CHAPTER 1

Introduction
1.1 General:
 Due to the essential of the mechanical loads to our life. These loads may have rotational, linear, or any other nature of movement according to the load demand.  Recently , the great development of electric motors and their electrical drives makes load's characteristics (like speed, torque , power  and their variations) take an important place in the decision of choosing the load driver.

 In general, dc and induction motors are used to drive a great portion of loads. They have some problems such as: Poor positioning control, commutation problem in dc motors and the slip ring problems in the wound rotor induction motor.
According to the development of power electronics and computer science, researches have been directed towards reluctance motors especially switched reluctance motors (SRM).The switched reluctance motor (SRM) drives for industrial applications are of recent origin. Since 1969, a variable reluctance motor has been proposed for variable speed applications. The origin of this motor can be traced back to 1842, but the “reinvention” has been possible due to the advent of inexpensive, high-power switching devices. The switched reluctance motors is similar to the stepper motor expect that it has: 

1. Fewer poles

2. Larger stepping angle

3. Usually one tooth per pole

4. Higher power output capability

5. The SRM motor is normally operated with shaft position feed back to synchronize the commutation of the phase currents with precise rotor positions, where as stepper motor is normally run in open loop, i.e with out shaft position feed back.

6. SRM is normally designed for efficient conversion of significant amounts of power, stepper motors are more usually designed to maintain step integrity position controls.

1.2 Overview of the switched reluctance motors:
The switched reluctance motor is a doubly salient, which means that it has unequal number of salient poles on both the rotor and the stator. But only one member (usually the stator) carries windings, and each two diametrically poles usually form one phase. The rotor has no winding, magnets, or cage winding and is built up from a stack of salient-pole lamination. So it is considered as a simple and robust construction machine [1].

SRM motor is fed by dc supply via an inverter which transfers the supply from one phase to another, thus each phase has a pulse nature parameters (current, flux-linkage, and torque). In order to produce torque, the stator winding inductance vary with the position of the rotor, because torque in this machine is directly proportional to the variation of the winding inductance with angular position, and the square of motor phase current.
The SRM possess a few unique features that makes it a competitor to existing AC and DC motors in various adjustable-speed drive and servo applications. 

1.2.1 The advantages of an SRM can be summarized as follows [1-4]:

1. Machine construction is simple and low-cost because of the absence of rotor winding and permanent magnets.

2. Bidirectional currents are not necessary, which facilitates the reduction of the number of power switches in certain applications.

3. The bulk of the losses appear in the stator, which is relatively easier to cool.

4. The torque–speed characteristics of the motor can be modified to the application requirement more easily during the design stage than in the case of induction and PM machines.

5. The starting torque can be very high without the problem of excessive in-rush current due to its higher self-inductance.

6. The open-circuit voltage and short-circuit current at faults are zero or very small.

7. The maximum permissible rotor temperature is higher, since there are no permanent magnets.

8. There is low rotor inertia and a high torque/inertia ratio.

9. Extremely high speeds with a wide constant power region are possible.

10. There are independent stator phases, which do not prevent drive operation in the case of loss of one or more phases.
11.  The simple motor structure and inexpensive power electronic requirement have made the SRM an attractive alternative to both AC and DC machines in adjustable-speed drives.
The SRM also comes with a few disadvantages among which torque ripple and acoustic noise are the most critical.
1.2.2 The disadvantages of an SRM: [1,4,5,6]
1. The higher torque ripple also causes the ripple current in the DC supply to be quite large, necessitating a large filter capacitor. 

2. The doubly salient structure of the SRM also causes higher acoustic noise compared with other machines.

3. The cabling for switched reluctance motors is typically more complex than for induction motor drives which means additional cost.

1.2.3 Applications of an SRM: [1, 5, 7]
1. Electric vehicle application.

2. Aircraft applications.

3. Servo-drive.
4. General purpose industrial drives.

From the above it can be seen that for applications under high temperature operation or a high degree of fault tolerance, or in cases where a brushless motor is needed but without the cost or the operational problems of permanent-magnet motors, SRM is a viable candidate.  

1.3 Speed control of SRM:

Several drive control methods for SRM have been proposed in literature in the last decade: sensor less control using a mechanical position sensor [8], [9], fuzzy logic control [10], robust speed control using variable structure approach [11], state-switching control technique [12], speed control of SRM powered by a fuel cell [13] , [14] ,  etc. Among such methods, the sensor-less control strategy reduces overall cost and dimension of the drive and improves the product reliability, although all other methods have their own pros and cons depending on the principles of operation applied.
 Robust speed control of a switched reluctance vector drive which presents an approximate sliding mode input power controller and another feed forward sliding mode speed controller are combined with space voltage vector modulation. The resultant drive has rapid and robust speed response. Furthermore, the controller does not require any off-line characterization of the motor or load characteristics and could easily be applied to switched reluctance motors with any number of phase windings. A 4-kW four-phase switched reluctance drive is constructed to test the performance of the controller.[11]

A robust speed controller for a switched reluctance vector drive using a variable structure approach has been developed and implemented based on a four-phase asymmetric half-bridge converter. The controller employs space vector modulation and sliding-mode dc-link power and speed controllers.[11]
A switched reluctance motor (SRMs) has advantageous features such as low inertia, fault tolerance, high efficiency, and simple design. However, its control is fairly complex due to nonlinear characteristics of the magnetic flux linkage seen on the stator windings. 

The focus of this paper is developed a simple controller for the SRM based on state-switching digital control. The concept of state-switching digital control is to control the motor state (speed) by applying a high or a low energy pulse; above and below the desired steady state of the motor. This paper presents two methods of motor control: one for single-speed applications and another for variable speed applications. 
Current methodologies of SRM control can be broadly classified as either memory or processor intensive. Memory and processor intensive methodologies all require detailed flux linkage information. Better memory and processor intensive control solutions are capable of servomotor control at all speeds. However, these solutions are not appropriate for simple low-cost applications since high cost and complexity of the controller cannot be justified. The two control methods based on digital control and sliding mode control (SMC). 
The concept of state-switching digital control was first presented for converters and brushless dc (BLDC) motor control. State-switching digital control exploits the fact that the error between the commanded and observed state can be brought to zero by actuating either a high energy or a low energy pulse. Continuous application of the low energy pulse will result in “state low” while the continuous application of the high energy pulse will result in “state high”. Therefore, state actuation error can be brought to zero by application of a high or a low energy pulse, depending on the sign of the error: If the commanded state is higher than the observed state, a high energy pulse is applied and vice versa for the low energy pulse. 
In steady state, the worst case speed overshoot takes place when the speed of the motor is just below the reference, and a high power pulse is applied. Alternatively, the worst case speed undershoot takes place when the speed of the motor is just above the reference, and a low power pulse is applied. 

This method has presented the concept of digital as applied to SRMs. The concept of digital control is that the motor can be brought to and kept in any state by switching the motor mode of control between two predefined states: one above and other below the desired steady state of the motor.  [12]
This study presents a speed control design for switched reluctance motor (SRM) drive powered by a fuel cell system. The whole control mechanism consists of a hysteresis current controller to minimize the torque ripple and a P-I speed controller.
SRM drive so far has been used in aircraft starter/generator systems, automotive and home appliance applications. SRM drive is also known for their fault tolerant operation as there are no windings or permanent magnets on the rotor, which makes very high-speed operation possible without much concern about the centrifugal forces.  In the power chopper side, since the phase windings are connected in series with the upper and lower switches, the fault does not happen in case that one of the switches is shorted. There are, some disadvantages of SRM drive, such as high level of acoustic noise [15], [16], [17] and torque ripple [18], [19], especially at low operating speed.

This method, investigates a simple speed control design for SRM drive consisting of a hysteresis current control [20] in the inner loop and a P I control in the outer loop. The PI control is designed by ignoring the electrical dynamics in SRM which is much faster than mechanical dynamics. The performance of such control design is then validated by real-time fixed step simulation using RT-Lab (RT-LAB, fully integrated with MATLAB/Simulink , is the open Real-Time Simulation software environment that representing the way Model-based Design ) technology from Opal-RT. The SRM is powered by a fuel cell system, which has been for a long time treated as a potential alternative ‘clean’ energy source to the current fossil chemical energy source. 

In general, the fuel cell generation system consists of a reformer, a stack and power converter. The power converter converts low voltage dc to ac or high voltage dc. The power converter must have functions to protect the system from output fluctuations reverse currents, and sudden load variations. In this study, a dc/dc converter is used to isolate the fuel cell voltage applied to SRM from any other load. The ratio of the input voltage to the output voltage for the dc/dc converter used in this research is 5/9. It boosts up the fuel cell voltage from 150v to 270v that is needed to power the SRM.

For the speed control of SRM Drive, the reluctance of the magnetic flux path in a given phase changes with rotor movement. The reluctance is maximum when the stator and rotor poles are aligned and minimum when the poles are unaligned. Thus, the stator phase inductance varies with the instantaneous phase current at any given rotor position. Because of the magnetic saturation, the stator phase inductance at the aligned position varies with the variation in the stator phase current.

The SRM drive speed control is divided into two functional units: one is for current controls which regulate and smooth the SRM current ripples to make sure the driving torque to achieve the desired drive speed; the other one takes the difference between the drive speed and the reference speed and calculate (through a PI algorithm) the desired current. The controller parameters Kp and Ki could be designed to achieve a pair of desired poles which satisfy the desired performance requirement.

Fuel cell is an electrochemical device that converts the chemical energy of gaseous fuel directly into electricity and is widely regarded as a potential alternative stationary. Different type of fuel cell is suitable for different applications, because of the differences in characteristics. In particular, this fuel cell stack model is applied to powering SRM driver and the SRM 4 phase currents are fedback through a current converter to control the fuel cell voltage. At the output of fuel cell voltage, a DC/DC converter is added to boost up the fuel cell voltage to drive the SRM and to provide isolation between fuel cell and SRM.

In the simulation results, the fuel cell provides voltage through the DC/DC chopper to SRM drive system while the SRM 4 phase currents are feedback through the current converter to regulate the fuel cell voltage. Through these connections, the SRM drive speed control model exchanges data in real time with the fuel cell stack model operating on a two-node RT-Lab. Due to the regulating action of PI-controller, both speed and torque yield quite smooth response with no or less ripples. Regulating action of fuel cell control yields smooth output voltage which is desired. [13],[14]
Neural networks (NNs) have proven to be useful in approximating nonlinear systems and in many applications, including motion control. Thus, advocated in switched reluctance motor (SRM) control have a large number of neurons in the hidden layer. 

One of the ideal applications of NNs in SRM control is in rotor position estimation using only current and/or voltage signals.
Nonlinear systems requiring a high degree of control accuracy require higher order NNs to properly approximate the system dynamics. Techniques for rotor position estimation and rotor position sensorless torque control in SRMs using NNs have been proposed and implemented at low speeds [21], [22], [23].
Most position sensorless SRM control algorithms utilize flux linkage because of its fundamental relationship to rotor position. Magnetic characteristics in SRMs are expressed by the relationship among winding flux linkages versus phase winding current versus rotor position. NNs utilizing flux linkage and current to train the NN to compute rotor position are described in [24], [25]. 
This method also presents a novel technique for sensorless control of an SRM drive using an NN. SRMs with different numbers of phases can also be controlled with the proposed sensorless control algorithm.
The controllers used for both the speed and current loops are proportional plus integral controllers. The structure of NNs contains three layers: The input layer has three neurons, the hidden layer has six neurons, and a single neuron is present in the output layer. The sigmoidal squashing function is used in all neurons, except the neuron in the output layer, which uses a linear squashing function. 

In this research, the product of flux linkage and current provides the lowest mean error. The number of computational steps required to process the proposed reduced NN structure is 33, including the computations done by the preprocessor. This is significantly lower than the conventional NN which requires 80 total computations to estimate the rotor position. The proposed minimal NN structure is chosen for final implementation as it reduces the computation time by 58% without inordinately sacrificing the accuracy in estimating the rotor position.

The system is executed in the position sensored mode, while the flux linkage estimation algorithm is exercised on the DSP to estimate the flux linkage and store rotor position, current, and flux linkage during operation. Rotor position is derived from Hall effect sensors that are mounted on the motor to indicate 0◦ and 45◦ in the conduction interval. 0◦ is the position where the rotor is completely unaligned with respect to the main stator poles, and 45◦ is the position where the rotor poles are fully aligned with the main stator poles
The results of simulations shows, the proposed reduced NN is estimating the rotor position with a low error. The results from the experimental tests show that the sensorless control algorithm with self-starting successfully estimates the position for speed control.[24], [25]
1.4 Thesis Objectives:

The main objective of this thesis is to  present a speed control algorithm for switched reluctance motor for the purpose of better performance of speed regulation of this type of motors. The dynamic response of the SRM with the proposed controller is studied during starting  and under load disturbances under full load torque. The effectiveness of the proposed artificial neural networks (ANN) controller compared with the conventional PID controller. 

1.5 Thesis outline:
This thesis consists of five chapters:

Chapter 1: 

Represents a general introduction to the work proposed in this thesis. It presents an overview of the switched reluctance motors, pointing at their pros, cons and field of applications. It also presents the thesis objectives and layout.
 Chapter 2:

 Describes the SRM construction and operation. The static charecteristics of the motor are presented in this chapter and the concept of the operating process is explained, some converter circuits used to excite the motor are presented .  
 Chapter 3:

The computations of the static characteristics (the flux-linkage/current curves and the static torque curves) of the SRM are carried out from the motor magnetic measurements. The dynamic characteristics of the SRM at constant speed for different modes of operation are also carried out, taking into consideration the effect of switching angles (on,off) on the current and torque and flux waveforms. 

Chapter 4: 

Presents an artificial neural network (ANN) controller for switched reluctance motors for the purpose of enhancing its speed regulation. The dynamic response of the SRM with the proposed controller is studied during starting  and under load disturbances. The effectiveness of the proposed  artificial neural network (ANN) controller is then compared with the conventional PID controller. 

 Chapter 5:

A summary of the main acheivements and contributions of this thesis are presented along the thesis work. 

CHAPTER 2
Construction and Principle of Operation of
Switched Reluctance Motor  
2.1 Introduction:
Switched reluctance motors (SRMs) and drives have received growing interest recently. Their simple structure and low cost of manufacture make SRMs potentially attractive for many industrial applications. However, the highly non-linear torque production characteristics of an SRM may limit its applicability to high performance applications such as servo systems. This chapter contains a brief introduction to SRM, its principle of operation and its construction.
Since 1969, a variable reluctance motor has been proposed for variable speed applications. Both the stator and rotor have salient poles, hence the machine is referred to as a doubly salient machine. It consists of a stator with exciting winding and magnetic rotor, both carries a set of salient pole. Permanent magnet is not required because torque is produced by the tendency of rotor poles to align with the excited stator poles, such as to minimize the stator flux linkages the results from a given applied stator current.
 It has a lot of advantages due to its low cost and simple rugged construction. The stator currents need not to be bidirectional thereby greatly simplifying the design of power and control circuit.

The switched reluctance motor has salient poles on both the rotor and the stator and operates like a variable-reluctance stepper motor except that the phase current is switched on and off when the rotor is at precise positions, which may vary with speed and torque .
A reluctance machine is one in which torque is produced by the tendency of its moveable part to move to a position where the inductance of the excited winding is maximized. 

To produce a torque: the stator winding inductance varies with the position of rotor, because torque in this machine is directly proportion to variation of winding inductance with angular position and square of motor phase current. [26], [27]
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Fig. 2.1 The phase inductance related to the motor poles.
The variation of the phase inductance of SRM with rotor angle relative to the motor poles is shown in Fig 2.1, where Lmax is the maximum inductance of the aligned positions, which occur when any pair of rotor poles is exactly aligned with the excited stator poles of a certain phase, and Lmin is the minimum inductance of the unaligned positions, which occur when the interpolar axis of the rotor is aligned with the excited stator poles. The phase inductance is increased as the rotor pole enters under the stator pole until the aligned position where the inductance has its maximum value, and when the rotor pole is moving far from the aligned position, the phase inductance will decrease until reaching its minimum value at the unaligned position [6], [28].
The produced torque in SRM is proportional to the square of the phase current which means that it depends on the magnitude of the phase current not on its direction.[28]
No torque is produced at the aligned and unaligned position, since    
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SRM is usually supplied from DC power supply which is switched on and off while transferring among phases using electronic switches. (Transistors, Thyristors). According to the relationship between the speed and the fundamental frequency if the poles are wound oppositely in pairs to form the phases, therefore each phase produces a pulse of torque on each passing rotor pole.
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The step angle (ε) is defined as the angle between two successive torque pulses, and is computed by:
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2.2 Motor Construction:
The switched reluctance motor is attractively simple in its mechanical construction and appearance.  It is a doubly salient, singly-excited motor. This means that it has unequal number of salient poles on both the rotor and the stator, but usually the stator carries windings and each two diametrically poles form one phase. The rotor has no windings, magnetic or cage windings and is built up from a stack of salient pole laminations; so it considered as simple and robust construction machine.

The switched reluctance motor is named by its pole numbers (the number of poles in the stator and in the rotor), so for example: 6/4 SRM means that the SRM contains 6 poles on stator and 4 poles on rotor.  It also include other pole numbers as  2/2,4/2, 8/6, 12/8 . [1]
[image: image17.emf]
Fig. 2.2: Simple reluctance machine with one phase and two poles on both the stator and rotor.
[image: image18.emf]
Fig. 2.3: A cross section of a 3 phase, 6/4 SRM.
[image: image19.emf]
Fig. 2.4: A cross section of a 4-phase, 8/6 SRM.
2.3 Principle of operation:

All types of reluctance motor, depend on the principle that a piece of soft magnetic iron will align itself with a magnetic field imposed upon it. Switched reluctance motors completely eliminate the need for any winding on the rotating member; salient pole on the rotor should be synchronized with the magnetic field produced by electric current in the windings of the stator. [29]
SRM is similar to a variable reluctance stepping motor and they may appear identical except that the latter is designed as a low power positioning device which runs in synchronism with a square wave supply. Whereas the SRM differs in its design properties to give an efficient and smooth variable speed power drive for which switching of the supply is dictated by the rotor position.

2.4 Magnetization curve:
 It represents the relationship between the flux-linkage and current of a certain phase at different rotor positions. The most two important points in these curves are the unaligned and the aligned positions. Fig 2.5 shows the magnetization curves of a SRM where each curve belongs to a certain value of rotor angle that vary between the unaligned (the lowest curve) to the aligned position (the highest curve).
[image: image20.emf]
Fig. 2.5: The magnetization curves of SRM.
Fig 2.6 shows the region of increasing inductance is marked by motoring where a positive torque is produced through this region and the region of decreasing inductance is marked by generating or braking where a negative torque is produced through this period.
In practical curves the corners are smoother than those shown in the figure due to the fringing effect which can not be neglected as in the idealized curves. [1], [28]
[image: image21.emf]
Fig. 2.6: The inductance curves of SRM.
The conduction period under idealized conditions (which is the difference between the on-angle and the off-angle of the phase) may exceed the step angle, this leads to an overlapping between phases (its length equal to the difference between the conduction angle and the step angle) which is desirable in small amount because it results in minimizing the torque ripple, but in large amount it imposes transient or vibratory stresses. 

The overlapping between the phases is not the same for all motor constructions. 
For example, with 6/4 3-ph SRM the step angle is 30 deg, the maximum conduction angle is 45 deg, and equal 1.5 times the step angle while the step angle with 8/6 4-ph SRM is15 deg , the maximum conduction angle is 30 deg which is 2.0 times the step angle. 

[image: image22.emf]
Fig. 2.7: The inductance of three phases 6/4 SRM.

Fig. 2.7 shows the inductance of a three phase SRM. It can be noted from this figure that it is required for producing torque at all positions, that the entire 360 degrees must be covered by segments of rising inductance for different phases and the phase currents must be commutated and sequenced to coincide with the appropriate segments.
[image: image23.emf]
Fig. 2.8: The idealized phase inductance of a 4-ph, 8/6 SRM.
2.5 Static torque curves:

These curves represent the phase torque values as a function of rotor angle at different values of current.  It computed by integrating the magnetization curves to obtain the co-energy curves as a function of rotor angle at different values of current. [30]
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These curves are differentiated relative to the rotor angle at fixed values of current to get finally the static torque curves which have the form shown in Fig 2.9 and also to determine the rating of machine power.
 Where T is the torque produced by one phase   
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[image: image26.emf]
Fig. 2.9: The static torque curves of SRM.
The importance of these curves comes from that they imply all the possible capabilities of torque/phase produced on the motor shaft at any value of rotor angle and current.  [31]
2.6 Switched Reluctance Motor Operation:
The SRM is fed from DC supply, which transverse the motor phases via the converter; so the delivered energy given to each motor phase has a nature of pulse.

For   ideal operation  of switched reluctance drives, where the produced torque is constant with no torque ripple or speed vibration, the current pulses should have a rectangular waveform. 

It must coincide with the rising inductance part of the inductance waveform for motoring operation, but for generation or braking operation it must coincide with the falling inductance part of this waveform. 
For these two cases of operation the current must be switched on and off in synchronism with the rotor position corresponding to rising and falling inductance. 

The supply should be distributed equally among phases taking in account that each current pulse has a period length equal to the step angle.
This idealized case is not a practical form of operation, because the phase current is affected by the position of the on and off points, the circuit time constants, the operating speed and its effect on the SR drive behavior. Fig 2.10 shows the variations of the phase inductance and current profile.
[image: image27.emf]
Fig. 2.10: The variation of phase inductance and current profile.
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The terminal voltage equation for one phase, could be written in the form:
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Since the flux ψ is a function of both current I and rotor angle θ 
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Where L is the incremental inductance (the slope of the magnetization curve), and e is the back emf. (it depends on the angular rotor speed ω) 

 At high speed the back emf value is high, and in turn it limits the phase current from reaching undesirable values. At low speeds the back emf is low and the current may exceed the maximum allowed values.

2.7 Power converter circuits for switched reluctance motors:

Ideally a power converter circuit for the switched reluctance motor should have:
1. Minimum number of switches to achieve the lowest possible losses and to reduce the cost.
2. Flexibility in the number of phase windings to be used conveniently with various forms of SRM.
3. The full supply voltage applied to the motor phase windings.
4. Switching devices rated at values close to the motor voltage to reduce the inverter cost.
5. The ability to increase the phase current rapidly in order to bring the current    waveform as close as possible to the ideal current waveform (rectangular waveform).
6. Some methods to return the energy to the supply while the flux-linkage is decreasing after switching off the motor phase, and before reenergizing it for a next time [32]
2.7.1 Power converter with asymmetric half bridge:
The asymmetric half bridge converter for three phase SRM is shown in Fig. 2.11, the switching devices and the free wheeling diodes must be rated to withstand the supply voltage and any switching transient.

[image: image39.emf]
Fig. 2.11: An asymmetric half bridge converter for a 3-ph of SRM.
These power converters have three modes of operation:

Mode I : A positive voltage loop, occurs when both switching devices are ON,  

               Therefore, the supply voltage and the current connected across the phase 
                winding increases rapidly, supplying energy to the motor.       
Mode II : A zero voltage loop , occurs when one of the two switching device is 

                 ON, while the current is flowing in the phase winding. Therefore current 

                  continues to flow through one switching device and one diode.

                  So the energy is taken from nor returned to the dc supply minimizing 

                  current ripple rating of voltage capacitor .

Mode III : A negative voltage loop, occurs when both switching device is OFF.

                  Therefore, current will be forced to flow through freewheeling diode and 

                   the flux linkage associated with the phase winding decrease rapidly as the 

                   energy is returned from motor to supply.

The major advantage of that circuit : 

All available supply voltage can be used to control current in phase winding. As each phase winding is connected to each own asymmetric half bridge, there is no restriction on the number of phase windings.  

2.7.2 Power converter with split dc supply:
A power converter employing a split dc supply is introduced to provide the positive and the negative voltages needed to increase and decrease the current in the phase winding. Fig. 2.12 shows a converter for four phase windings SRM.
[image: image40.emf]
Fig. 2.12: Four phase power converter with split dc supply.

The positions of the switching device and freewheeling diode are transposed for each phase winding to ensure that there is no power flow imbalance between the two supply capacitors. These power converter circuits are only suitable for motors that have an even no. of phases. Each switching device and freewheeling diode must be rated to withstand the complete supply voltage plus any transient voltage due to switching. Although this circuit requires only one switch per phase winding, this advantage is outweighed by under use of switch voltage, the need of extra capacitive components in the dc supply and the requirement for an even number of phase windings. 
2.7.3 Power converter for SRM with bifilar windings: 

This type of SRM converter is shown in Fig. 2.13 for a motor with 3-ph windings, where the bifilar winding is connected to a single switching device, and the other to a freewheeling diode.
[image: image41.emf]
Fig. 2.13: Three phase power converter with bifilar winding.

Current is built up in the main winding when the switching device is turned on and transfers to the secondary winding when the switch is turned off. According to degree of coupling between two windings and their turns ratio, voltage across the switching device may rise to over twice the supply voltage at an instant of turn off and the switching device must be rated to withstand this rise.

From the advantage of this power circuit:

It can withstand the static torque cause of the bifilar winding and according to degree of coupling and turns ratio.
From the disadvantage of this power circuit:

Although this power converter has only one switch per phase, the voltage rating of that device must be at least twice the rating of motor winding. The inefficient use of copper in the motor, since only one of the bifilar windings in each pair carries current at any time.   

CHAPTER 3
Steady State Performance of the Switched Reluctance Motor
3.1 Introduction:

The steady state performance of a switched reluctance motor is a complex interdependent influence between motor parameters and excitation. Moreover, for accurate prediction of the parameters and static characteristics of the motor required for its steady state simulation are not easy to find, because of the highly saturated field in the narrow air gap of the motor.

This chapter presents the modeling and computational techniques for predicting the steady state characteristics of an SRM drive over a wide range of torque speed variations. The instantaneous torque and current are obtained from accurately calculated static characteristics of the motor using interpolation techniques.
 3.2 Static Characteristics: 
The model of an SRM for dynamic analysis includes the set of phase circuit and mechanical differential equations. In integrating these equations, the problem focused on handling the data (flux-linkage/theta/current) used to describe the magnetic nature of the SR machine. Different methods have been used for numerical integration of the nonlinear differential equations of the SRM with the magnetization data in the form of a look-up table ψ(θ,i) . [33], [34] 
The integration of these equations is to obtain the waveforms of phase current and torque against time according to the magnetic behavior of the switched reluctance motor. 

Moreover the form of the look-up tables i (θ,ψ) and T (θ,i) which make the  values of current and torque of each phase is updated after each step of numerical integration.
3.3 Representation of the magnetic curves of SRM:
There are different methods used to represent the magnetization curves of SRM.
In the first method a mathematical function of the measured flux-linkage points versus rotor angle at fixed stator current values which obtained for a variable reluctance stepping motor, this function has the polynomial form: 
            Ψ = f(nθ) = ao + a1 (nθ) + a2 (nθ) 2 + ---------+ak (nθ)k



[3.1] 

Where ao, a1, a2, ------, akare the polynomial coefficients, nθ is the rotor angle in electrical degrees. For p values of current the following set of polynomials could be obtained as: 

            Ψb = fb (nθ) = aob + a1b (nθ) + ---------+ akb (nθ)k



[3.2]

Where b=1,2,----p, and any one set of coefficient aob , a1b ,---- akb is independent of the chosen current. Equation (3.2) gives the flux-linkage at p discrete values of current and in order to represent the flux-linkage at any current the sets of coefficients a01 , a02 , ------a0p ; a11 , a12 , ------a1p ; a21 , a22 , ------a2p ; ak1 , ak2 , ------akp should be replaced by polynomials of jth order in terms of current. So the general expression for the flux-linkage as a function of both current and rotor position is: 
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[3.3]               

The flux-linkage Ψ must be an even function of nθ and an odd function of current, hence j is taken to be an odd integer number, and k is taken to be an even number. 

[33], [34]
In second method an exponential function is used to represent the magnetization curves of the SRM because these functions are a natural fit to typical magnetization curves. The used exponential function consists of three exponential terms in addition to a linear one. 

               Ψ= a0i + a1 (1-e-α1i ) + a2 (1-e-α2i ) + a3 (1-e-α3i )



[3.4] 

Where a0, a1, a2, a3 are coefficients and α1, α2, α3 are constants. A nonlinear least square analysis is used to obtain each of the coefficients, then the Ψ/I curves are obtained at a constant measured rotor angle for each curve, and linear interpolation between coefficients and rotor angle is used to determine the intermediate curves of Ψ/I. [33], [34]. 

       In the third method the data defining the magnetic nature of the machine are stored as a look-up table to represent the function Ψ(θ,I) which has been formed from a set of measured curves, and a quadratic interpolation is used to get the intermediate values of flux-linkage for each curve because it has been found that this function is suitable to represent the saturated part. As it will be shown in this chapter, it is important to obtain the table of I(θ,Ψ) while integrating the motor equations, this table  is obtained by inverting the table of Ψ(θ,I), and is formed at sufficient number of equally spaced angles and flux-linkages. The values of I(Ψ)|θ=constant at equally spaced flux-linkages are found using quadratic interpolation and I(Ψ)|θ=constant is represented by the equation: 

                I(θ,Ψ) = A Ψ2 + B Ψ + C






[3.5]
At least the parameters of three points are necessary to determine the coefficients (A,B,C) of equation (3.5). 

       In the fourth method is used to represent the flux-linkage current curves of the SRM using the measured data. This method (which has been adopted in this thesis) is carried out using the Cubic Spline Interpolation technique, which is more accurate than the other methods and gives more smoothed representation of the magnetization curves. 

After getting the magnetization curves of the SRM, the static torque characteristics can be obtained in order to get the whole static characteristics of the motor. The static torque characteristics are plotted against rotor angle for different values of current. 

The static torque is computed by numerical differentiation of the co-energy which in turn is computed by numerical integration of the flux-linkage current curves.
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[3.7]

 The used method in this study is based on some input curves obtained by measurement. 

3.4 Computation of the Static Characteristics: 
The computations of the SR motor static characteristics described in the previous sections are carried out for a 3-ph, 6/4 SRM [37]: 

The rated power is 60 KW at 1500 rpm, the stator resistance is 0.005  Ω, the motor inertia is 0.05 kg.m2  ,the friction coefficient is 0.02 N m s and a complete list of parameters are illustrated in the appendix A. 
3.4.1 The flux linkage-current curves: 
The magnetization characteristics are extended using the cubic-spline interpolation algorithm to cover the interval of rotor angles between the unaligned and the aligned positions ( 45º and 90º respectively). Fig 3.1 shows the measured flux linkage-current curves using (cubic-spline interpolation).
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Fig. 3.1: The measured flux linkage-current curves using cubic spline interpolation

3.4.2 Computation of the static torque curves: 
The static torque curves are computed according to equation (3.7) using numerical differentiation. The co-energy curves are calculated from equation (3.6) by applying the trapezoidal rule in numerical integration. Fig. 3.2 (a&b) show the dependence of the co-energy on both the exciting current and the rotor angle, which are in turn used to calculate the static torque characteristics of the motor as shown in Fig. 3.3. 

The previous characteristics data are stored as a look-up table. Thus there are two look-up tables for the flux-linkage and for the static torque characteristics available to use during the computation of the motor differential equations. 
All the parameters and calculations will be illustrated in appendix B.  
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Fig. 3.2.a: The dependence of the co-energy on the exciting current
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Fig. 3.2.b: The dependence of the co-energy on the rotor position
Fig 3.2 Show co-energy curves against: 

a- Current for different rotor positions. 

b- Rotor angle for different values of phase current.
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The computed torque as a function of the current and rotor angle is illustrated in Fig. 3.3. The computations are carried out at different rotor angles between the unaligned position (45º) and the aligned position (90º), which forms half the rotor pole-pitch.
Fig. 3.3: The static torque characteristics of the SRM
3.5 SRM Performance Under Constant Speed Operation:
To predict the motor performance, it is necessary to solve the differential equations for the appropriate switched conditions. It is valuable to note that the electromechanical nature of this motor; where the mutual inductances with the phase windings are often very small and are neglected. [26], [27]
The phase equation of the motor has the general following formula:
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[3.8]          

          K = 1,2,……,q 

Where R is the phase winding resistance, Ψ is the flux-linkage as a function of current and rotor angle, and V is the applied voltage which is positive during the conduction angle, and is negative from the switch-off angle until the extinction angle, and otherwise equals zero. 
Thus, 

V=E    when  
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where E is the supply voltage.

Fig. 3.4 show the current, torque , flux curves at speed 2000 rpm and under different values of θon and θoff. 
The current is not permitted to be increased rapidly due to the effect of the back emf (e), and the average torque is increased. 

From the above results it can be predicted that the switching-on angle (θon) must be at the unaligned position (i.e45º) to permit the current to increase rapidly before the effect of the back emf which appears at the start of positive slope inductance.
3.5.1 SRM Performance Under Constant Speed Operation simulation results:
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Fig. 3.4.1: The motor performance at speed 2000rpm, θon = 45º , θoff = 65º for the (a) current, (b)flux and (c)torque with time
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Fig. 3.4.2: The motor performance at speed 2000rpm, θon = 45º , θoff = 70 for the (a) current, (b) flux and (c) torque with time.
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Fig. 3.4.3: The motor performance at speed 2000rpm, θon = 45º , θoff = 75º for the (a) current, (b) flux and (c) torque with time.
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Fig.3.4.4: The motor performance at speed 2000rpm, θon = 45º , θoff = 80º for the (a) current, (b) flux and (c) torque with time.
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Fig. 3.4.5: The motor performance at speed 2000rpm, θon = 45º , θoff = 85º for the (a) current, (b) flux and (c) torque with time
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Fig. 3.4.6: The motor performance at speed 2000rpm, θon = 45º , θoff = 90º for the (a) current, (b) flux and (c) torque with time.
We can observe from the listed figures of (current, flux, and torque) versus time that:

When we increase the induction period of the switching off angle, the overlapping between phases is increased which prevent the current from exceeding the rated current of the machine so the overlapping between the phases is to protect the converter circuit.
CHAPTER 4

Speed Control of Switched Reluctance Motor
4.1 GENERAL:  
This chapter presents an artificial neural network (ANN) controller, which applies on switched reluctance motor (SRM) for regulating its speed. The dynamic response of the SRM with the proposed controller is studied during the starting process and under different load disturbances. The effectiveness of the proposed artifical neural network controller is then compared with that of the conventional PID controller . 

4.2 DYNAMIC MODEL OF SRM: 
The mathematical model of the SRM consists of three basic groups of equations, which are the motor phase equations, the mechanical equation, and the angular speed equation. The motor phase equations describe the electrical behavior of the SRM. The mathematical representation of the motor phase equations are written relative to time in order to study the dynamic behavior of the motor.

The motor phase equations can be written as follows:-
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[4.1]     
The mechanical equation which describes the mechanical motion of the motor can be written as follows:-
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[4.2]         

where:
ω is the rotor speed, (rad/sec), 

J  is the moment of inertia of both the rotor and load, (kg.m2),

Tℓ is the load torque, (N.m),

q is the number of phases, 

Tk((k , ik) is the torque produced by the Kth  phase and (k  is the rotor position as seen by the Kth  phase.
The angular speed equation can be written as follows:-
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[4.3]                    
The equations representing the dynamic model are solved simultaneously using a Numerical integration technique with the aid of the motor look-up tables.
4.3 THE CONVENTIONAL PID CONTROLLER:
4.3.1 Basic Principles:
The proportional plus integral plus differential (PID) controller is one of the famous controllers that is used in a wide range in the industrial applications. [38],[39]
The output of the PID controller in time domain is defined by the following equation:- 
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[4.4]
where: 

Vc(t) is the output of the PID controller, 

Kp is the proportional gain, 

Ki is the integral gain,
Kd is the differential gain,
Ti is the integral time constant,

And e(t) is the instantaneous error signal

The main advantage of PID controller is: 
· Low cost 
· Simple construction 
 The disadvantages of PID controller is :
· The integral controller has the serious drawback of getting saturated after a while if      the error does not change its direction. (The reason of using a limiter)
The system under study consists of an SRM fed from a DC supply via an inverter, as shown in Fig 4.1. The final output of the controller is used to regulate the switching-on angle of the SRM to regulate the motor shaft speed, while the input of the controller is the speed deviation.
The motor speed deviation (ew), in p.u is given by the following equation:-
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Where ω is the actual rotor speed and 
[image: image73.wmf]ref
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is the reference command speed.
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Fig. 4.1: The SRM control model 
 The new turn-on switching angle (on(new), which is obtained from the controller output is calculated by the following equation:-
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[4.6]
For a good motor performance during starting, the design requirements will be as follow:
The maximum overshoot should be a very small value tending to zero, the rise time should be less than or equal to 0.015 sec, the settling time should be less than or equal to 0.04 sec. [38, 39]
4.3.2 Simulation Results For Speed Control Using a PID Controller:

The simulation results will be classified in to two zones by varying the PID controller constants . Each zone will have  three cases according to varying the PID variables .

Zone I : This zone will study the dynamic response at starting process under the full           


Load torque and 
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= 2000 rad./sec.
Zone II : This zone will study the dynamic response at a speed refrence disturbance 


under full load torque and  
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There are three simulated cases that reflects the performance of the PID controller in case of parameters variation. 

The three cases are:
Case 1 : Varying Kp and keeping Ki and Kd constant

Case 2 : Varying Ki and keeping Kp and Kd constant

Case 3 : Varying Kd and keeping Kp and Ki constant

Case 1 :  Kp is variable with constant Ki & Kd 
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Fig. 4.3.1 : Speed output when Kp = 10 , Ki = 0.005 , Kd = 0.0005  for Case 1
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Fig. 4.3.2: Speed output when Kp = 60 , Ki = 0.005 , Kd = 0.0005 for case 1

[image: image80.emf]0   0.5 1   1.5 2   2.5 3   3.5

0

500

1000

1500

2000

2500

Time (Sec.)

Speed( Rad/Sec.)


Fig. 4.3.3 : Speed output when Kp = 1 , Ki = 0.005 , Kd = 0.0005  for case 1
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Fig. 4.3.4 : Speed output when Kp = 0.5 , Ki = 0.005 , Kd = 0.0005  for case 1
[image: image82.emf]0   0.5 1   1.5 2   2.5 3   3.5

0

500

1000

1500

2000

2500

Time (Sec.)

Speed (Rad/Sec.)


Fig. 4.3.5 : Speed output when Kp = 0.8 , Ki = 0.005 , Kd = 0.0005 for case 1
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Fig. 4.4.6 : Speed output when Kp = 5000 , Ki = 0.005 , Kd = 0.0005 for case 1
The results of this case clearly show that the indicated PID parameters are not the optimum because of the reduced performance as shown in the following points:
· The PID controller does not reach the set point speed of the first zone (2000 rpm).

· The PID controller does not reach the set point speed of the second zone (2250 rpm).

· The rising time of the two zones exceeds the design requirments of 10 m seconds for the output speed of the PID controller for case 1
	Case I

Parameters
	Fig4.3.1
	Fig4.3.2
	Fig4.3.3
	Fig4.3.4
	Fig4.3.5
	Fig4.3.6 

	Kp
	10
	60
	1
	0.5
	0.8
	5000

	Ki
	0.005
	0.005
	0.005
	0.005
	0.005
	0.005

	Kd
	0.0005
	0.0005
	0.0005
	0.0005
	0.0005
	0.0005

	Tr I
	18.2 ms
	17.3 ms
	22.6 ms
	27.4 ms
	18.8 ms
	18.4 ms

	Ts I
	60 ms
	54 ms
	38 ms
	45 ms
	58 ms
	55 ms

	M.O.S I
	1.25%
	1.4 %
	0.4 %
	0.75%
	0.15 %
	1.45 %

	Speed I
	2025
	2028
	2008
	2015
	2003
	2029

	Tr II
	20.7 ms
	20.7 ms
	20.9 ms
	20.85 ms
	20.82 ms
	20.7 ms

	Ts II
	21.4 ms
	21.6 ms
	21.5 ms
	21.9 ms
	21.2 ms
	21.6 ms

	M.O.S II
	0.21%
	0.32 %
	0.09 %
	0.08 %
	0.08 %
	0.31 %

	Speed II
	2257
	2257.4
	2252.2
	2252
	2251.8
	2257


Table 1: output speed results of PID controller case I

Case 2 : Ki is variable with constant Kp & Kd
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Fig. 4.3.7 : Speed output when Ki = 10 , Kp = 0.8 , Kd = 0.0005  for case 2
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Fig. 4.3.8 : Speed output when Ki = 60 , Kp = 0.8 , Kd = 0.0005  for case 
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Fig. 4.3.9 : Speed output when Ki = 1 , Kp = 0.8 , Kd = 0.0005  for case 2
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Fig. 4.3.10 : Speed output when Ki = 0.5 , Kp = 0.8 , Kd = 0.0005  for case 2
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Fig. 4.3.11 : Speed output when Ki = 0.8 , Kp = 0.8 , Kd = 0.0005  for case 2
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Fig. 4.3.12 : Speed output when Ki = 0 , Kp = 0.8 , Kd = 0.0005  for case 2
	Case II
Parameters
	Fig4.3.7
	Fig4.3.8
	Fig4.3.9
	Fig4.3.10
	Fig4.3.11
	Fig4.3.12 

	Ki
	10
	60
	1
	0.5
	0.8
	0

	Kp
	0.8
	0.8
	0.8
	0.8
	0.8
	0.8

	Kd
	0.0005
	0.0005
	0.0005
	0.0005
	0.0005
	0.0005

	Tr I
	18.2 ms
	X
	22.6 ms
	22.6ms
	22.3 ms
	25.1 ms

	Ts I
	58 ms
	X
	X
	x
	x
	30 ms

	M.O.S I
	1.25%
	X
	0.05 %
	0.2%
	0.05 %
	0.75 %

	Speed I
	2025
	1875
	1999
	2004
	2001
	2011

	Tr II
	X
	X
	X
	X
	X
	20.8 ms

	Ts II
	X
	X
	X
	X
	X
	21.9 ms

	M.O.S II
	X
	X
	X
	X
	X
	0.13 %

	Speed II
	1885
	1745
	1982
	2116
	2037
	2253


Table 2: output speed results of PID controller case II

Case 3 : Kd is variable with constant Kp & Ki
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Fig. 4.3.13 : Speed output when Kd = 0.01 , Kp = 0.8 , Ki = 0.8  for case 3
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Fig. 4.3.14 : Speed output when Kd = 0.001 , Kp = 0.8 , Ki = 0.8  for case 3
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Fig. 4.3.15 : Speed output when Kd = 0.05 , Kp = 0.8 , Ki = 0.8  for case 3
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Fig. 4.3.16 : Speed output when Kd = 0.1 , Kp = 0.8 , Ki = 0.8  for case 3
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Fig. 4.3.17 : Speed output when Kd = 0.0001 , Kp = 0.8 , Ki = 0.8  for case 3
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Fig. 4.3.18 : Speed output when Kd = 0.00005 , Kp = 0.8 , Ki = 0.8  for case 3
	Case III
Parameters
	Fig4.3.13
	Fig4.3.14
	Fig4.3.15
	Fig4.3.16
	Fig4.3.17
	Fig4.3.18 

	Kd
	0.01
	0.001
	0.05
	0.1
	0.0001
	0.00005

	Kp
	0.8
	0.8
	0.8
	0.8
	0.8
	0.8

	Ki
	0.8
	0.8
	0.8
	0.8
	0.8
	0.8

	Tr I
	X
	X
	30 ms
	X
	17.5 ms
	17.4 ms

	Ts I
	X
	X
	X
	X
	X
	120 ms

	M.O.S I
	X
	X
	0.9 %
	X
	1.6 %
	2 %

	Speed I
	1946
	1933
	2018
	1880
	2032
	2040

	Tr II
	X
	X
	X
	X
	X
	X

	Ts II
	X
	X
	X
	X
	X
	X

	M.O.S II
	X
	X
	X
	X
	X
	X

	Speed II
	1845
	2027
	1842
	1570
	2050
	2043


Table 3: output speed results of PID controller case III
4.4 The ANN controller:
4.4.1 Introduction to Artificial Neural Network: 

            An artificial neural network is a system based on the operation of biological neural networks, in other words, is an emulation of biological neural system. Why would be necessary the implementation of artificial neural networks? Although computing these days is truly advanced, there are certain tasks that a program made for a common microprocessor is unable to perform; even so a software implementation of a neural network can be made with their advantages and disadvantages.

4.4.2 Description of ANN:

A three layer (2*5*1) feed forward structure with two nodes in the input layer is used. The output layer of the ANN consists of only one neuron, while the number of neurons in the hidden layer is five. The input vector consists of the motor speed error, and the output of the previous iteration of the ANN. The previous output of the ANN is added to the input vector as a stabilizing signal. The activation function used is the sigmoid function in both hidden and output layer. Utilizing this number of neurons in the hidden layer has the advantages of reducing the rising time (Tr) and the maximum overshoot (M.O.S) during load variation [40],[41] than the results obtained when utilizing the PID controller.

The layout of the Neural Network undertaken is shown in fig.(4.2):
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Fig. 4.2: The layout of the Neural Network

The output of a single neuron can be represented by the following equation:
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where 
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 is the activation function, 
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is the weighting factor, 
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 is the input signal, and 
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is the bias. The most commonly used activation functions are non-linear, continuously varying types between two asymptotic values -1 and +1. This is known as sigmoid function.
The activation function used is the sigmoid function in both hidden and output layers. 
The main advantages of using the artificial neural network ANN controller are:
1. A neural network can perform tasks that a linear program can not. 

2. When an element of the neural network fails, it can continue without any problem by their parallel nature.

3. A neural network learns and does not need to be reprogrammed.

4. It can be implemented in any application.
5. It can be implemented without any problems
6. They may require less tuning effort than conventional controller
The main Disadvantage of using the artificial neural network ANN controller are:
1. The neural network needs training to operate.

2. The architecture of a neural network is different from the architecture of microprocessors therefore needs to be emulated. 

3. Requires high processing time for large neural networks.

Another aspect of the artificial neural networks is that there are different architectures, which consequently requires different types of algorithms, but despite to be an apparently complex system, a neural network is relatively simple. 

Basically, an artificial neural network is a system. A system is a structure that receives an input, process the data, and provides an output. Commonly, the input consists in a data array which can be anything such as data from an image file, a WAVE sound or any kind of data that can be represented in an array. Once an input is presented to the neural network, and a corresponding desired or target response is set at the output, an error is composed from the difference of the desired response and the real system output.

The artificial neural networks are the best way to implement a solution” this motivated by their simplicity, design and universality. Nowadays, neural network technologies are emerging as the technology choice for many applications, such as patter recognition, prediction, system identification and control.

The learning process of an ANN is based on the training process. This learning process is then followed by supplying with the real input power and the ANN then produces the required output data.  
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Fig. 4.3 : ANN function block diagram
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Fig. 4.4: MATLAB/SIMULINK model of the used SRM
The SRM used is simulated using MATLAB/SIMULINK. The model consists of the SRM motor block, a power electronics converter which is fed from a 240 V DC source. A speed controller block is proposed to generate firing signals for the

converter. Figure(4.4) shows the MATLAB/SIMULINK model. [42]
4.4.3 Simulation Results For Speed Control Using  ANN Controller:

The simulation results will be classified in to two zones by varying the ANN  matrix gain ( G1,G2,G3) . (weight factors) 

Zone I : This zone will study the dynamic response at starting process under the full           


Load torque and 
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= 2000 rad./sec.
Zone II : This zone will study the dynamic response at a speed refrence disturbance 


under full load torque and  
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= 2250 rad./sec.
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Fig.4.5.1 : Speed output when G1 = 0.12 , G2 = 1050 , G3 = 50, C=90  
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Fig. 4.5.2 : Speed output when G1 = 0.15 , G2 = 1050 , G3 = 50, C=90  
[image: image107.emf]0   0.5 1   1.5 2   2.5 3   3.5

-500

0

500

1000

1500

2000

2500

Time (Sec.)

Speed (Rad./Sec.)


Fig. 4.5.3 : Speed output when G1 = 0.19 , G2 = 1100 , G3 = 70, C=90  
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Fig. 4.5.4 : Speed output when G1 = 0.18 , G2 = 1100 , G3 = 70, C=90  
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Fig. 4.5.5 : Speed output when G1 = 100 , G2 = 100 , G3 = 0.05, C=100  
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Fig. 4.5.6 : Speed output when G1 = 0.18 , G2 = 1000 , G3 = 100, C=95 
	Parameters
	Fig 4.4.1
	Fig 4.4.2
	Fig 4.4.3
	Fig 4.4.4
	Fig 4.4.5
	Fig 4.4.6

	G1
	0.12
	0.15
	0.19
	0.18
	100
	0.18

	G2
	1050
	1050
	1100
	1100
	100
	1000

	G3
	50
	50
	70
	70
	0.05
	100

	Tr I
	22.8 ms
	21 ms
	19.9 ms
	19.9 ms
	17.8 ms
	14.6 ms

	Ts I
	45 ms
	34 ms
	41.5 ms
	57 ms
	53 ms
	30 ms

	M.O.S I
	0.8 %
	0.43 %
	0.6 %
	0.6 %
	1.43 %
	0.075 %

	Speed I
	2016
	2008.6 
	2012
	2029
	2027
	2001.5

	Tr II
	20.72 ms
	20.7 ms
	20.62 ms
	20.7 ms
	20.72 ms
	20.7 ms

	Ts II
	22.8 ms
	22.2 ms
	21.5 ms
	21.8 ms 
	22.6 ms
	18.9 ms

	M.O.S II
	0.74 %
	0.49 %
	0.26 %
	0.33 %
	0.75 %
	0.133 %

	Speed II
	2266.8
	2261
	2256
	2256
	2261
	2253


Table 4: output speed results of ANN controller 
According to the following results of the comparison of the PID controller and ANN controller shows, the ANN controller has better performance in the MOS and T r than the PID controller and figure 4.6 shows the following result of the simulation.
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Fig. 4.6: Comparison of the Speed results using the two methods of control

	Controller 
	PID
	ANN

	 Parameters
	Kp=0.8

Ki=0.005
Kd=0.0005
	G1=0.18

G2=1000

G3=100

C=95

	Speed at zone I
	2003 rad/s
	2001.5 rad/s

	M.O.S at zone I
	0.15 %
	0.075 %

	Tr at zoneI
	0.0188 s
	0.0146 s

	Speed at zone II
	2257 rad/s
	2253 rad/s

	M.O.S at zone II
	0.31 %
	0.133 %

	Tr at zone II
	20.9 ms
	0.0207 s


Table 5: Speed output results of PID and ANN controllers
CHAPTER 5
CONCLUSION
This thesis presents an investigation of the dynamic behavior of switched reluctance motors with special emphasize on developing techniques for improving speed regulation properties and protecting the SRM drive .
The main achievements and conclusions of the thesis arein the following:
· This thesis presents an investigation of the dynamic behavior of SRMs with special emphasize on developing techniques for improving speed regulation properties.

· The steady state and dynamic performance of the switched reluctance motor drives operating under different modes of operations are demonstrated.

· An artificial neural network (ANN) controller is presented to ensure excellent speed regulation of the SRM drive. The proposed speed control gives more enhancement of speed regulation of the SRM comparing with that of both the conventional PID controller and the artificial neural networks (ANN) controller.
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APPENDIX A 

MACHINE DATA

The machine data utilized by the simulation program is obtained from reference [8]. This data is listed below.

The flux linkage versus phase current versus rotor position is given in the following table:-

	Current  in [amp]
	Rotor position in [degree]

	
	45
	50
	55
	60
	65
	70
	75
	80
	85
	90

	0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25
	0.0000 0.0102  0.0204 0.0306 0.0404 0.0500 0.0601 0.0704 0.0806  0.0908 0.1010  0.1106 0.1204 0.1306 0.140

0.151  0.1613 0.1712 0.1808 0.1908 0.201  0.2112 0.2214 0.2317 0.2414 0.2510
	0.0000 0.0134  0.0261 0.0379 0.0507 0.0639 0.0761 0.0878 0.0992 0.1109  0.1230  0.1344 0.1458 0.1573 0.1683 0.1790  0.1899 0.2005 0.2106 0.2209 0.2310  0.2401 0.2490 0.2579 0.2674 0.2770
	0.0000 0.0429  0.0697 0.0853 0.1005  0.1148  0.1270  0.1386 0.1503 0.1624  0.1746 0.1861 0.1973 0.2080 0.2183 0.2281 0.2379 0.2475 0.2573 0.2668 0.2759 0.2846 0.2929 0.3008 0.3091 0.3175
	0.0000 0.0884  0.1338  0.1544  0.1702  0.1830  0.1940  0.2046 0.2154 0.2263  0.2370 0.2468 0.2561 0.2651 0.2737 0.2820 0.2898 0.2978 0.3062 0.3142 0.3220 0.3305 0.3386 0.3457 0.3525 0.3590
	0.0000 0.1292  0.1918  0.2171  0.2331  0.2450  0.2567  0.2672 0.2765 0.2861  0.2954 0.3034 0.3114 0.3195 0.3273 0.3348 0.3416 0.3485 0.3560 0.3628 0.3694 0.3763 0.3829 0.3892 0.3945 0.3993

	0.0000 0.1656  0.2421  0.2705  0.2875  0.3000  0.3127  0.3231  0.3313 0.3398  0.3480 0.3547 0.3613 0.3686 0.3755 0.3820 0.3881 0.3940 0.4001 0.4057 0.4110 0.4159 0.4207 0.4255 0.4296 0.4330
	0.0000 0.1996  0.2873  0.3165  0.3356  0.3498  0.3618  0.3716  0.3794  0.3871  0.3943 0.3997 0.4049 0.4102 0.4152 0.4197 0.4242 0.4284 0.4324 0.4363 0.4399 0.4437 0.4471 0.4501 0.4529 0.4557
	0.0000 0.2248  0.3203  0.3498  0.3700  0.3850  0.3959  0.4048  0.4126  0.4197  0.4260 0.4304 0.4343 0.4379 0.4411 0.4440 0.4471 0.4498 0.4522 0.4546 0.4570 0.4601 0.4627 0.4644 0.4665 0.4690
	0.0000 0.2357  0.3352  0.3656  0.3845  0.3980  0.4087  0.4174  0.4248  0.4313  0.4367 0.4406 0.4440 0.4474 0.4504 0.4531 0.4559 0.4585 0.4606 0.4628 0.4650 0.4673 0.4694 0.4713 0.4736 0.4759
	0.0000 0.2376  0.3381  0.3692  0.0386  0.3990  0.4099  0.4187  0.4259  0.4320  0.4370 0.4407 0.4440 0.4479 0.4511 0.4540 0.4571 0.4599 0.4622 0.4647 0.4670 0.4688 0.4707 0.4732 0.4757 0.4780


	Symbol
	Quantity
	Value

	P
	Rated power
	60 kW

	V
	Dc voltage
	240 V

	N
	Rated speed
	1500 rpm

	I
	Rated phase current
	250 A

	T
	Rated torque
	382 N m

	R
	Stator resistance
	0.005 ohms

	L
	Inductance
	0.00015 H

	J
	Motor inertia
	0.05 kg
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	B
	Fricition coefficient
	0.02 N m s
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N


	No. of rotor poles
	4


APPENDIX B

Steady State and Controllers Calculations

close all
clear all
tic % starts a stop watch timer
% the mesasured flux-linkage matrix 
% the flux-linkage --current--theta data for the machine at 6 positions
% 45:unaligned position and 90:aligned position
im = [0:1:25];                      % measured current
citam= [45  50 55 60 65 70 75 85 90];   % measured cita
nim= 26; ncm=10; 
epsi45 =[.0000 .01348  .02616 .03792 .05077 .06398 .07617 .08785 .09917 .1109  .123  .1344 .1458 .1573 .1683 .179  .1899 .2005 .2106 .2209 .231  .2401 .2490 .2579 .2674 .2770 ];
epsi50 =[.0000 .04293  .06977 .08532 .1005  .1148  .1270  .13860 .15030 .1624  .1746 .1861 .1973 .2080 .2183 .2281 .2379 .2475 .2573 .2668 .2759 .2846 .2929 .3008 .3091 .3175 ];
epsi55 =[.0000 .08842  .1338  .1544  .1702  .1830  .1940  .20460 .21540 .2263  .2370 .2468 .2561 .2651 .2737 .2820 .2898 .2978 .3062 .3142 .3220 .3305 .3386 .3457 .3525 .3590 ];
epsi60 =[.0000 .12920  .1918  .2171  .2331  .2450  .2567  .2672  .27650 .2861  .2954 .3034 .3114 .3195 .3273 .3348 .3416 .3485 .3560 .3628 .3694 .3763 .3829 .3892 .3945 .3993 ];
epsi65 =[.0000 .16560  .2421  .2705  .2875  .3000  .3127  .3231  .33130 .3398  .3480 .3547 .3613 .3686 .3755 .3820 .3881 .3940 .4001 .4057 .4110 .4159 .4207 .4255 .4296 .4330 ];
epsi70 =[.0000 .19960  .2873  .3165  .3356  .3498  .3618  .3716  .3794  .3871  .3943 .3997 .4049 .4102 .4152 .4197 .4242 .4284 .4324 .4363 .4399 .4437 .4471 .4501 .4529 .4557 ];
epsi75 =[.0000 .22480  .3203  .3498  .3700  .3850  .3959  .4048  .4126  .4197  .4260 .4304 .4343 .4379 .4411 .4440 .4471 .4498 .4522 .4546 .4570 .4601 .4627 .4644 .4665 .4690 ];
epsi85 =[.0000 .23570  .3352  .3656  .3845  .3980  .4087  .4174  .4248  .4313  .4367 .4406 .4440 .4474 .4504 .4531 .4559 .4585 .4606 .4628 .4650 .4673 .4694 .4713 .4736 .4759 ];
epsi90 =[.0000 .23760  .3381  .3692  .3868  .3990  .4099  .4187  .4259  .4320  .4370 .4407 .4440 .4479 .4511 .4540 .4571 .4599 .4622 .4647 .4670 .4688 .4707 .4732 .4757 .4780 ];
epsi = [epsi45  ;epsi50 ;epsi55; epsi60; epsi65;epsi70; epsi75; epsi85; epsi90;];   % measured flux
/**********************************************************
MAKING INTERPOLATION FOR THE MEASURED FLUX IN THE DIRECTION OF CURRENT BY COMPLETE CUBIC SPLINE FUNCTION                          
/**********************************************************
for j=1:ncm;
      y = epsi(j,:);
      x = im;
      nid = 26;
      n = nim;
      n1 = nid ;
      s = complete_spline(x,y,n);
      [xx,yy,hh] = interpolate(x,y,n,n1,s);
      hi=hh; 
      i=xx;
      hm=im(nim)-im(nim-1);
      nid1=nid+5;
      [yy,i] = extend(s,nim,hm,yy,i,nid,nid1,hh);
      epsi1(j,:)=yy;
end
% plotting the data obtained
% for j=1:ncm
%     plot(i,epsi1(j,:));
%     hold on
% end
/**********************************************************
              FORMING THE BASIC TABLE OF COENERGY               
  /*********************************************************/
 for j=1:ncm
      y=epsi1(j,:);
      x=i;
      n=nid1;
      s = complete_spline(x,y,n);
      we(j,1)=0;
      wp=0;
      for k=2:nid1
          x1=i(k)-i(k-1);
          f=s(k-1,1)*x1+s(k-1,2)*x1*x1/2+s(k-1,3)*x1*x1*x1/3+s(k-1,4)*x1*x1*x1*x1/4;
          we(j,k)=f+wp;
          wp=we(j,k);
      end 
end
% % % plotting the data obtained
 figure
 for j=1:ncm
     plot(i,we(j,:));
     hold on
 end
 figure
 for j=1:nid1
     plot(citam,we(:,j));
     hold on
 end
/**********************************************************
MAKING INTERPOLATION FOR THE COENERGY IN THE DIRECTION OF CITABY NATURAL CUBIC SPLINE FUNCTION                  
/**********************************************************
for  j=1:nid1
       x=citam;
       y=we(:,j);
       ncd=31;
       n=ncm;
       n1=ncd;
       s = natural_spline(x,y,n);
       [xx,yy,hh] = interpolate(x,y,n,n1,s);
       cita=xx;
       yy=yy';
       we1(:,j)=yy;
       hcita=hh;
end
% % plotting the data obtained
 figure
 for j=1:ncd
     plot(i,we1(j,:));
     hold on
 end
% figure
 for j=1:nid1
     plot(cita,we1(:,j));
     hold on
 end
 /**********************************************************
   FORMING THE BASIC TABLE OF STATIC TORQUE (TO)        
  /**********************************************************
for j=1:nid1
       x=cita;
       y=we1(:,j);
       n=ncd;
       n1=ncd;
       s = natural_spline(x,y,n);
       to(1,j)=0;
       for k=1:ncd-1
       to(k,j)=(180*7/22)*s(k,2);
       end
       to(ncd,j)=0;
end
%%% interpolating the torque 
  for j=1:nid1
       x=cita;
       y=to(:,j);
       n=ncd;
       s = natural_spline(x,y,n);
       for k=1:ncd-1
           tsfc(1,j,k)=s(k,1);
           tsfc(2,j,k)=s(k,2);
           tsfc(3,j,k)=s(k,3);
           tsfc(4,j,k)=s(k,4);
       end
  end
% plotting the data obtained
 figure
 for j=1:nid1
     plot(cita,to(:,j));
     hold on
 end
     /**********************************************************
MAKING INTERPOLATION FOR THE FLUX DATA IN THE DIRECTION OF CITABY NATURAL CUBIC SPLINE INTERPOLATION
   /**********************************************************
 for j=1:nid1
       x=citam;
       y=epsi1(:,j);
       n=ncm;
       n1=ncd;
       s = natural_spline(x,y,n);
       [xx,yy,hh] = interpolate(x,y,n,n1,s);
       for k=1:ncd
           epsi2(k,j)=yy(k);
       end
       for k=1:ncm-1
           fsfc(1,j,k)=s(k,1);
           fsfc(2,j,k)=s(k,2);
           fsfc(3,j,k)=s(k,3);
           fsfc(4,j,k)=s(k,4);
       end
 end
% % % % plotting the data obtained
% figure
% for j=1:ncd
%     plot(i,epsi2(j,:));
%     hold on
% end
/**********************************************************
STEADY STATE SOLUTION FOR THE SRM           /*********************************************************/
% SRM machine data 
imax = 25;           
nphase = 4;          % no of machine phases (no of stator poles=8) 
nrp = 6;             % no of rotor poles
res = 0.1;           % resistance of each phase
vs = 360;            % supply voltage
rpm = 1500;           % steady state speed
/********************************************************/
Initialization
/********************************************************/
tsec=0;
tmax=0.015;
dt=.00001;
jl=.0012;
w=rpm*44/(7*60);
rpp=360/nrp;
step=360/(nrp*nphase);
cit=0;
ccit = 0;
stor=0;
iconv=0;
sitaon = 28;
sitaoff = 28+28;
global cc   kk   dcontrolflag  count
       cc = 1 ; kk=1 ;dcontrolflag='n'  ;count=0;
for k=1:nphase
    icomand(k)=imax;
end
for k=1:nphase
    curr(k)=0;
    flux(k)=0;
    tor(k)=0;
    dflux(k)=0;
    sita(k)=(rpp/2)-(k-1)*step;                                           %initial angles for the 4 phases [30 15 0 -15] 
    [sitaeq(k), flagt(k),sita(k),cit] = equivelant_cita(sita(k),cit,k,rpp,step);      %equivalent angles [30 45 60 45]
end
for k=1:nphase
    if(sitaeq(k)>=sitaon&&sitaeq(k)<sitaoff)
         dflux(k)=vs*dt;
    else
         dflux(k)=0;
    end
end
global sigmator sigmaiconv  sigmaiph  sigmatime  sigmatime1... 
       dsigmator dsigmaiconv dsigmaiph dsigmatime dsigmatime1 ...
       flag flag1 st diconv tt diph tt1 ...
       tav iconvav iphav tavout iconvavout iphavout
sigmator=0; sigmaiconv=0; sigmaiph=0; sigmatime=0; sigmatime1=0 ;
dsigmator=0; dsigmaiconv=0; dsigmaiph=0; dsigmatime=0; dsigmatime1=0;
flag='n'; flag1='n'; tav=0; iconvav=0; iphav=0;
/*********************************************************/
Main dynamic loop
/*********************************************************/
while(tsec < (tmax-dt))
       tsec=tsec+dt;
       %%% load torque with time
       %%% /***************/ 
       if(tsec < .5) tl=20; end
       if(tsec >= .5 && tsec <1) tl=10; end 
       if(tsec >= 1) tl=20; end
       wref=rpm*44/(7*60);
       %%%/**************/
%       count=count+1;
 %      cit=cit+(dt*w*180*7/22);
  %     ccit=ccit+(dt*w*180*7/22);
   %    stor=0;
    %   iconv=0;
     %  controlflag='n';
      % controlflag1='n';
    %   for k=1:nphase
     %        flux(k)=flux(k)+dflux(k);
      %       sita(k)=sita(k)+w*dt*180*7/22;
       %      [sitaeq(k), flagt(k),sita(k),cit] = equivelant_cita(sita(k),cit,k,rpp,step); 
        %     curr(k) = get_current(sitaeq(k),flux(k),i,citam,fsfc,nid1,ncm);
        %     tor(k) =  get_torque(sitaeq(k),curr(k),i,cita,tsfc,nid1,ncd,k,flagt(k));
         %    stor=stor+tor(k);
          %   iconv=iconv+curr(k);
           %  if(k ~= (nphase)) controlflag1='n';  end
           %    fluxout(count,k)= flux(k);
            %   currout(count,k)= curr(k);
             %torout(count,k)= tor(k);
             %timeout(count)= tsec;
            % storout(count) = stor;
             %iconvout(count)= iconv;
            % wout(count) = w;
             %ccitout(count)=ccit;
       %end
        %    average(w,stor,iconv,curr(2))
         %   tavout(count)=tav;
          %  iconvavout(count)=iconvav;
           % iphavout(count)=iphav;
      /*********************************************************/
Check switching conditions                  
     /********************************************************/
       for k=1:nphase
            sita(k)<sitaoff)||(sita(k)>=(sitaon+rpp)&&sita(k)<(sitaoff+rpp)))
                   if (curr(k)<icomand(k))
                       dflux(k)=dt*(vs-curr(k)*res);
                   else
                       dflux(k)=dt*(-vs-curr(k)*res);
                   end
              else
                   if(curr(k)>.001)
                      dflux(k)=dt*(-vs-curr(k)*res);
                   else
                      dflux(k)=0;
                      flux(k)=0;
                   end
              end
        end
    end
figure(7)
subplot(2,1,1); plot(ccitout,storout/25);hold on            %%% total torque -- cita
                plot(ccitout,tavout/25,'r');grid on;        %%% average torque -- cita
subplot(2,1,2); plot(ccitout,currout(:,1)/25);hold on       %%% current of each phase -- cita
                grid on;                               
                plot(ccitout,currout(:,2)/25,'r');hold on 
                grid on;
                plot(ccitout,currout(:,3)/25,'k');hold on 
                grid on;
                plot(ccitout,currout(:,4)/25,'m');hold on 
                grid on;
toc/60          % gives the simulation time in minutes
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