      (Eq 3.9) 

A negative definite Lyapunov function derivative guarantees the stability/convergence 

of states to sliding surface.  
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V  is negative definite if 

𝑓 𝑥, 𝑡 + 𝑔 𝑥, 𝑡 𝑢 + 𝑏𝑥2     

< 0     𝑓𝑜𝑟      𝑆 > 0
= 0     𝑓𝑜𝑟      𝑆 = 0
> 0     𝑓𝑜𝑟       𝑆 < 0

                    (Eq3.10) 

and stability is guaranteed if 

𝑢  

< 𝛼 𝑥    𝑓𝑜𝑟 𝑆 > 0

= 𝛼 𝑥    𝑓𝑜𝑟 𝑆 = 0

> 𝛼 𝑥    𝑓𝑜𝑟 𝑆 < 0

     where     𝛼 𝑥 = −
𝑓 𝑥 ,𝑡 +𝑏𝑥2

𝑔 𝑥 ,𝑡 
          (Eq 3.11) 

The above condition can be ensured by taking control law as 

𝑢 = 𝛼 𝑥 − 𝐾𝑠𝑠𝑖𝑔𝑛(𝑆) , where   𝐾𝑠 > 0     (Eq 3.12) 

3.3.2 Example 2 

Consider a simple pendulum described by the following set of equations: 

𝑥 1 = 𝑥2 

𝑥 2 = 𝑏 𝑠𝑖𝑛 𝑥1 + 𝑢        (Eq 3.13) 

Switching surface is taken as 

𝑆 = 𝑐𝑥1 + 𝑥2         (Eq 3.14) 

and also 

𝑆 = 𝑐𝑥 1 + 𝑥 2  

𝑆 = 𝑐𝑥2 + 𝑏 𝑠𝑖𝑛 𝑥1 + 𝑢         (Eq 3.15) 

For equivalent control, put  𝑆 = 0  

𝑐𝑥2 + 𝑏 𝑠𝑖𝑛 𝑥1 + 𝑢 = 0  

 ⟹ 𝑢𝑒𝑞 = −𝑐𝑥2 − 𝑏 𝑠𝑖𝑛 𝑥1        (Eq 3.16) 

Then sliding mode control law is 

𝑢 = 𝑢𝑒𝑞 − 𝐾𝑠𝑖𝑔𝑛(𝑠)  

𝑢 = −𝑐𝑥2 − 𝑏 𝑠𝑖𝑛 𝑥1 − 𝐾𝑠𝑖𝑔𝑛(𝑠)      (Eq 3.17) 
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3.3.2.1 Bound on gain K 

For calculation of bound for gain K, plug in the control law (Eq 3.17) in (Eq 3.15) and 

get 

𝑆 = 𝑐𝑥2 + 𝑏 𝑠𝑖𝑛 𝑥1 − 𝑐𝑥2 − 𝑏 𝑠𝑖𝑛 𝑥1 − 𝐾𝑠𝑖𝑔𝑛(𝑠)  

Let the parameter b of pendulum be uncertain, therefore 

𝑆 = ∆ − 𝐾𝑠𝑖𝑔𝑛(𝑠)  

Where ∆ is the uncertainty vector in parameter of simple pendulum. The bounds on K 

for negative definite of 𝑆 𝑆 should be  𝐾 >  ∆ .       

For simulating the trajectories of pendulum system, let   𝐾 = 1, 𝑐 = 1 and 𝑏 = 0.8 

and initial conditions are 𝑥0 = (0.6, 0), phase portrait of sliding motion is obtained 

and it is shown in Figure 3.1. The control action is depicted in Figure 3.2. Figure 3.3 

demonstrates the system states, where as the sliding surface is given in Figure 3.4.  

 

 

 

Figure 3.1: Sliding motion phase portrait. 
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Figure 3.2: Controller effort. 

 

Figure 3.3: System Trajectories. 
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Figure 3.4: Sliding Surface. 

Now it is clear from Figure 3.3 that system states converge in finite time. So in 

conclusion, it can be said that when phase portrait intercepts sliding surface in finite 

time then it is forced to remain there. Once sliding motion is established, the system 

acts like a reduced order system, where nonlinearity is totally rejected [63]. After 

sliding, the system acts as a double integrator system with no effect of nonlinear term. 

Hence it is called robust controller, because it is not sensitive to plant and control law 

mismatches. 

3.3.3 Example 3 

Consider a DC motor with the following dynamics [64] 

𝐿
𝑑𝑖

𝑑𝑡
+ 𝑅𝑖 = 𝑢 − 𝐾𝑒𝜔         (Eq 3.18) 

𝑗
𝑑𝜔

𝑑𝑡
= 𝐾𝑡𝑖 − 𝜏𝑙          (Eq 3.19) 

where 𝜔 and 𝑖 are the two states representing shaft speed and armature current 

respectively. 𝑢 is the control input and 𝜏𝑙 = 𝐵𝜔 is the load torque. Motor parameters 

and their respective nominal values are given in the Table. 
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Table 4: Parameters of DC Motor. 

Parameter Value 

Armature Resistance  𝑅   0.5 Ω  
Armature Inductance  𝐿  1.0 𝑚𝐻  
Back EMF Constant  𝐾𝑒  0.001 𝑉/𝑟𝑎𝑑  

Torque Constant  𝐾𝑡  0.008 𝑁𝑚/𝐴  
Coefficient of Friction  𝐵   0.01 𝑁𝑚 𝑠/𝑟𝑎𝑑  
Inertia of Motor Rotor & Load   𝐽  0.001 𝐾𝑔. 𝑚2  

 

For speed tracking problem, let 𝜔𝑟  be the reference shaft speed and 𝑒 = 𝜔𝑟 − 𝜔 be 

the tracking error. Let the state variables be  𝑥1 = 𝑒 and 𝑥2 = 𝑒   then error dynamics 

is defined as 

𝑥 1 = 𝑥2          (Eq 3.20) 

𝑥 2 = 𝑔 𝑥1, 𝑥2 , 𝑡 + 𝑑𝑢        (Eq 3.21) 

where 

𝑔 𝑥1, 𝑥2, 𝑡 = −𝑐1𝑥1 − 𝑐2𝑥2 + 𝜔 𝑟 + 𝑐2𝜔 𝑟 + 𝑐1𝑤𝑟 +
𝑅

𝐽𝐿
𝜏𝑙 +

1

𝐽
𝜏𝑙     (Eq 3.22) 

𝑐1 =
𝐾𝑡𝐾𝑒

𝐽𝐿
     𝑐2 =

𝑅

𝐿
            and       𝑑 =

𝐾𝑡

𝐽𝐿
  

The sliding surface and control law are designed as  

𝑠 = 𝜆𝑥1 + 𝑥2          (Eq 3.23) 

𝑢 =
1

𝑑
 −𝜆𝑥2 − 𝑔 𝑥1, 𝑥2, 𝑡 − 𝐾𝑠𝑖𝑔𝑛 𝑠        (Eq 3.24) 

where 𝜆 and 𝐾 are positive constants.  

The model was simulated in Matlab-Simulink environment. Simulation results show 

that the tracking control of DC motor using sliding mode technique is accurate. The 

speed response is shown in Figure 3.5 and tracking error in speed in Figure 3.6. The 

controller converges immediately to a very low error (of the order of 10
-3

 rad/s); 

further reduces to zero in 2-3 seconds and remains zero afterwards throughout the 

simulation time. The SMC makes the motor follow/track the reference signal well. 

Figure 3.7 shows the current (Amperes) and Figure 3.8 gives the control effort 

required in tracking the reference speed signal. 
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Figure 3.5: Speed response. 

 

 

Figure 3.6: Tracking error response. 
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Figure 3.7: Current response. 

 

 

Figure 3.8: Controller effort. 
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3.4   First Oder Sliding Mode Controller (FOSMC) Design 

The design of FOSMC can be achieved into two steps. In first step, switching surface 

is designed depending upon the error dynamics. In second step, control law is 

designed in such a way that it should guarantee to steer the system trajectories to the 

sliding surface. The main advantage of using this technique is, once the system is in 

sliding phase, it remains insensitive to certain parameter variations and unknown 

disturbances. In this work, sliding surface proposed by [65] is used. 

𝑠 =  
𝑑

𝑑𝑡
+ 𝐷 

𝑛−1

𝑒         (Eq 3.25) 

in which D is positive constant, 𝑒 is the error and 𝑛 is the system order.  

Case-1: For position control problem  𝑛 = 3  and   𝑒(𝑡) = 𝜃(𝑡) − 𝜃𝑟𝑒𝑓 (𝑡) is the 

position error.  𝜃𝑟𝑒𝑓 (𝑡) is the desired position. Therefore (Eq 3.25) is rewritten as: 

𝑠 =  
𝑑

𝑑𝑡
+ 𝐷 

2

𝑒        (Eq 3.26) 

𝑠 =
𝑑2

𝑑𝑡 2  𝑒 + 2𝐷
𝑑

𝑑𝑡
 𝑒 + 𝐷2𝑒       (Eq 3.27) 

For simplicity, let 2𝐷 = 𝐷1      and    𝐷2 = 𝐷2 , then (Eq 3.27) can be written as    

𝑠 = 𝑒 + 𝐷1𝑒 + 𝐷2𝑒           (Eq 3.28) 

Where 𝐷1  and 𝐷2  are strictly positive constants which are to be chosen in such a way 

that the following (Eq 3.29) is Hurwitz polynomial. 

𝑝 𝑠 = 𝑠2 + 𝐷1𝑠 + 𝐷2        (Eq 3.29) 

Now differentiating (Eq 3.28) with respect to time and get 

𝑠 = 𝑒 + 𝐷1𝑒 + 𝐷2𝑒           (Eq 3.30)  

𝑠 = 𝜔  𝑡 +  𝐷1𝜔  𝑡 −  𝜃 𝑟𝑒𝑓  𝑡 + 𝐷1𝜃 
𝑟𝑒𝑓  𝑡  + 𝐷2  𝜔 𝑡 − 𝜃 

𝑟𝑒𝑓  𝑡       (Eq 3.31)  

Where   𝑒 = 𝜃  𝑡 − 𝜃 𝑟𝑒𝑓  𝑡 = 𝜔  𝑡 − 𝜃 𝑟𝑒𝑓  𝑡    and     𝑒 = 𝜔  𝑡 − 𝜃 
𝑟𝑒𝑓  𝑡  

Case-2: For speed control problem  𝑛 = 2  and   𝑒(𝑡) = 𝜔(𝑡) − 𝜔𝑟𝑒𝑓 (𝑡) is the speed 

error.  𝜔𝑟𝑒𝑓 (𝑡) is the desired speed. Therefore (Eq 3.25) is rewritten as: 

𝑠 =  
𝑑

𝑑𝑡
+ 𝐷 

1

𝑒        (Eq 3.32)  
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𝑠 = 𝑒 + 𝐷 𝑒         (Eq 3.33)  

𝑠 = 𝑒 + 𝐷 𝑒          (Eq 3.34)  

𝑠 = 𝜔 (𝑡) +  𝐷𝜔 (𝑡) − (𝜔 𝑟𝑒𝑓  𝑡 + 𝐷𝜔 𝑟𝑒𝑓 (𝑡))     (Eq 3.35)  

In order to design control laws for FOSMC, differentiating (Eq 2.11) with respect to 

time, 

𝜔 =
1

𝐽
  

𝑑𝑇𝑒

𝑑𝑡
− 𝐵 

𝑑𝜔

𝑑𝑡
−

𝑑𝑇𝐿

𝑑𝑡
                 (Eq 3.36)  

 𝜔 =
1

𝐽
   

𝑑𝑇𝑗  𝜃 ,𝑖𝑗  

𝑑𝑡

3
𝑗=1 − 𝐵 𝜔 −

𝑑𝑇𝐿

𝑑𝑡
                (Eq 3.37) 

 𝜔 =
1

𝐽
   

𝜕𝑇𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗

𝑑𝑖𝑗

𝑑𝑡

3
𝑗 =1 + 𝜔  

𝜕𝑇𝑗  𝜃 ,𝑖𝑗  

𝜕𝜃

3
𝑗=1 − 𝐵𝜔 −

𝑑𝑇𝐿

𝑑𝑡
            (Eq 3.38) 

Substituting (Eq 2.12) into (Eq 3.38) leads to: 

𝜔 =
1

𝐽
  

𝜕𝑇𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗
  

𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗  
  

−1

  𝑢𝑗   − 𝑅𝑗 𝑖𝑗  – 𝜔 
𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝜃
  +3

𝑗 =1 𝜔  
𝜕𝑇𝑗  𝜃 ,𝑖𝑗  

𝜕𝜃

3
𝑗 =1 − 𝐵 𝜔 −

𝑑𝑇𝐿

𝑑𝑡
    

          (Eq 3.39) 

Which can be written in the following form suitable for the design of our proposed 

controllers discussed in the following sections: 

𝜔 =
1

𝐽
  

𝜕𝑇𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗
  

𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗  
  

−1

  −𝑅𝑗 𝑖𝑗  – 𝜔 
𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝜃
  + 𝜔  

𝜕𝑇𝑗  𝜃 ,𝑖𝑗  

𝜕𝜃

𝑁
𝑗=1 −𝑁

𝑗=1

𝐵 𝜔 −
𝑑𝑇𝐿

𝑑𝑡
 +

1

𝐽
  

𝜕𝑇𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗

𝑁
𝑗=1    

𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗  
  

−1

𝑢𝑗             (Eq 3.40) 

Which can simply be written in a compact form as:  

  𝜔 = 𝐹(𝜃, 𝜔, 𝑖, 𝜔 , 𝑖, 𝐵, 𝑅, 𝑇𝐿 , 𝑇𝐿
 ) + 𝐺𝑗 (𝜃, 𝑖𝑗 , )𝑢𝑗       (Eq 3.41) 

where u represents the input vector comprising of N phase voltages, N represents the 

number of phases which are being energized at a particular instant to produce net 

torque and will be determined through the commutation scheme described in the 

previous chapter. In this particular case N = 3, therefore 𝑢 =  𝑢1 𝑢2 𝑢3 𝑇  

comprising of 3-phase voltages. The scalar function 𝐹 and vector function 𝐺 are 

defined as:  

𝐹 𝜃, 𝜔, 𝑖, 𝜔 , 𝑖, 𝐵, 𝑅, 𝑇𝐿 , 𝑇𝐿
  =  
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1

𝐽
  

𝜕𝑇𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗
  

𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝑖𝑗  
  

−1

  −𝑅𝑗 𝑖𝑗  – 𝜔 
𝜕𝜆𝑗  𝜃 ,𝑖𝑗  

𝜕𝜃
  + 𝜔  

𝜕𝑇𝑗  𝜃 ,𝑖𝑗  

𝜕𝜃

3
𝑗 =1 − 𝐵 𝜔 −

𝑑𝑇𝐿

𝑑𝑡

3
𝑗 =1    

          (Eq 3.42) 

𝐺 =  𝐺1 𝜃, 𝑖1 𝐺2 𝜃, 𝑖2 𝐺3 𝜃, 𝑖3    

=
1

𝐽

 
 
 
 
 
  

𝜕𝑇1 𝜃 ,𝑖1 

𝜕𝑖1
  

𝜕𝜆1 𝜃 ,𝑖1 

𝜕𝑖1 
  

−1

 

 
𝜕𝑇2 𝜃 ,𝑖2 

𝜕𝑖2
  

𝜕𝜆2 𝜃 ,𝑖2 

𝜕𝑖2 
  

−1

 

 
𝜕𝑇3 𝜃 ,𝑖3 

𝜕𝑖3
  

𝜕𝜆3 𝜃 ,𝑖3 

𝜕𝑖3 
  

−1

  
 
 
 
 
 
𝑇

                (Eq 3.43) 

For simplicity, the explicit dependence of u on time t and  𝐹 &  𝐺 vectors on 

 𝜃, 𝜔, 𝑖, 𝜔 , 𝑖, 𝐵, 𝑅, 𝑇𝐿 , 𝑇𝐿
  will be omitted in the following sections. Therefore   

  𝜔 = 𝐹 + 𝐺 𝑢             (Eq 3.44) 

Now (Eq 3.31) and (Eq 3.35) can take the form as  

𝑠 = 𝐹 + 𝐺 𝑢 +  𝐷1𝜔  𝑡 −  𝜃 𝑟𝑒𝑓  𝑡 + 𝐷1𝜃 
𝑟𝑒𝑓  𝑡  + 𝐷2(𝜔 𝑡 − 𝜃 

𝑟𝑒𝑓  𝑡 )   (Eq 3.45) 

𝑠 = 𝐹 + 𝐺 𝑢 +  𝐷𝜔 (𝑡) − (𝜔 𝑟𝑒𝑓  𝑡 + 𝐷𝜔 𝑟𝑒𝑓 (𝑡))      (Eq 3.46) 

An appropriate candidate Lyapunov function is chosen for convergence analysis as    

𝑉 =
1

2
 𝑠2 which leads to 

𝑉 = 𝑠𝑠              (Eq 3.47) 

Now consider the position/speed regulation and speed tracking problem one by one 

for the design of FOSMC.  

3.4.1 Case-1: Regulation Problem 

The objective of the regulation problem is to stabilize the motor position / speed at a 

desired constant value. i.e. 𝜔𝑟𝑒𝑓  𝑡 = 𝜔𝑟𝑒𝑓  and 𝜃𝑟𝑒𝑓 (𝑡) = 𝜃𝑟𝑒𝑓   For proving that the 

proposed control laws guarantee the constant position/speed requirement, first 

consider the Proposition 1 and Proposition 2.  

Proposition 1:  The following control law when applied to the motor will stabilize the 

position to its desired value when 𝑡 ⟶ ∞  

𝑢 =  𝑢1 𝑢2 𝑢3 𝑇 = −𝐺∗ (𝐹 + 𝐷1𝜔  𝑡 + 𝐷2𝜔 𝑡 + 𝐾𝑠𝑖𝑔𝑛(𝑠))   (Eq 3.48) 
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Where 𝐾 is the gain of FOSMC, and a positive constant number and G∗ is a Moore-

Penrose pseudoinverse of row vector   such that 

𝐺∗ = 𝐺𝑇 𝐺𝐺𝑇 −1 

For further details about generalized Moore-Penrose pseudo inverse see [66] and [67]. 

Proof:  For position regulation problem, 𝜃 
𝑟𝑒𝑓  𝑡 = 𝜃 

𝑟𝑒𝑓  𝑡 = 𝜃 𝑟𝑒𝑓  𝑡 = 0  then  

(Eq 3.45) will be modified as   

𝑠 = 𝐹 + 𝐺 𝑢 +  𝐷1𝜔  𝑡 + 𝐷2𝜔 𝑡            (Eq 3.49) 

Now combining   (Eq 3.47) and (Eq 3.49), it becomes as 

𝑉 = 𝑠 𝐹 + 𝐺 𝑢 +  𝐷1𝜔  𝑡 + 𝐷2𝜔 𝑡        (Eq 3.50) 

Plugging (Eq 3.48) in (Eq 3.50), it comes up with the following equation.  

𝑉 = 𝑠 𝐹 − 𝐺𝐺∗ (𝐹 + 𝐷1𝜔  𝑡 + 𝐷2𝜔 𝑡 + 𝐾𝑠𝑖𝑔𝑛(𝑠))   +  𝐷1𝜔  𝑡 + 𝐷2𝜔 𝑡    

          (Eq 3.51) 

𝑉 = 𝑠 𝐹 −  𝐹 − 𝐷1𝜔  𝑡 − 𝐷2𝜔 𝑡 − 𝐾𝑠𝑖𝑔𝑛(𝑠)  +  𝐷1𝜔  𝑡 + 𝐷2𝜔 𝑡    (Eq 3.52) 

𝑉 = −𝐾 𝑠 𝑠𝑖𝑔𝑛 𝑠  < 0        (Eq 3.53) 

From (Eq 3.53), it is easy to see that 𝑉 < 0 and would become equal to zero 

when   𝑠 = 0. This proves that the control law defined in (Eq 3.48) would guarantee 

that motor will stabilize the position to its desired value when 𝑡 ⟶ ∞  

Proposition 2: The following control law will stabilize the speed to its desired value 

when  𝑡 ⟶ ∞  

𝑢 =  𝑢1 𝑢2 𝑢3 𝑇 = −𝐺∗ (𝐹 + 𝐷𝜔  𝑡 + 𝐾𝑠𝑖𝑔𝑛(𝑠))   (Eq 3.54) 

Proof: For speed regulation problem, 𝜔 𝑟𝑒𝑓  𝑡 = 𝜔 𝑟𝑒𝑓  𝑡 = 0  then (Eq 3.46) will take 

the form as 

𝑠 = 𝐹 + 𝐺 𝑢 +  𝐷𝜔 (𝑡)       (Eq 3.55) 

Now combining (Eq 3.47) and (Eq 3.55), one can get as   

𝑉 = 𝑠 𝐹 + 𝐺 𝑢 +  𝐷𝜔  𝑡          (Eq 3.56) 

Substituting (Eq 3.54) in (Eq 3.56) gives 
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𝑉 = 𝑠 𝐹 − 𝐺 𝐺∗(𝐹 + 𝐷𝜔  𝑡 + 𝐾𝑠𝑖𝑔𝑛(𝑠)) +  𝐷𝜔  𝑡     (Eq 3.57) 

𝑉 = 𝑠 𝐹 − 𝐹 − 𝐷𝜔  𝑡 − 𝐾𝑠𝑖𝑔𝑛(𝑠) +  𝐷𝜔  𝑡      (Eq 3.58) 

𝑉 = −𝐾 𝑠 𝑠𝑖𝑔𝑛 𝑠  < 0        (Eq 3.59) 

Now it is clear from (Eq 3.59),    𝑉 = 0 only when 𝑠 = 0. This shows that the control 

law as defined in (Eq 3.54) would guarantee that  𝜔(𝑡) → 𝜔𝑟𝑒𝑓  𝑡    when 𝑡 → ∞.   

3.4.2 Case-2: Tracking Problem 

The aim of tracking problem is to follow the time varying reference signal keeping the 

tracking error to a minimum. To prove that the proposed control law will follow the 

reference signal, consider the following Proposition 3. 

Proposition 3: The following control law will ensure that the speed will follow the 

time varying reference signal as 𝑡 → ∞. 

𝑢 =  𝑢1 𝑢2 𝑢3 𝑇 = −𝐺∗   𝐹 + 𝐷𝜔  𝑡 + 𝐾𝑠𝑖𝑔𝑛 𝑠 −  𝜔 𝑟𝑒𝑓  𝑡 + 𝐷𝜔 𝑟𝑒𝑓  𝑡    

          (Eq 3.60) 

Proof:  Combining (Eq 3.46) and (Eq 3.47), it comes up with 

𝑉 = 𝑠 𝐹 + 𝐺 𝑢 +  𝐷𝜔 (𝑡) − (𝜔 𝑟𝑒𝑓  𝑡 + 𝐷𝜔 𝑟𝑒𝑓 (𝑡))     (Eq 3.61) 

Substituting (Eq 3.60) in (Eq 3.61) gives 

𝑉 = 𝑠  𝐹 − 𝐺 𝐺∗  𝐹 + 𝐷𝜔  𝑡 + 𝐾𝑠𝑖𝑔𝑛 𝑠 −  𝜔 𝑟𝑒𝑓  𝑡 + 𝐷𝜔 𝑟𝑒𝑓  𝑡   +  𝐷𝜔 (𝑡) − (𝜔 𝑟𝑒𝑓 𝑡 + 𝐷𝜔 𝑟𝑒𝑓 (𝑡))    

          (Eq 3.62) 

𝑉 = 𝑠 𝐹 − 𝐹 − 𝐷𝜔  𝑡 − 𝐾𝑠𝑖𝑔𝑛 𝑠 + 𝜔 𝑟𝑒𝑓  𝑡 + 𝐷𝜔 𝑟𝑒𝑓  𝑡 +  𝐷𝜔  𝑡 − 𝜔 𝑟𝑒𝑓  𝑡 − 𝐷𝜔 𝑟𝑒𝑓 (𝑡)   

          (Eq 3.63) 

 𝑉 = −𝐾 𝑠 𝑠𝑖𝑔𝑛 𝑠 < 0       (Eq 3.64) 

From (Eq 3.64), it is obvious that 𝑉 < 0 and would become zero only when    𝑠 = 0. 

This ensures that the control law defined in (Eq 3.60) would guarantee the motor 

speed follows the time-varying reference signal in the limit.  Now from the above 

propositions, it is clear that 

1. 𝑉 is positive definite 

2. 𝑉  is negative definite  
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Therefore it is concluded that the control laws would guarantee the speed and position 

converge to the desired values as 𝑡 → ∞.   

 

3.5   Simulation Results of FOSMC using Proposed 

Commutation scheme 

A lot of work has been done on speed control problem using sliding mode technique, 

but no such work exists for position control problem. We selected SMC using 

conventional scheme [24] for comparison purpose with FOSMC, designed in the 

above section using proposed commutation scheme explained in chapter 2 for speed 

regulation case. 

3.5.1 Comparison of Speed Response of FOSMC and SMC to A Step 

Command 

Figure 3.9 shows the response of SMC and FOSMC when motor is directed to move 

with a speed of 10 rad/s. It is clear that FOSMC reaches the desired speed more 

rapidly than the conventional SMC, in spite of using the same gain and 

parameter values. The performance of FOSMC is better than SMC. 

 

Figure 3.9: Speed response of SMC and FOSMC to a step command. 
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3.5.2 Comparison between FOSMC and SMC With Respect To Power 

Loss, Input Phase Voltages and Torques in Speed Regulation 

Problem 

Figures 3.10-3.13 give a performance comparison test between conventional scheme 

based SMC and proposed commutation scheme based FOSMC when motor is 

commanded to achieve the desired speed of 10 rad/s. Power loss in conventional 

design is 85KW but in FOSMC, it is just 19 KW which is clearly visible from Figure 

3.10. Power loss is computed by the formula, 𝑃𝑜𝑤𝑒𝑟 𝐿𝑜𝑠𝑠 = 𝑖2𝑅. This power saving 

is due to the commutation scheme which is employed in FOSMC.  Figures 3.11-3.13 

depict the basic reasons behind this power saving.   

To analyze the behavior closely, a plot of initial stage of steady state response for 

voltages/currents is drawn in Figures 3.11-3.12.  It is noted that in FOSMC; at most 

two phases are selected at any instant for excitation with lesser voltage values that 

results in lesser amounts of currents. On the other hand, in conventional design more 

than one phase is energized with maximum voltage values. Therefore maximum 

currents are produced in conventional design which results in maximum individual 

torques in motor phases, but the net torque which is produced in conventional design 

is less as compared to the net torque produced in FOSMC. Therefore a lot of power is 

wasted in conventional design. 
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Figure 3.10: Power loss in SMC and FOSMC during the entire simulation period of one second. 

 

 

Figure 3.11: 3-phase voltages during initial stage of steady state response. 
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Figure 3.12: 3-phase current during initial stage of steady state response. 

 

 

Figure 3.13: Torques during initial stage of steady state response. 
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3.5.3 Comparison of Speed Response of FOSMC and SMC to a 

Sinusoidal Signal. 

Figure 3.14 shows the motor response of SMC and FOSMC to a sinusoidal signal. It 

is clear that tracking response of proposed commutation scheme based FOSMC is far 

better than conventional scheme based SMC. The conventional scheme based SMC 

gave a 5% error in tracking which is visible at the peaks of signal while the FOSMC 

reduces this error to almost zero, tracking the sinusoidal signal accurately. 

 

Figure 3.14: Speed response of FOSMC and SMC against sinusoidal signal. 
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Figure 3.15: Position response of FOSMC to a step command. 

 

Figure 3.16: Error plot of position response of FOSMC to a step command. 
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system instability. If the plots drawn in Figure 3.9 and Figure 3.15 are sketched 

closely, it comes to our knowledge that chattering is highly concerned with the above 

controllers’ performance. A lot of research has been done on chattering reduction. 

Higher order sliding mode technique is one of the solutions of chattering removal. 

 

Figure 3.17: A close-up of speed response of conventional SMC and FOSMC to a step command. 

 

Figure 3.18: A close-up of steady state position response of FOSMC to a step command. 
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3.7   Conclusion 

SR motor is highly nonlinear machine due to its nonlinear characteristics. Many 

nonlinear techniques have been developed so far for the control of SR motor. Most of 

the techniques require a lot of knowledge about the dynamic system, such as phase 

resistance, inductance, flux linkage, inertia, coefficient of friction and external load. 

Moreover, the controller design and its implementation are very complex. Sliding 

mode technique has gained much popularity and has received considerable attention 

from control community due to its simple structure, inherent robustness and easy 

implementation. Due to these reasons, the use of SMC for SR motor has been 

adopted.  Also the motor control is inherently discrete in nature, the use of sliding 

mode technique is ideal in these type of applications.     

The designed FOSMC with proposed commutation scheme was simulated and 

compared with conventional scheme based SMC for speed regulation/tracking 

problem. FOSMC saves power consumption and its performance is far better than 

SMC. But sliding mode technique causes undesirable chattering. Higher order sliding 

mode is one of the solutions of chattering reduction.        
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Chapter 4  

HIGHER-ORDER SLIDING-MODE CONTROL 

In this chapter higher order sliding mode (HOSM) technique is discussed. Section 4.1 

gives its background. HOSM technique is discussed in Section 4.2. Importance of 

super twisting algorithm is described in Section 4.3. An example is taken in order to 

demonstrate the performance of SOSMC over FOSMC. In Section 4.4, important 

results are given for comparison of conventional SMC, FOSMC and SOSMC over 

power loss, amount of voltage, and torques for speed/position regulation problem.  

Concluding remarks are made in Section 4.5.    

4.1   Background 

The inherent problem of chattering in conventional sliding mode control is dangerous 

for electro-mechanical system because it excites unmodelled dynamics that makes 

system unstable. Various approaches have been proposed to avoid undesirable 

chattering phenomenon. One of the possible solutions is boundary layer solution 

where saturation function is used to approximate the sign function term in the sliding 

surface [23, 68].  With the advancement of this approach, many types of saturation 

functions have been introduced i.e. [69]. The basic idea behind this approach is the 

replacement of discontinuous switching function with continuous function depending 

upon the thickness of the boundary layer. As a result, the system trajectories are 

restricted to a small vicinity of the sliding surface. The main drawback of using this 

technique is, the system behavior may not be identified within the small vicinity of 

the boundary layer and it is not guaranteed that the system trajectories in the same 

vicinity will converge to zero. Moreover this technique causes steady state error.  

Another solution to suppress chattering is the use of dynamic sliding mode control 

[24]. The basic idea in this approach is that the dynamic sliding surface is 

incorporated to produce dynamic feedback. The dynamic surface is either control 

dependant or control independent. Actually DSMC provides an extra dynamics which 

can be treated as compensators and forms the augmented system after combining with 
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the sliding system [70]. These compensators are very helpful for obtaining desired 

response and improving system stability. However this method cannot be applied to 

all types of nonlinear systems.  

Ref. [71] introduced integral sliding mode control as another chattering reduction tool 

and employed on induction motor for speed estimation process using current control 

scheme for decoupling but it is applicable only in the presence of synchronous current 

control strategy. A new approach for chattering reduction so called dynamic integral 

sliding mode control (DISMC) was presented in [72] for uncertain MIMO systems. 

The proposed approach merged the best features of DSMC and integral sliding mode 

control (ISMC) into DISMC. The basic idea behind this approach was to develop 

sliding mode without establishing reaching phase. As a result, the robustness of the 

process against parametric uncertainties and unknown disturbance could be improved 

from the beginning.  

Researcher also combined sliding mode control (SMC) with other control techniques 

to implement controllers suitable for various engineering applications. For example in 

[73], [74] etc. sliding mode control was integrated with fuzzy logic control to develop 

so called fuzzy sliding mode controller (FSMC). FSMC had been found in literature 

for the control of various electric motors [75-77]. One of the advantages of FSMC is 

its insensitivity to the controlling system's parameters without the need for exact 

mathematical models of the controlling systems [78-79]. Using this approach, 

switching function could be used directly as a fuzzy logic control input for the motor 

and fuzzy logic rule could be minimized without taking number of state variables into 

account. Ref. [80-84] developed FSMC for SR motor for speed regulation problem 

using triangular membership function, the max-min reasoning method, and the center 

of gravity defuzzification method. Parameters of the equivalent control law were 

designed by fuzzy inference mechanism. It was observed that the proposed technique 

could handle modeling uncertainties, parameter variations, torque ripples, acoustic 

noise and unknown disturbances due to switching gain change. But this technique 

required more complex process to design controller than conventional SMC. 

Another method to attenuate chattering was the use of higher order sliding mode 

(HOSM) control. HOSM had been successfully applied for a variety of engineering 

applications, i.e. [85-88]. Ref. [89] developed HOSM observer for nonlinear model 
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using real twisting algorithm. The proposed technique was capable of estimating more 

than one parameter from a single dynamic equation. The estimated parameters were 

then used to cater for unmodelled dynamic, model inaccuracies of the actual system. 

It was claimed that these estimated parameters can also be incorporated for controller 

design and fault diagnosis problem and also for monitoring conditions of an 

automotive systems. Ref. [90-91] designed HOSM controller based on super twisting 

algorithm for speed control problems of a diesel generator and compared its 

performance with conventional controllers against load changes, fuel consumption, 

speed band etc. The simulation results showed high efficiency and good robustness of 

the proposed design. Ref. [92-94] worked on permanent magnet synchronous motor 

and stepper motor and proposed a new technique, so called observer based controller 

using HOSM approach. The proposed technique eliminated the need of mechanical 

sensors. The motor parameters magnetic flux, angular velocity, stator phase current 

and load torque were estimated by the observer and were given to the controller for 

speed tracking problem. The stability was insured by using Lyapunov approach. The 

given results proved the effectiveness of the proposed technique. In [95], a new 

commutation scheme was incorporated with HOSM controller using super twisting 

algorithm for speed regulation/ tracking problems of SR motor. The commutation 

scheme selected only those motor phases for the commutation of control laws at any 

instant which can contribute torque of the desired polarity. This approach also 

minimizes the power loss in the motor windings thus reducing the heat generation 

within the motor. In order to highlight the advantages of second order sliding mode 

controller (SOSMC), a classical First-Order Sliding-Mode controller (FOSMC) was 

also developed and applied to the same system. The comparison of the two schemes 

shows much reduced chattering in case of SOSMC. The performance of the proposed 

SOSMC controller for speed regulation was also compared with that of another 

sliding mode speed controller published in the literature. The simulation results 

showed that SOSMC is more effective in terms of accuracy and reduced amount of 

chattering than First-order sliding-mode controller (FOSMC). To see the performance 

of HOSM controller clearly, a test was conducted in [96] at different system 

parameters and unknown disturbances. It was found that HOSM has outperformed the 

conventional controllers with respect to chattering reduction and robustness. 
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4.2   Higher Order Sliding Mode 

The higher-order sliding-mode (HOSM) technique generalized the basic sliding-mode 

idea by incorporating higher-order derivatives of the sliding variable. The inclusion of 

higher-order derivatives, while maintaining the same robustness and performance as 

that of the conventional sliding-mode, led to a reduction in the undesirable chattering 

effect inherent in the sliding-mode technique [97]. The nth order sliding mode is 

defined by the equalities   𝑠 = 𝑠 = 𝑠 = ⋯  = 𝑠(𝑛−1) = 0. The sliding order is 

determined from the number of continuous derivatives of sliding variable in the 

neighbourhood of sliding mode. As the sliding order increases, the dimension of the 

sliding manifold decreases, this results in chattering reduction in the neighbourhood 

of sliding manifold.  

Among HOSM controllers, second order sliding mode controller is very popular. The 

reason of its popularity is its implementation which is easy. 

4.3   Second order sliding mode algorithms 

To design second order sliding mode, a number of algorithms are available in the 

literature in which twisting, super twisting, sub optimal and drift [98] are common. 

Now these algorithms are discussed one by one. 

4.3.1 Twisting Algorithm 

By considering local coordinates 𝑦1 = 𝑠  and  𝑦2 = 𝑠 , the SOSMC problem is the 

same as the finite time stabilization problem for uncertain second-order systems 

having a relative degree 1 [99-100]. 

𝑦 1 = 𝑦2  

𝑦 2 = 𝜙 𝑡, 𝑥 + 𝛾 𝑡, 𝑥 𝑢        (Eq 4.1) 

Here 𝑦2 𝑡  is immeasurable but the sign is possibly known. 𝜙 𝑡, 𝑥  and 𝛾 𝑡, 𝑥  are 

uncertain functions such that  

Φ > 0,  𝜙 ≤ Φ, 0 < 𝛤𝑚 ≤ 𝛾 ≤ 𝛤𝑀        (Eq 4.2) 

The main feature of this algorithm is the twisting behavior around the origin as 

depicted in Figure 4.1. The trajectories converge to the origin after performing infinite 
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number of rotations. The vibration magnitude and rotation time decrease in geometric 

progression. The control law is defined as [99] 

 𝑢  𝑡 =  

−𝑢                                                                           𝑖𝑓   𝑢 > 1

−𝑉𝑚  𝑠𝑖𝑔𝑛 𝑦1                                 𝑖𝑓    𝑦1𝑦2 ≤ 0;   𝑢 ≤ 1

−𝑉𝑀 𝑠𝑖𝑔𝑛 𝑦1                                 𝑖𝑓    𝑦1𝑦2 > 0;   𝑢 ≤ 1

     (Eq 4.3) 

 

Figure 4.1: Phase trajectory of twisting algorithm. 

 

The corresponding sufficient conditions for the finite time convergence are given 

below  

𝑉𝑀 > 𝑉𝑚    

𝑉𝑚  >
4𝛤𝑀

𝑠0
  

𝑉𝑚  >
Φ

𝛤𝑀
  

𝛤𝑚𝑉𝑀 − Φ > 𝛤𝑀𝑉𝑚  + Φ         (Eq 4.4) 

Where 𝑉𝑚   and 𝑉𝑀  are proper positive constants such that 𝑉𝑀 > 𝑉𝑚  and 𝑉𝑀 /𝑉𝑚   is 

sufficiently large. The above equations of controller can be used for relative degree 1 

systems, for relative degree 2 systems, the following controller can be used. 
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𝑢 𝑡 =  
−𝑉𝑚  𝑠𝑖𝑔𝑛 𝑦1                                 𝑖𝑓    𝑦1𝑦2 ≤ 0

−𝑉𝑀 𝑠𝑖𝑔𝑛 𝑦1                                𝑖𝑓    𝑦1𝑦2 > 0
      (Eq 4.5) 

4.3.2 Sub-Optimal Algorithm 

This algorithm represents sub-optimal feedback realization for a  time-optimal control 

for a double integrator system [99]. By considering relative degree 2, the auxiliary 

system can be defined as 

𝑦 1 = 𝑦2  

𝑦 2 = 𝜙 𝑡, 𝑥 + 𝛾 𝑡, 𝑥 𝑢        (Eq 4.6) 

Using this algorithm, the system trajectories are restricted within limit parabolic arcs 

including origin [99,101]. In this algorithm both twisting and leaping behaviors are 

possible as shown in Figure 4.2. 

𝜈 𝑡 = −𝛼 𝑡 𝑉𝑀𝑠𝑖𝑔𝑛  𝑦1 𝑡 −
1

2
𝑦1𝑀   

 𝛼 𝑡 =  
𝛼∗     𝑖𝑓  𝑦1 𝑡 −

1

2
𝑦1𝑀  𝑦1𝑀 − 𝑦1 𝑡  > 0

1       𝑖𝑓  𝑦1 𝑡 −
1

2
𝑦1𝑀  𝑦1𝑀 − 𝑦1 𝑡  ≤ 0

         (Eq 4.7)     

Where 𝑦1𝑀  is the final singular value of the function 𝑦1 𝑡 . 

 

Figure 4.2: Phase trajectories of sub-optimal algorithm. 
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The corresponding sufficient conditions for the finite-time convergence are as follows 

[99,101]   

α∗ ∈  0,1 ∩  0,
3Γm

ΓM
   

𝑉𝑀 > 𝑚𝑎𝑥  
Φ

𝛼∗𝛤𝑚
 ,

4Φ

3𝛤𝑚 −𝛼∗ 𝛤𝑀
         (Eq 4.8)   

4.3.3 Drift Algorithm  

In drift algorithm the system trajectories are moved to the 2nd order sliding mode 

while keeping 𝑠   small. In other words trajectories are forced to move towards the 

origin along y1-axis. The phase trajectories of this algorithm on 2-sliding manifold 

are characterized by loops having constant sign of sliding variable 𝑦1 as shown in 

Figure 4.3. 

 

Figure 4.3: Phase trajectories of drift algorithm. 

 

The control algorithm for the case of relative degree 1 is defined as follows [99]  

𝑢 =  

−𝑢                                                       𝑖𝑓      𝑢 > 1 

−𝑉𝑚𝑠𝑖𝑔𝑛 𝛥𝑦1𝑖         𝑖𝑓     𝑦1𝛥𝑦1𝑖 ≤ 0;  𝑢 ≤ 1

−𝑉𝑀𝑠𝑖𝑔𝑛 𝛥𝑦1𝑖         𝑖𝑓     𝑦1𝛥𝑦1𝑖 > 0;  𝑢 ≤ 1

     (Eq 4.9) 
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Where 𝑉𝑚  and 𝑉𝑀 are proper positive constants such that 𝑉𝑚  < 𝑉𝑀  and 𝑉𝑀 /𝑉𝑚   is 

sufficiently large, also 𝛥𝑦1𝑖 = 𝑦1 𝑡𝑖 − 𝑦1 𝑡𝑖 − 𝜏 , 𝑡 ∈  𝑡𝑖 − 𝑡𝑖+1 . For relative degree 

2, the control law is modified as shown below.   

𝑢 =  
−𝑉𝑚𝑠𝑖𝑔𝑛 𝛥𝑦1𝑖         𝑖𝑓 𝑦1𝛥𝑦1𝑖 ≤ 0

−𝑉𝑀𝑠𝑖𝑔𝑛 𝛥𝑦1𝑖         𝑖𝑓 𝑦1𝛥𝑦1𝑖 > 0
        (Eq4.10)  

4.3.4 Super-Twisting Algorithm 

Super-Twisting Algorithm has been employed for the systems having relative degree 

one for the purpose of chattering reduction. Since an nth-order sliding-mode 

controller requires the information about 𝑠, 𝑠 , 𝑠 …  𝑠(𝑛−1) in order to keep 𝑠 = 0, 

therefore the knowledge about the values of higher-order derivatives of the sliding 

variable seemed to be a constraining requirement. However, this apparent restriction 

could be avoided by the use of this algorithm that does not require this extra piece of 

information. The algorithm ensures that system trajectories twist around the origin in 

the phase portrait as shown in the Figure 4.4. Another advantage of this algorithm is 

that it is not sensitive to sampling time. Another advantage of this algorithm is its 

insensitivity to sampling time. 

 

Figure 4.4: Evolution of Switching Surface during the super twisting controller action; 

minimizing the error between reference signal and desired output. 

 

 

 

 

O 
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Super twisting algorithm (STA) had been successfully applied and implemented on 

various engineering and non engineering applications. In [102], STA was 

incorporated in order to achieve robust and chattering free control for diabetic patient 

to regulate blood glucose concentration level. The simulation results showed good 

performance against meal disturbances and make it a suitable candidate for insulin 

pump design. Ref. [103] used STA for altitude tracking of four rotors helicopter. The 

simulation results showed that the proposed scheme performed well for stabilization, 

robustness and tracking, in addition of chattering reduction.  

In [85], STA based controller was designed using proposed dynamic model of nuclear 

research reactor for tracking problems.  The experimental results showed that the 

control scheme was robust against different disturbance levels and uncertainties in 

addition of chattering reduction. Ref. [104] applied STA on induction motor to 

achieve chattering free and decoupled control over motor speed and flux by 

incorporating stator phase resistance, rotor speed and load torque estimators. STA was 

also found in [105] for chattering removal in output regulation problem of the same 

system. The proposed algorithm improved the accuracy as well as dynamic response 

of the system. In [106], the performance of STA was tested with other algorithm, so 

called twisting algorithm on dc drive under uncertain parameters and load conditions. 

It was claimed that STA is best suited for real experiments subject to certain 

conditions. The STA based sliding mode observer was also investigated in [107] for 

sensorless speed control of permanent magnate synchronous motor. The simulation 

results showed that the proposed scheme behaved well at low speed and was robust.  

The super twisting algorithm had the advantage over other algorithms in that it did not 

demand the time derivatives of sliding variable. The control law used in this algorithm 

was composed of two terms. The first term 𝑢𝑎  was defined in term of discontinuous 

time derivative whereas the second term 𝑢𝑏   was a continuous function of sliding 

variable [98,108].  

𝑢 = 𝑢𝑎 +  𝑢𝑏           (Eq 4.11) 

𝑢 𝑎 =  
−𝑢                          𝑤𝑒𝑛  𝑢 > 1 

– 𝐾 𝑠𝑖𝑔𝑛 𝑠          𝑤𝑒𝑛  𝑢 ≤ 1 
      (Eq 4.12) 

𝑢𝑏 =  
−𝜆 𝑠0 𝜉𝑠𝑖𝑔𝑛 𝑠           𝑤𝑒𝑛  𝑠 > 𝑠0

−𝜆 𝑠 𝜉𝑠𝑖𝑔𝑛 𝑠             𝑤𝑒𝑛  𝑠 ≤ 𝑠0

      (Eq 4.13) 



70 

 

The super twisting algorithm converged in finite time and the corresponding sufficient 

conditions were:    

𝐾 >  
Φ

𝛤𝑚
  , 𝜆2 ≥

4Φ

𝛤𝑚
2  

𝛤𝑀 (𝐾+Φ)

𝛤𝑚 (𝐾−Φ)
 ,0 <  𝜉 ≤ 0.5       (Eq 4.14) 

where  𝐾, 𝜆, 𝑠0, Φ, 𝛤𝑚 , 𝛤𝑀  are some positive constants. When controlled system was 

linearly dependent on u, the control law could be simplified as:  

 𝑢 =  −𝜆 𝑠 𝜉𝑠𝑖𝑔𝑛 𝑠 + 𝑢𝑎        (Eq 4.15) 

 𝑢 𝑎 = – 𝐾 𝑠𝑖𝑔𝑛 𝑠          (Eq 4.16) 

When   𝜉 = 1  then this algorithm converges to the origin exponentially. 

4.3.5 Example 

To elaborate the significance of 2
nd

 order sliding mode over 1
st
 order sliding mode, 

the following 3rd order nonlinear system [32] is considered for stabilization problem. 

 
𝑥1  𝑡 = 𝑥2 𝑡                                 

𝑥2  𝑡 = 𝑥3 𝑡                                 

𝑥3  𝑡 = 𝐹 𝑋, 𝑡 + 𝐺 𝑋, 𝑡  𝑢 𝑡 
                    (Eq 4.17) 

Where 

 𝐹 𝑋, 𝑡 = 3 𝑒𝑥1 + 5𝑥2  𝑠𝑖𝑛 20 𝑡 + 𝑥1 𝑐𝑜𝑠 𝑥2
2 + 𝑥3

2          (Eq 4.18) 

𝐺 𝑋, 𝑡 = 3 + 𝑠𝑖𝑛 3 𝑡 + 𝑥1 + 𝑥2             (Eq 4.19) 

 𝐹(𝑋, 𝑡) ≤ 3 𝑒𝑥1 + 5 𝑥2       and     3 ≤  𝐺(𝑋, 𝑡) ≤ 4  

It is assumed that the state vector is completely measurable and control objective is to 

asymptotically stabilize the states to zero with initial conditions 𝑥 0 =  2 2 2 .  

The sliding surface and control law using FOSMC are designed as   

𝑠 𝑥 𝑡  = 𝑥3 𝑡 + 8𝑥2 𝑡 + 16𝑥1 𝑡         (Eq 4.20) 

𝑢 𝑡 = −𝑈 𝑥 𝑡  𝑠𝑖𝑔𝑛 𝑠                      (Eq 4.21) 

Where      𝑈 𝑥 𝑡  = 1.5𝑒𝑥1 + 4.5 𝑥2 𝑡  + 2 𝑥3 𝑡  + 5           (Eq 4.22) 

The sliding surface and control law using SOSMC are designed as   

𝑠 𝑥 𝑡  = 𝑥2 𝑡 + 4𝑥1 𝑡           (Eq 4.23) 
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𝑢 𝑡 =  
−



𝛤𝑚
Ψ0 𝑡 𝑠𝑖𝑔𝑛 𝑦1 𝑡 − 𝑦1 0                              0 ≤ 𝑡 ≤ 𝑇𝑀1

      > 1

−£ 𝑡 𝑉𝑀𝑘
𝑠𝑖𝑔𝑛  𝑦1 𝑡 −

1

2
 𝑦1𝑀𝑘

                𝑇𝑀𝑘
≤ 𝑡 ≤ 𝑇𝑀𝑘+1

  𝑘 = 1,2, …

     (Eq 4.24) 

where 

𝑦1 = 𝑠,              𝑦2 = 𝑠        and  

Ψ0 𝑡 = 𝐹1𝑀  𝑥  𝑡   +  𝐶𝑛−2 + 𝑞𝑓 𝑌10𝑀       (Eq 4.25) 

𝐹1𝑀  𝑥  𝑡   = 𝐹  𝑥  𝑡   +   𝐶𝑗 +  𝐶𝑛−2 + 𝑞𝑓 𝑛−3
𝑗 =1  𝐶𝑗

𝑛−2
𝑗 =1   𝑥  𝑡     (Eq 4.26) 

𝑌10𝑀 = 𝑥𝑛𝑜𝑀𝐴𝑋
+  𝐶𝑗 𝑥𝑗 +1 0 𝑛−3

𝑗 =1         (Eq 4.27) 

𝑉𝑀𝑘
= 𝜁 𝛾∗ Ψ𝑘                 𝜁 > 1      𝑘 = 1,2, …       (Eq 4.28) 

Ψ𝑘 = 𝐹1𝑀  𝑥  𝑡  𝑀𝑘
 + 1

2
𝑑𝑘

2
+ 𝑑𝑘 4𝐹𝑀  𝑥  𝑡  𝑀𝑘

 + 𝑑𝑘
2
     (Eq 4.29) 

𝑑𝑘 =  𝑦
1𝑀𝑘

  𝐶𝑛−2 + 𝑞𝑓  £
∗𝛤𝑀  𝜁 𝛾∗ + 1       (Eq 4.30) 

 𝑥  𝑡  𝑀𝑘
= 𝑞𝑥 𝑥  𝑇𝑀𝑘

  + 𝑞𝑦𝑦
1𝑀𝑘

        (Eq 4.31) 

£ 𝑡 =  
£

∗     𝑖𝑓  𝑦1 𝑡 −
1

2
𝑦1𝑀𝑘

  𝑦1𝑀𝑘
− 𝑦1 𝑡  > 0

1        𝑖𝑓 𝑜𝑡𝑒𝑟𝑤𝑖𝑠𝑒                                                
        (Eq 4.32) 

£
∗ ∈  0,1 ∩  0,

3Γm

ΓM
   

𝛾∗ = 𝑚𝑎𝑥  
Φ

£
∗𝛤𝑚

 ,
4Φ

3𝛤𝑚−£
∗ 𝛤𝑀

   

Now after simulating the system given in (Eq 4.17), Figures 4.5-4.6 show the phase 

portrait of FOSMC and SOSMC where as the controller efforts are indicated by 

Figures 4.7-4.8.  
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Figure 4.5: Phase portrait using FOSMC. 

 

 

Figure 4.6: Phase portrait using SOSMC. 
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Figure 4.7: Controller effort using FOSMC. 

 

 

Figure 4.8: Controller effort using SOSMC. 
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It can be seen that SOSMC has reduced the control effort significantly as compared to 

FOSMC. Figures 4.9-4.10 demonstrate the system states of both the controllers.  

 

Figure 4.9: System trajectories using FOSMC. 

 

Figure 4.10: System trajectories using SOSMC. 
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It is clear that response of first and second state is almost the same in both FOSMC 

and SOSMC. However in third state, transient effect is observed. The sliding surfaces 

used in FOSMC and SOSMC are given in Figure 4.11.  

 

Figure 4.11: Sliding surfaces of FOSMC and SOSMC 

Now it is very much clear that more chattering is observed in FOSMC. Hence it is 

evident that SOSMC not only reduced the control effort extensively but also 

diminished the chattering effect.  

Now the Second Order Sliding Mode Control (SOSMC) for SR motor using Super-

Twisting algorithm is designed as follows.  

The control law takes the following form for speed regulation case:  

𝑢 =  𝑢1 𝑢2 𝑢3 𝑇 = −𝐺∗  𝐹 + 𝐷𝜔  𝑡 + 𝜆  𝑠 0.5𝑠𝑖𝑔𝑛 𝑠  + 𝑢𝑎       

          (Eq 4.33) 

𝑢 𝑎 = −𝐾𝑠𝑖𝑔𝑛 𝑠          (Eq 4.34) 

and for speed tracking problem 

𝑢 =  𝑢1 𝑢2 𝑢3 𝑇 = −𝐺∗  𝐹 + 𝐷𝜔  𝑡 + 𝜆  𝑠 0.5𝑠𝑖𝑔𝑛 𝑠 −  𝜔 𝑟𝑒𝑓  𝑡 + 𝐷𝜔 𝑟𝑒𝑓  𝑡   + 𝑢𝑎   

                   (Eq 4.35) 

𝑢 𝑎 = −𝐾𝑠𝑖𝑔𝑛 𝑠          (Eq 4.36) 



76 

 

and for position regulation problem,  

𝑢 =  𝑢1 𝑢2 𝑢3 𝑇 =  −𝐺∗ (𝐹 + 𝐷1𝜔  𝑡 + 𝐷2𝜔 𝑡 + 𝜆  𝑠 0.5 𝑠𝑖𝑔𝑛(𝑠)) + 𝑢𝑎  

          (Eq 4.37) 

𝑢 𝑎 = – 𝐾 𝑠𝑖𝑔𝑛 𝑠         (Eq 4.38) 

Where   𝐷1 , 𝐷2 𝑎𝑛𝑑 𝐷 are positive constants and  𝐺∗ = 𝐺𝑇 𝐺𝐺𝑇 −1 

Note: - The value obtained from integration of 𝑢 𝑎 is a single scalar and will be added 

to each element of vector.   

4.4   Simulation Results of HOSM Using STA and 

Commutation Scheme 

The effectiveness of the proposed controllers is evaluated through simulations carried 

out using MATLAB/SIMULINK software. The parameters of SR motor used for 

simulations are given in Table 1, Chapter 2. The schematic of driver circuit used to 

drive the motor phases is shown in Figure 4.12, which uses only one leg of the H-

bridge as our proposed controllers require only positive phase voltage.  

 

  

 

 

The FOSMC and SOSMC designed in Section 3.4 and 4.3 along with the 

commutation scheme developed in Section 2.3 are applied for speed regulation, speed 

tracking as well as position regulation problems. For comparison purpose, sliding 

Figure 4.12: Driver circuit used for energizing motor phases. 
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mode controller of [24] is also implemented. Simulation results are presented in 

Figures 4.13-4.36.  A number of advantageous features of FOSMC and SOSMC with 

the designed commutation scheme are elaborated and compared to the conventional 

control where all phases are excited, the latter can also be seen for example in [24] 

and [22]. 

4.4.1 Comparison of Speed Response of FOSMC and SOSMC to A Step 

Command 

Figure 4.13 compares the outputs of FOSM & SOSM controllers developed in this 

work with that of another sliding-mode controller reported in [24] for the case where 

the motor is commanded to operate at 10 rad/s from its stand still position. It can be 

observed that the motor speed converges to the desired value more quickly for the 

proposed commutation scheme based FOSM and SOSM controllers. Figures 4.14-

4.17 show a performance test for FOSMC and SOSMC for a reference speed of 10 

rad/s. To observe the performance of both controllers deeply, we have taken up some 

close up view of the plots. It can be visualized from Figure 4.14 and Figure 4.16 that 

FOSMC shows higher magnitude of chattering than SOSMC. The same results are 

verified for a motor speed of 20 rad/s in next simulation tests shown in Figure 4.17 

and Figure 4.18 where as control efforts are shown in Figures 4.19-4.20.  

 

Figure 4.13: Speed response of FOSMC and SOSMC to a step command. 
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Figure 4.14: A Close-up View of Response of both FOSMC and SOSMC to a step command. The 

high magnitude of chattering signal of FOSMC is clearly noticeable. 

 

Figure 4.15: Error plot of Speed Response of FOSMC and SOSMC to a step command. 
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Figure 4.16: A Close-up View of Error plot of Speed Response for FOSMC and SOSMC to a step 

command. The reduced amount of error magnitude is clearly visible. 

 

Figure 4.17: Speed Response and Speed error plot of FOSMC and SOSMC to a step command 

for a relative speed of 20 rad/s. 
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Figure 4.18: A close up view of Speed Response of both FOSMC and SOSMC to a step command 

in the starting and steady state regions. The high magnitude of chattering signal of FOSMC is 

clearly visible. 

 

Figure 4.19: Control effort using FOSMC. 
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Figure 4.20: Control effort using SOSMC. 

 

4.4.2 Comparison of Position Response of FOSMC and SOSMC to A 
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The response of controllers is shown in Figure 4.21 when SR motor is commanded 

from initial position 0.2 radian to attain a reference position 30 radians. Figure 4.23 

gives the respective position error and, Figure 4.22 and Figure 4.24 are their close 

ups. 

 

Figure 4.21: Position response of FOSMC and SOSMC to a step command. 
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Figure 4.22: A close-up view of responses of both FOSMC and SOSMC to a step command. The 

high magnitude of chattering signal of FOSMC is clearly noticeable. 

 

 

Figure 4.23: Error plot of position responses of FOSMC and SOSMC to a step command. 
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Figure 4.24: A close-up view of error plot of position responses for FOSMC and SOSMC to a 

step command in initial stage of steady state. 
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Figure 4.25: Power loss in Conventional Design is about 85 kW. Using FOSMC it is about 19 

KW. Using SOSMC it even lowers to about 15 kW. 
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Figure 4.26: 3-phase voltages during initial stage of steady state response. 

 

Figure 4.27: 3-phase currents during initial stage of steady state response. 

The three phase voltages during initial stage of steady state operation are shown in 

Figure 4.26. It is well clear from these figures that in commutation based controllers, 

only one or two motor phases are selected for generation of control efforts at any 

given instant of time. The conventional design, on the other hand, energizes all the 

three phases simultaneously and applies bipolar voltages to motor phases. A closer 

0.4 0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5

-200

0

200

Time (sec)

C
o

n
v

en
ti

o
n

al
  

C
o

n
tr

o
l

(v
o

lt
s)

  
  

Voltages

0.4 0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5
0

100

200

Time (sec)

F
O

S
M

C

(v
o

lt
s)

0.4 0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5
0

100

200

Time (sec)

S
O

S
M

C

(v
o

lt
s)

0.4 0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5

-4
-2
0
2
4

Time ( sec )

C
o

n
v

en
ti

o
n

al
 C

o
n

tr
o

l 

(a
m

p
) 

  
  

Currents

0.4 0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5

0

2

4

Time ( sec )

F
O

S
M

C

(a
m

p
)

0.4 0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5

0

2

4

Time ( sec )

S
O

S
M

C

(a
m

p
)



86 

 

focus on the time interval 0.44 - 0.45 sec is of particular interest. It shows that even in 

those cases where apparently only two of the three phases are being energized by the 

conventional sliding-mode controller, the controller has selected wrong phases for the 

generation of control efforts. Despite that maximum voltages are being applied to the 

two phases resulting in large phase currents, the torques produced by the two phases 

are cancelling each other. This results in much reduced net motor torque as compared 

to the torques produced by each phase independently.   

 

Figure 4.28: Torques during initial stage of steady state response. 

 

This amounts to wastage of efforts and also results in increased power loss in motor 

windings.  The commutation based FOSMC and SOSMC use only unipolar voltages 

with reduced voltage levels thus resulting in lower phase currents. As a result, 

proposed controllers (FOSMC and HOSMC) produce lesser individual torques of the 

same polarities which add up to give a higher net torque. The torques produced by 

three individual phases and net torque are shown in Figure 4.28 which verify the 

above statement.  

0.44 0.441 0.442 0.443 0.444 0.445 0.446 0.447 0.448 0.449 0.45
-10

0

10

Time ( sec)

C
o

n
v

en
ti

o
n

al
 C

o
n

tr
o

l

(m
N

-m
) 

  
  

Torques

0.44 0.441 0.442 0.443 0.444 0.445 0.446 0.447 0.448 0.449 0.45

0

5

10

Time ( sec )

F
O

S
M

C

(m
N

-m
)

0.44 0.441 0.442 0.443 0.444 0.445 0.446 0.447 0.448 0.449 0.45

0

5

10

Time ( sec )

S
O

S
M

C

(m
N

-m
)

Net Torque

Net Torque

Net Torque



87 

 

4.4.4 Comparison between FOSMC and SOSMC With Respect to Power 

Loss, Input Phase Voltages and Torques in Position Regulation 

Problem 

Figure 4.29 and Figure 4.30 represent the three phase input voltages when motor is 

directed to attain the desired position of 30 radians. It can be observed from these 

Figures that SOSMC saves the power consumption as the phase voltage values in 

SOSMC are low due to less area under the curve.    

 

 

Figure 4.29: Phase voltages during simulated period for a simulation run of 10 seconds when 

motor is directed to obtain a desired position 30 radian 
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Figure 4.30: Phase voltages during transient response seconds when motor is directed to obtain a 

desired position 30 radian. 

A comparison of power loss in motor phases in position regulation problem is also 

carried out in Figure 4.31 at transient state. Figure 4.32 represents the respective 3-

phase currents. Individual torques and net torque is given in Figure 4.33.  Power Loss 

in FOSMC is about 0.66 KW where as in SOSMC; it is just 0.34 KW which also 

confirms the effectiveness of the proposed design.   

 

Figure 4.31: Power Loss during transient state when SR motor is commanded to attain a desired 
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Figure 4.32: Power Loss during transient state when SR motor is commanded to attain a desired 

position 30 radian.. 

 

Figure 4.33: 3-Phase Torque and Net Torque during transient state when SR motor is 

commanded to attain a desired position 30 radian. 
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4.4.5 Comparison of Speed Response of FOSMC and SOSMC to A 

Sinusoidal Signal 

Tracking performance of FOSMC and SOSMC can be reflected from Figure 4.34 

where sinusoidal signal is selected for comparison test. Figure 4.35 gives clear picture 

of what is happening at the different points of one sinusoidal cycle and Figure 4.36 

gives the speed error of both the controllers. 

 

Figure 4.34: Speed response of proposed design for sinusoidal signal  . 

 

 

Figure 4.35: A Close-up of Speed response of proposed design for sinusoidal signal. 
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Figure 4.36: Error response using FOSMC and SOSMC. 
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4.5   Conclusion 

FOSMC and SOSMC were simulated for speed regulation, speed tracking and 

position regulation problems using proposed commutation scheme described in 

Chapter 2. Chattering in conventional sliding mode control is dangerous for electro-

mechanical system because it excites unmodelled dynamics that makes system 

unstable. HOSM is one of the solutions of chattering removal in addition of 

robustness and order reduction. Moreover it can also be stated that the proposed 

controller SOSMC can only be used for chattering reduction as well as for power 

saving. This feature is especially very important for SR motor control, due to reduced 

chattering; wear and tear problem of actuators is reduced.    
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Chapter 5  

ROBUSTNESS OF THE PROPOSED CONTROL 

This chapter deals with robustness, the important characteristic of the proposed 

controllers. The significant results are elaborated through simulation study. In 

Sections 5.1-5.2, performance of the proposed controllers SOSMC is tested and 

compared with FOSMC against parameter variation such as moment of inertia, 

coefficient of friction, resistance and external disturbances. Figures 5.1-5.19 are 

sketched for this purpose. Section 5.3 concludes the chapter.     

5.1   Robustness 

High performance applications demand that the proposed design should be robust 

against parameter variations and external disturbances. In case of SR motor, the most 

common external disturbance is load torque.  The motor is assumed to operate under 

no torque load with a speed of 10 radian/sec. Motor is also commanded to achieve a 

desired position of 30 radians from its standstill position. To test the performance of 

the proposed controllers, we also apply the same change on FOSMC for comparison 

purpose. 

5.1.1 Robustness against External Load 

Figures 5.1-5.7 show the motor response when a sudden change in torque load is 

occurred. We would see its impact on speed as well as on position application. 

5.1.1.1 Comparison of Speed Responses of SR Motor with Sudden Change in Torque 

Load 

Figure 5.1 depicts the response when a sudden change in torque load from 0 to 2 N-m 

at t = 0.5 second is applied and then again removed at t = 0.6 second when motor was 

running at 10 rad/sec. It is evident from the Figure 5.2 that FOSMC exhibits a large 

amount of chattering during this time interval 0.5-0.6 second, whereas SOSMC does 

not allow a bigger dip and keeps the motor closer to its desired speed. However both 

controllers produce negligible amount of overshoot and steady state error.   
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Figure 5.1: Speed response of SR motor with sudden change in torque load. 

 

 

Figure 5.2: A close-up view of Figure 5.1 with sudden change in Torque Load. 
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0 to 3 N-m is applied during the intervals t=2.0 to t=2.1, t=3.0 to t=3.1 and t=4.0 to 

t=4.1 seconds and Figure 5.31 when motor is suddenly subjected to a disturbance in 

the form of a sudden external load of 2 N-m and 4 N-m. A comparison of the 

robustness of both FOSMC and super twisting SOSMC controllers is immediately 

evident from the plots.   

 

Figure 5.3: Speed response of SR motor with sudden change in torque load. 

 

Figure 5.4: A close-up view of Figure 5.3 with sudden change in Torque Load. 
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Figure 5.5: Speed response during sudden change in torque load . 
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5.1.1.2 Comparison of Position Responses of SR Motor with Sudden Change in 

Torque Load 

The same sudden change in torque load during the time interval t=5 sec to t=5.5 sec is 

investigated in Figure 5.6 when motor was approaching the desired position of 30 

radians.  

 

Figure 5.6: Position response of SR motor with sudden change in torque load. 
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Figure 5.7: A close-up view of Figure 5.6 with sudden change in Torque Load. 
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5.2.1 Comparison of Speed/Position Responses of SR Motor with 

Changes in J 

Figures 5.8-5.11 demonstrate the motor response when changes in moment of inertia 

are carried out. Moment of inertia is first decreased by 50% and then increased by 

100% from its original value.   

 

Figure 5.8: Speed response of SR motor with sudden changes in J. 

 

 

Figure 5.9: Position response of SR motor with sudden changes in J. 
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Figure 5.10: A close up view of Figure 5.8 with sudden changes in J. 

 

Figure 5.11: Close up view of position response of controllers during initial stage of steady state 

against sudden change in J. 
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in the proposed controller SOSMC. The decrease of moment of inertia gives good 

performance however it slows down the dynamic response of the system.  

5.2.2 Comparison of Speed/Position Responses of SR Motor with 

Changes in B 

The consequences of the same changes in coefficient of friction (B) are taken into 

account in Figures 5.12-5.15. It can be realized that speed/position response of 

SOSMC does not have any effect with increment or decrement of coefficient of 

friction. On the otherhand, the performance of FOSMC in speed regulation problem is 

affected at transient stage but in position regulation problem, it causes more chattering 

when coefficient of friction is decreased by 50%. 

 

 

Figure 5.12: Speed response of SR motor with sudden changes in B. 
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Figure 5.13: Position response of SR motor with changes in B. 

 

 

Figure 5.14: A close up view of Figure 5.12 with sudden changes in B. 
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Figure 5.15: Close up view of position response of controllers during initial stage of steady state 

against sudden change in B 

5.2.3 Comparison of Speed/Position Responses of SR Motor with 

Changes in R 

The response of the controllers during variation of resistance is shown in Figures 

5.16-5.19. In speed control problem, it can be observed that the decrement in phase 

resistance causes some overshoot in both the controllers and increment in phase 

resistance slows down the dynamic responses. The response of FOSMC is slower than 

SOSMC. 

 

Figure 5.16: Speed response of SR motor with sudden changes in R 
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Figure 5.17: Position response of SR motor with changes in R. 

 

 

Figure 5.18: A close up view of Figure 5.16 with sudden changes in R. 
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Figure 5.19: Close up view of position response of controllers during initial stage of steady state 

against sudden change in R 
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Chapter 6  

CONCLUSIONS AND FUTURE WORK 

This thesis presents a novel control scheme for speed regulation/tracking of Switched 

Reluctance (SR) motors. The control methodology is based on Higher-Order Sliding-

Mode (HOSM) technique. In particular, a Second-Order Sliding-Mode Controller 

(SOSMC) based on Super Twisting algorithm is derived. Owing to the peculiar 

structural properties of SRM, torque produced by each motor phase is a function of 

phase current as well as rotor position. More importantly, and unlike many other 

motors, the polarity of the phase torque in SR motors is solely determined by the rotor 

position and is independent of the polarity of the applied voltage or phase current. The 

proposed controller takes advantage of this property and incorporates a commutation 

scheme which; at any time instant, selects only those motor phases for the 

computation of control law, which can contribute torque of the desired polarity (in the 

desired direction only) at that instant. This feature helps in achieving the desired 

speed regulation/tracking objective in a power efficient manner as control efforts are 

applied through selective phases and phases of opposite polarity which are 

counterproductive to the torque optimization are not energized. This approach also 

minimizes the power loss in the motor windings thereby reducing the heat generation 

within the motor. The losses due to heat generation; and also performance degradation 

are avoided. 

In order to highlight the advantages of HOSM based controllers, a classical First-

Order Sliding-Mode controller (FOSMC) is also developed and applied to the same 

system. The comparison of the two schemes shows much reduced chattering in case 

of SOSMC. The performance of the proposed SOSMC controller for speed regulation 

is also compared with a dynamic sliding mode controller (DSMC) and another sliding 

mode speed controller published in the literature. The proposed controller (SOSMC) 

outperforms the DSMC not only in tracking the desired speed but also in 

minimization of chattering.  
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Furthermore, the position control application of proposed controls has been explored 

and first order sliding mode controller (FOSMC) is designed for position regulation 

problem; making it possible candidate for servo drive applications in some cases; its 

stability is assured using Lyapunov stability theorem. To cater for the inherent 

problem of chattering in FOSMC, a second order sliding mode controller (SOSMC) 

has been developed based on super twisting algorithm. The proposed controller is 

robust against parameter variations and external disturbances also. There are a lot of 

open research area for optimization of torque and hence power optimization, smooth 

sliding mode control of SR motor, design of higher order sliding mode observers for 

Sensorless control of SR motor etc. 

Future work may address the following issues: 

 Sensorless control of SR motor by avoiding the need of position sensor and 

development of HOSM based observers and testing at different loads and 

speeds. The resulting scheme will not only increase the reliability but also will 

reduce the cost of the overall system.  

 Performance and robustness analysis of Second Order Sliding Mode Observer 

with First Order Sliding Mode Observer on parameter variations and 

disturbances in Matlab/SIMULINK environment and finally implementation 

on a test bench. 

 Implementation of DSMC, FOSMC and conventional sliding mode control 

[24] for speed regulation/tracking problem on a system bench and comparison 

of the simulation results with experimental results. Comparative study and 

analysis of behaviour against parameter variations and unknown disturbances.  

 Implementation of SOSMC for speed control problem on a system bench and 

comparison of its results with FOSMC and DSMC. A study of response of 

SOSMC against parameter perturbations and its comparison with the other 

implemented controllers. 

 Implementation of FOSMC for position regulation problems on a system 

bench and analyses of response at different positions against parameter 

variations and load disturbances. 
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 Implementation of SOSMC on a test bench for position regulation and its 

comparison with FOSMC and analyses of the performance of both controllers 

against parameter variations and load disturbances using simulation results as 

well as test bench data. 

 The exact parameters are indispensable for the development of any accurate 

nonlinear model of the system. Because model with poor parameters produces 

poor dynamic response and sometimes becomes unstable. The parameters of 

SR motor are coefficient of friction (B), moment of inertia (J) and resistance 

(R) play vital role in the system dynamics. Many techniques have been 

reported in literature to find out accurate values of the parameters. We would 

intend to further explore HOSM based technique for parameter estimation of 

SR motor.   

 Timely detection and diagnosis of faults in industrial process improves its 

efficiency and also increases the life of the equipments. Like other motors, 

different types of faults may occur in SR motor. For example one phase open 

circuit fault, locked rotor fault, phase to ground fault etc. HOSM based 

technique has been reported on DC motor, induction motor, permanent magnet 

synchronous motor for fault detection and isolation. We would intend to apply 

this technique on SR motor for fault detection and diagnosis purpose. 
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