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Abstract 

Switched reluctance machine (SRM) has been gaining increasing attentions 

from researchers and industries decades ago. Because of its simple mechanical 

structure, low moment of inertia, high power density, low manufacturing cost, and 

high reliability, it is considered as a strong competitor to induction motor. Because 

SRM usually operates in regions of high magnetic saturation in order to realise high 

power density, there are inevitable nonlinearities among flux-linkage, phase current, 

electromagnetic torque and rotor position. Nonlinearities complicate SRM drive 

system simulation studies, which are now becoming indispensable tools for 

performance evaluation and controller design. SRM also suffers from having a 

relatively high torque ripple using simple current control. Hence, the use of SRM in 

applications demanding high performance becomes challenging. This thesis 

concentrates on studies of SRM in respect to non-linear computer simulation model, 

online torque estimation, instantaneous torque control and position control. 

A computer simulation model with nonlinear magnetic and torque 

characteristics is presented. Since the model is developed under MATLAB/ 

SimPowerSystems, it can be used to simulate SRM, power drive and its associated 

control algorithm simultaneously. User defines the magnetic data and considers both 

self and mutual coupling as well as the necessary mechanical parameters which are 

acquired from experiments. The configuration of the power drive and control 

algorithm can be altered using appropriate graphical user interface. Simulation 

results show that the model is accurate and effective, as all the simulation results 

obtained from the developed model have been fully validated experimentally. 
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To estimate the electromagnetic torque online, a torque estimator for SRM 

under hysteresis current control is proposed. The co-energy of the phase is estimated 

based on a few pre-measured machine parameters. The co-energy, rotor position and 

phase current are stored in the memory. In the next switching cycle that follows, the 

newly estimated co-energy and the stored value are used to estimate the 

instantaneous torque using the principle of co-energy. Simulation and experiment 

results demonstrate that the outputs of the proposed estimator are similar to those 

based on cubic spline model. 

In regard to torque ripple reduction, a torque controller based on co-energy 

control is developed. For this controller a co-energy profile is firstly deduced from 

pre-measured low-current magnetic characteristics of the SRM. Since co-energy is 

proportional to the electromagnetic torque in both linear and nonlinear regions, the 

required co-energy can be calculated from the co-energy profile and torque 

command. With the use of an online co-energy estimator, the controller can regulate 

the co-energy to follow the command. Computer simulation and experiment confirm 

that under co-energy control, the torque contribution of each phase can be controlled 

to reduce output torque ripple significantly. In addition, the controller requires less 

memory and less pre-measured machine data, in contrast to traditional current 

control schemes. The torque controller is then extended from one-quadrant to 

four-quadrant operation, to achieve torque ripple reduction in both motoring and 

generating modes at both directions. 

An algorithm for rotor position control is developed on top of the torque control 

scheme. The position control loop and torque control system are connected in 
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cascade. The position controller and co-energy controller are designed utilising the 

principles of two-degree of freedom internal model control, which is a model-based 

controller with improved disturbance rejection. The parameters of the controllers are 

expressed in terms of basic machine parameters and user-selected system response 

time constants. The simulation and laboratory outputs of the systems ascertain the 

robustness of the proposed algorithm against parameter mismatch. 
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1 Introduction 

1.1 Background 

Switched reluctance machine (SRM), also known as variable reluctance 

machine, was first constructed in the mid nineteenth century [ 1 , 2 ]. The 

development of it, however, slowed down in the early years due to insurmountable 

limitations arising from switching devices and materials. In the 20’s of the twentieth 

century, variable reluctance stepper motor, which has operating principles similar to 

those of SRM, was invented for open-loop position control. By the 60’s, because of 

the advancement of power electronics, modern SRM was re-visited for adjustable 

speed applications. Since then, SRM gains attentions from researchers and industries 

again. The power drive and machine design advanced significantly towards the later 

part of last century. With the advent of microprocessors [3, 4] and programmable 

logic technologies [ 5 – 8 ] in the late 80’s, the performances of SRM further 

improved. They allow implementation of sophisticated control algorithms without 

complex hardware. High volume and commercial applications of SRM then started. 

Nowadays, SRM is considered as a potential replacement of induction motor in 

high-end variable speed drives. 

SRM has been applied to numerous industrial and commercial applications. As 

an example of small power applications, it is used as the servo drive of a 

Hewlett-Packard plotter, which outputs a maximum power of 53 W. It is also used in 

air-compressors, washers and door actuator systems. For high-power SRMs, they are 

finding applications as traction systems by LeTourneau in North America, in 

electrical coach buses in Mainland China, mine drives in Britain. In addition, SRM is 
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employed as motor/generator for hybrid electric vehicles that require four-quadrant 

operations. 

The major advantages of SRM are attributed to its simple and robust 

mechanical structure. The rotor has neither windings nor permanent magnets, so the 

manufacturing and material costs are low. It also tolerates high operating 

temperature. Because of the rotor construction, the moment of inertia of the rotor is 

low and the starting torque is high. High-speed operation and wide operating range 

are permitted. As the rotor and stator of SRM are brushless, the maintenance 

requirement is as low as that of induction motor. Like induction motor, it can be used 

in explosive and hazardous environment. Due to the independence of winding 

phases, multi-phase SRM can endure both short-circuit and open-circuit faults of the 

winding, although its performance is degraded if such faults have developed. 

There are disadvantages in SRM which may restrict their popularity in 

industrial application. For example, acoustic noise is often observed in SRM because 

of its double saliency and deep magnetic saturation. In addition, it suffers from 

having high torque ripples if it is driven by simple current control algorithm. SRM 

also requires phase commutation for continuous torque production, hence a power 

converter is necessary. It cannot function with direct on line starting. Position sensor 

or estimator is needed for commutation, which may increase the maintenance efforts 

and computational burden. Because of the appearance of non-sinusoidal waveforms, 

the phase currents are rich in harmonic components. The base frequency of the 

harmonics is proportional to the rotor speed which obviously is varying, hence the 
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design of harmonic filter becomes difficult and electromagnetic interference is thus a 

concern. 

1.2 Review of researches on switched reluctance motors 

1.2.1 Basic principle of SRM 

1.2.1.1 Torque production 

Fig. 1.1 shows the mechanical structure of an SRM with 8 stator poles and 6 

rotor poles (8/6 SRM) with 4 phases. When the windings of phase 1 are excited, 

flux-linkage develops between the stator and rotor poles. The flux-linkage produces 

a tendency to align the poles [9], and hence produces an electromagnetic torque in 

anti-clockwise direction. As the rotor rotates, excitation in phase 1 is extinguished 

and phase 2 is energised to continue the torque production. If the phases are excited 

and extinguished consecutively at appropriate rotor positions, a continuous torque is 

produced. For torque output at the clockwise direction, phase 3 is energised at the 

time instant as shown in Fig. 1.1. Then phase 2 is excited and so on. The SRM 

operates in motoring mode when the directions of rotation of the rotor and torque 

output are the same. It works in the generating mode when the directions are 

opposite. 
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Fig. 1.1 Mechanical structure of an 8/6 SRM 

For an SRM without magnetic saturation and mutual coupling [10], the flux 

linkage λ is expressed as: 

      iLi   ,    (1.1) 

where L is the bulk inductance of the phase, θ is the rotor position, and i is the phase 

current. The inductance L increases when the overlap between stator and rotor pole 

faces increases. It reaches a maximum when the poles are aligned with each other 

and reaches its minimum when the poles are unaligned. Co-energy is defined as: 

      
i

c diiiW
0

  , ,  (1.2) 

By substituting (1.1) into (1.2), the co-energy of the phase is: 
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    2

2

1
, LiiWc   (1.3) 

The instantaneous electromagnetic torque output of the phase, which is the derivative 

of the co-energy with respect to rotor position, is: 

   
constant

,





i

cW
iT


  (1.4) 

Substituting (1.3) into (1.4), the torque is expressed as: 

  
d

dL
iT 2

2

1
  (1.5) 

From (1.5), one can observe that the direction of torque is independent of the 

direction of the phase current. It is, instead, dependent on the slope of the inductance 

profile. Also, the magnitude of the torque is proportional to the square of the phase 

current at each rotor position. 

In order to make full use of the magnetic materials so as to make the machine 

more compact, SRM is often driven into regions with deep magnetic saturation. The 

relationships among bulk inductance of the phase, phase current, and rotor position 

become non-linear functions, as demonstrated by the laboratory measurement shown 

in Fig. 1.2, where 0° and 30° correspond to the unaligned and aligned positions, 

respectively. The profile between 30° and 60° is the mirror image of that between 0° 

and 30° along the aligned position. The profile repeats afterwards with a period of 

60°. 

  5 



 

Fig. 1.2 Inductance profile of an 8/6 SRM with different phase current 

At the unaligned position, the phase inductance changes slightly with the phase 

current, because of the relatively long airgaps between poles. At the aligned position, 

the inductance decreases significantly with an increase in current. It is because the 

airgaps become shorter and the poles are saturated at high current. 

The concepts of co-energy as shown in (1.2) and (1.4) are applicable to cases 

with magnetic saturation. However, the integral for co-energy calculation cannot be 

evaluated directly because of non-linearity, unless an analytic model of inductance or 

flux linkage is available. Applying numerical integration to (1.2) and numerical 

differentiation to (1.4), the phase torques derived from the experimental magnetic 

data are depicted in Fig. 1.3. 
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Fig. 1.3 Phase torque of an 8/6 SRM with different phase current 

1.2.1.2 Traditional power drive and control 

As the windings of SRM only require unidirectional current flow [ 11 ], 

asymmetric half-bridge is a commonly used topology for the power drive. One phase 

of the bridge is shown in Fig. 1.4. When both transistors are switched on, the voltage 

of the DC-link is applied to the winding. Energy is transferred from the DC-link into 

the winding. While current is conducting through the winding, if one of the 

transistors is off, the winding is in free-wheeling mode and receives zero voltage. 

When both transistors are off, the DC-link voltage is applied with a reversed polarity 

until current ceases. The energy stored in the windings is therefore reverted back to 

the DC-link. 
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Fig. 1.4 Asymmetric half-bridge for one phase of SRM 

The equation describing the electrical dynamics of a phase winding is: 

  
dt

d
iRv


  (1.6) 

  



d

d

dt

di
liRv   (1.7) 

where v is the applied voltage across the winding, R is the winding resistance, l is the 

incremental inductance of the phase, and ω is the rotor speed. The last term is 

considered as the back-electromotive force (back-EMF), which is proportional to the 

speed at each rotor position. 

For low speed applications, pulse-width modulation (PWM) current control 

[12] is usually employed to control the SRM. The most simple control strategy is 

hysteresis control. A hysteresis band is set for the phase current. When the relative 

rotor position of the phase is in the active region, the transistors are switched on to 

energise the winding. If the current meets the upper bound of the band, one or both 

of the transistors are switched off. When the current drops to the lower bound, both 
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transistors are on again to excite the winding. The process repeats itself to keep the 

current within the band, until the rotor position is out of the active region. In the 

inactive region, both transistors are off to extinguish the current. Under this control 

scheme, the user has to specify the active region and defines the current hysteresis 

band for the controller. 

As an alternative, PWM current control can be implemented with a constant 

frequency PWM instead of hysteresis. A current feedback controller varies the duty 

cycle of the PWM voltage to regulate the phase current according to the command 

value. The harmonic contents of the voltage and current are more predictable than 

those under hysteresis control, and can be filtered readily. In addition, the current 

and torque waveforms contain less high-frequency ripples if PWM current control is 

employed. 

For high-speed operations, single pulse mode is used. Both the transistors are 

turned on in the active region and turned off in the inactive region. There is no 

chopping for current regulation. The current waveform is determined by the phase 

inductance and back-EMF. To control the current, only the period and positions of 

the active region can be altered. The operation mode usually changes from PWM 

current control to single pulse mode automatically as the rotor speed increases when 

the back-EMF increases to a level which is higher than the DC-link voltage. In other 

words, the DC-link voltage is insufficient to overcome the back-EMF and regulate 

the current in single pulse mode. 
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1.2.2 Computer simulation 

Computer simulation is increasingly indispensable for the performance 

evaluation of SRM and for the design of its controllers, because the implementation 

of hardware prototype is generally very expensive and time consuming. Computer 

simulation algorithms can be broadly classified into position domain and time 

domain categories. 

1.2.2.1 Position domain simulation 

Early stage of computer simulation focuses on the analysis of magnetic 

characteristics. With the knowledge of geometric and magnetic data, finite element 

method (FEM) [9, 13, 14], and magnetic circuit [15] are used to analyse the flux 

linkage and torque output of SRM. By repeating with different phase currents and 

rotor positions, a profile of magnetic and torque data can be obtained. Although the 

result is accurate and the method is useful for machine design, it is computationally 

very expensive. Even with modern computers, FEM still takes a long time to obtain 

its solution. Also, it cannot simulate the design of controller, which usually operates 

in time domain rather than position domain. 

Because of the drawbacks of using FEM, some researchers develop analytical 

models to describe the magnetic features of SRM. With some flux data points 

obtained from calculation [16], FEM [17, 18], or measurement [19, 20], analytical 

models are developed to interpolate the data [ 21 ]. Since there are analytical 

expressions of the magnetic characteristics, the torque expression can be derived. It 

can simulate simple control algorithms, such as single-pulse mode [17, 19]. The 

flux-linkage and current are computed, while the rotor position is changed in steps. 
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Although the analytical models are less accurate than FEM, they are usually 

sufficient for the preliminary design of SRM with moderate computational burden. 

However, the use of analytical models in position domain, as with FEM, cannot 

simulate the controller, especially for applications to motion control, which requires 

time domain simulation. 

1.2.2.2 Time domain simulation 

Because of the advent of power electronic control which stimulates renew 

interests on SRM, many researchers utilise electronic circuit simulation software to 

study the behaviour of SRM in time domain. Commonly used software package 

includes SPICE [22 –25], TCAD [26], Saber [27, 28], and EMTP [29, 30]. The 

magnetic model of an SRM is converted into a circuit model, which usually consists 

of variable inductances and voltage sources. The flux-linkage and torque are 

represented by equivalent voltage or current signals. The circuit is then connected to 

the power drive and controller that are constructed from the circuit library. The 

method has been found to simulate the performance of power electronic switching 

accurately. However, the need to convert the magnetic model and controller into 

their corresponding equivalent circuit is the major drawback of this approach. If 

complex digital control algorithms are modelled, the conversion is tedious and 

inflexible. 

Instead of circuit simulators, a signal simulator, MATLAB/Simulink, is also 

commonly used to simulate SRM [31– 34]. The SRM model is described with signal 

flow under Simulink, and is then connected to a controller. Depending on the 

required level of simulation details, the effects of power drive can be studied after 
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converting the controlling sequence into signal flow. As Simulink contains a wealth 

of libraries for signal processing and control, one can rapidly develop sophisticated 

control algorithms without extensive effort of programming. Also, it permits 

seamless connection to external hardware for prototyping and tuning of parameters. 

The signal simulator approach is commonly employed to design controller, and in 

the analysis of its interaction with SRM. In contrast to that of circuit simulator, the 

drawback of signal simulator is the need to convert the power drive into signal flow. 

Some researchers prefer using customised programmes, for example using 

MATLAB/M-file [35] and Pascal [21], for simulation. The developers have to write 

programmes to calculate the states of the machine, power drive and controller, and 

then perform numerical integration to move one step at a time. The process repeats 

until the end condition is met. It offers good flexibility for modelling and simulation, 

at the expense of heavy programming effort. Since it does not take advantage of 

readily available libraries, the initial development based on such approach may 

require a long time and it is therefore expensive. 

For high accuracy simulation, field-circuit-motion coupled simulation with 

FEM [36– 40] is used. The electronic circuit, magnetic field and mechanical motion 

are coupled as a single problem. At each time-step, the solution is solved with FEM. 

After stepping through the simulation period, a time series of circuit, magnetic and 

mechanical states is obtained. The major advantage of this method is the very high 

accuracy of the solution, as the simulator considers all three domains simultaneously 

and iteratively refines the numerical solution. However, this method has high 
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computation and data storage requirements, which is not preferable for quick 

evaluation of performance. 

1.2.3 Torque estimation and control 

To control the torque output of SRM for high-grade control, it is natural to 

estimate the torque online first. Average torque [41] generated by each phase can be 

estimated with the principle of co-energy loop, which is estimated from the product 

of the phase current and flux-linkage. For instantaneous torque estimation, look-up 

tables [42, 43] are used. Phase current, and flux-linkage or rotor position, are the 

inputs of the tables obtained using a priori measurement. The major flaw of this 

scheme is the large data storage of the tables. To reduce the memory requirement on 

the pre-stored magnetic data, polynomial function [44], analytical model [45], and 

piecewise linear and exponential functions [46] are used. It is less accurate than the 

table-look-up scheme and needs a little bit more computational time. Use of artificial 

neural network (ANN) [ 47 ] for torque estimation eliminates the need of 

pre-measurement, and takes care of the change of parameters over time, but the 

iterative nature of ANN requires training before the torque profile is obtained. 

As for torque control, the main aim is to reduce the torque ripple output, 

especially during phase commutation. It can be classified into mechanical 

construction and electronic control method. An example of mechanical construction 

is to adjust the pole arcs of the stator and rotor poles [48] so the torque ripples 

during phase commutation can be alleviated. Mechanically stacking of several SRM 

segments with appropriate phase shifts [49] is also an effective measure. This 

approach results in simple electronic controller that only carries out constant phase 
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current control during the torque-producing regime. The drawback of mechanical 

method is the inflexibility due to need for specific design considerations at the 

machine design stage. 

Electronic control method is to control the terminal voltages or currents so the 

phase torque and hence torque ripple can be controlled. An early stage example of 

electronic control is current profiling [48, 50 – 56 ]. The SRM 

torque-current-position characteristics are pre-measured and stored in computer 

memory; or modelled as analytical equations. With different phase torque commands 

at each rotor position, the corresponding current commands are obtained from 

memory. The phase currents are then controlled according to the commands. The 

success of the scheme depends on the measurement quality of the machine 

characteristics and modelling. As with most table-look-up methods, the major 

weakness of such scheme is the large storage requirement. In addition, current 

control using voltage-source power converter results in variable control process gain 

because of variations in the phase inductances. It needs special consideration on 

controller design based on machine parameters [29, 31, 57], for satisfactory dynamic 

performances. Self-tuning controller [58, 59], ANN [60– 62], and adaptive fuzzy 

logic controller [63], which are based on advanced control techniques, have also 

claimed success in torque ripple reduction. However, these controllers have limited 

applications because of excessive computational power requirements and long 

settling time for self-tuning. 

Direct instantaneous torque control, using phase torque as feedback variables, 

are presented in [43, 64, 65]. The torque-current-position or torque-current-flux 
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linkage relationship is first measured offline and stored in computer memory. During 

on-line operation, the memory is used to estimate the torque output of each phase. 

With the estimated phase torques as feedback, the terminal voltages are controlled 

accordingly to allow the phase torques to follow the torque command. In terms of 

accuracy, the performance of the scheme is similar to that of current profiling. 

However, in terms of feedback controller design, it is more complex. Because the 

process gain of torque-to-current translation varies between rotor positions and is not 

easily predicable, the design of the controller feedback gain becomes difficult, thus 

simple hysteresis feedback is commonly used. 

1.2.4 Motion control 

Though SRM possesses advantages of low rotor inertia, high operating 

temperature and little maintenance requirements, which are ideal for position servo, 

most literatures focus on speed control [9], [66– 72]. [9, 66] present the use of a 

traditional proportional-integral (PI) speed regulator together with an inner current 

loop in cascade. [67, 68] implement nonlinear controllers instead of a simple PI 

regulator for speed regulation. [69] uses genetic algorithm (GA) to tune the PI 

controller, which produces similar outcomes as the use of nonlinear controller, but 

requires more on-line computational power. The use of ANN [70] eliminates the use 

of PI controller, but requires pre-acquired data to train the controller. As explained 

by [71, 72], when speed signal is calculated from the position encoder, it contains 

significant quantisation noise, which may require filtering and impose limits in 

applications that operate with speed feedback. 
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On top of the speed loop, a position controller can be cascaded [66, 68, 71–73] 

for position control. The construction of the motion controller becomes a three-loop 

structure, which contains position, speed and current loops in cascade. As the 

bandwidth of the outer loop is in general smaller than the inner one, the three-loop 

structure results in slow dynamic response. In addition, the tuning problem of the 

parameters of the controllers becomes complicated. Even if self-tuning controllers, 

such as auto-disturbance rejection controller (ADRC) [68] and adaptive fuzzy logic 

controller [73], are used, it is necessary to tune more than 10 controller parameters 

based on trial and error. 

Position control without speed loop is demonstrated in [74, 75]. [74] uses 

classical proportional-integral-derivative (PID) to control the force command, which 

is then translated into current commands according to the magnetic characteristics 

for current control. As mentioned by [68], the drawbacks of PID are the 

amplification of noise signals due to the derivative operator, and the tuning of the 

controller parameters requires compromise between response time and overshoot. 

[75] presents a self-tuning controller for position control. It estimates the mechanical 

parameters of the machine online and then adjusts the controller parameters 

accordingly. After tuning, the servo system has fast dynamic response and is free 

from overshoot. The major flaw of the self-tuning regulator is the completion time of 

tuning. For the controller described, it takes about 8 s to finish the estimation, which 

is too long for dynamic applications. 
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1.3 Objectives and organisation of this thesis 

The objectives of this thesis are to develop a computer simulation model to 

simulate the operation of SRM, to derive an online torque estimator, to establish an 

instantaneous torque controller, and to control the rotor position of the SRM. The 

scope and organisation of this thesis are outlined as follows: 

Chapter 2 presents a computer simulation model for multiphase SRM, which 

combines both circuit-oriented and signal-oriented approaches using MATLAB/ 

SimPowerSystems. It takes the advantages of both approaches. The SRM model is 

connected to the power drive with electrical circuit representation, and to the 

controller and mechanical system with signal flow connections. The detailed 

magnetic characteristics of SRM, considering magnetic saturation and mutual 

coupling, are stored in tabular form. The power drives are simulated with 

circuit-oriented approach that can represent the electrical connections and topology 

without translation into signal flow. Simultaneously, the electronic controller and 

mechanical system are modelled with signal-oriented approach, which permits easy 

alterations to controller design and load modelling. The simulation outputs match the 

experimental waveforms, which confirm the validity of the simulation model. The 

model provides convenient means to simulate the SRM, power drive, controller, and 

their interactions. 

An online instantaneous torque estimator for SRM under hysteresis current 

control is developed in Chapter 3. When the SRM is operating in hysteresis current 

mode, the terminal voltages, phase currents and rotor position are acquired. The flux 

linkages of each phase are then evaluated accordingly. A Fröhlich-like model, 
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together with a few pre-measured magnetic parameters, is used to estimate the 

co-energy online, with magnetic saturation taken into consideration. The co-energy 

and the corresponding rotor position are stored in computer memory. In the next 

switching cycle, the newly estimated co-energy, stored co-energy, and rotor 

positions are used to calculate the instantaneous torque, based on the principles of 

co-energy. Computer simulation and experiment show that the estimator output is 

similar to that using cubic spline model, which is a commonly used model for SRM 

modelling. 

In Chapter 4, an online instantaneous torque controller is developed. The 

low-current magnetic characteristics of the SRM are first measured offline. Based on 

the characteristics, the co-energy and phase torque output are evaluated. Hence, a 

co-energy profile for unit torque is calculated. As the co-energy is largely 

proportional to the phase torque, extending from low current to saturating regions, 

the co-energy profile is used to evaluate the required co-energy for the specified 

phase torque command. During online operation, the co-energy commands of each 

phase are calculated from the profile, a simple torque-sharing function, and the 

desired electromagnetic torque. A co-energy regulator is designed to regulate the 

co-energy of each phase to follow the command. Stability analysis of the control 

system shows that the design of controller is simple, even though the phase 

inductance varies significantly. A co-energy estimator based on a Fröhlich-like 

equation is utilised to estimate the co-energy for online feedback. The effect of 

magnetic saturation is considered during the estimation of co-energy. Simulation and 

experiment proves that the proposed scheme is effective to control the torque output 
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of each phase, thereby reducing the overall torque ripple of the electromagnetic 

torque. 

Chapter 5 further extends the instantaneous torque controller into four-quadrant 

operation. The instantaneous torque control of SRM in motoring and generating 

modes in both clockwise and anti-clockwise rotations are investigated. The principle 

of torque control is based on co-energy control, which is derived in Chapter 4. The 

rotor position is manipulated to fulfil the excitation sequence requirements for 

four-quadrant operation. For torque output in the clockwise direction, rotor position 

of phase 1 is used as the reference rotor position. The relative rotor positions of other 

phases are developed from phase 1 by adding phase shifts. As for torque output in 

anti-clockwise direction, the rotor position of phase 1 is mirrored along the aligned 

position. By subtracting phase shifts, the relative positions of other phases are 

derived. The scheme is intrinsically capable to operate in both generating and 

motoring modes, without any change in controller parameters or structure. The 

co-energy controller is designed with the concept of internal model control, which 

reduces the problem of controller parameters tuning into the selection of closed loop 

bandwidth or settling time. Also, the torque-speed limits of SRM are analysed in 

details, in terms of the basic machine parameters. Computer simulation and 

laboratory results verify the stability of the scheme. In contrast to traditional constant 

current control method, the proposed system demonstrates improvement in torque 

ripple reduction, for motoring and generating modes. 

In Chapter 6, a rotor position controller is built on top of the four-quadrant 

torque controller developed in Chapter 5. With the torque controller based on 
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co-energy control as the inner loop, a position controller is designed to control the 

rotor position of an SRM. The concept of torque control is similar to that proposed in 

Chapters 4 and 5, but the co-energy estimator is improved with an advanced 

magnetic model, which is more suitable to low-speed and static applications. Both 

the co-energy and position controllers are designed with the principles of two-degree 

of freedom internal model control. As the controllers can effectively reject 

disturbance within a short time, they require no feedforward control, which needs 

excessive plant information. It also has the beauty of internal model control, as the 

only custom parameters required are the settling times. In addition, the proposed 

position controller eliminates the use of speed loop, and hence the number of control 

loops is reduced from three to two. The structure of the control system and dynamic 

response are thus enhanced, in comparison with traditional three-loop structure. 

Computer simulation and experiment are presented to show the system is operating 

as designed. Robustness of the system against variation of the modelled process 

plant is also confirmed. 

Chapter 7 summarises the contributions of this thesis. The contributions include 

the development of a computer simulation model, online instantaneous torque 

estimator, instantaneous torque controller and rotor position controller. It also 

describes possible future research and development works on SRM. 
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2 Development of Computer Simulation 

Model of Switched Reluctance Motor 

2.1 Introduction 

Magnetic saturation and double salient structure are the two main 

characteristics of SRM. They result in non-linear and non-sinusoidal relationships 

among phase current, flux linkage, output torque and rotor angle. When compared 

with DC motors, these nonlinearities introduce complexities in the modelling, 

simulation and control of SRM. As pointed out in Chapter 1, most researchers utilise 

either circuit-oriented or signal-oriented approach to simulate the behaviours of 

SRM. Both approaches have their pros and cons, and if the merits of the two 

approaches are combined intelligently, they can be complementary to each other. 

The objective of this chapter is to establish an SRM model based on a 

combination of circuit-oriented and signal-oriented approaches using MATLAB/ 

SimPowerSystems. With such approach, the power drive of SRM is modelled with 

circuit-oriented approach, whereas the electrical and mechanical systems as well as 

the control algorithm are simulated with signal-oriented approach. This arrangement 

inherits the advantages of both approaches because it offers flexibility when studying 

different circuit configurations, while at the same time allows easy modification of 

the control algorithm. No manual conversion of electronic circuit into signal flow is 

required. 

The model considers the effects of both self-coupling and mutual-coupling on 

flux linkage and torque production. The self-inductance and mutual-inductance are 
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obtained experimentally. The torques are then calculated from the inductances based 

on the concept of co-energy. The data are stored as look-up table for subsequent 

simulation. Cubic splines are used to interpolate the values between data points. The 

simulated currents are compared with the measured waveforms to verify the 

proposed simulation model. 

2.2 Characteristic of SRM 

2.2.1 Flux linkage expression 

When a voltage is applied across the motor winding, the flux equation 

neglecting the mutual inductance can be written as: 

   dtRiv jjjj      (2.1) 

where λjj represents the flux linkage of phase j, which is a function of the phase 

current and rotor angle, vj represents the applied phase voltage, ij represents the 

phase current, and R is the winding resistance. 

Considering the mutual coupling between phases, the flux equation becomes: 

     jk

m

jk
k

jkjjjj pdtRiv  




1

 (2.2) 

where λjj represents the self-flux linkage, λjk represents the mutual flux linkage of 

phase j due to the current in phase k, m represents the number of phases, pjk is a 

coupling coefficient to account for the effect of magnetic polarities as mentioned in 
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[20, 28]. pjk is either 1 or -1, depending on the directions of the phase currents, 

winding configuration and rotor position. 

The self-flux linkage of equations (2.1) and (2.2), and the rotor position can be 

used to find the phase current. As the relationships among flux, rotor position and 

current are non-linear and machine-dependent, the phase current is obtained from a 

look-up table, which is derived either experimentally or from finite element method. 

In this chapter, the data acquired from experiment, as given in Appendix 8.1, are 

used. 

2.2.2 Torque production 

The torque production of each phase is usually described in terms of its 

co-energy Wjj. Neglecting mutual inductance, co-energy is the integral of flux 

linkage with respect to current: 

  
ji

jjjjj diW
0

  (2.3) 

The phase torque Tj is the partial derivative of the co-energy with respect to the 

rotor angle θ: 

  



 jj

j

W
T  (2.4) 

The instantaneous electrical torque output Te is the sum of the phase torques: 

  



m

j
je TT

1

 (2.5) 
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To include the effect of mutual inductance, the co-energy Wjk due to mutual 

coupling is considered: 

   
ji

jjkjkjk dipW
0

 (2.6) 

The influences of current ij on magnetic saturation and hence on flux linkage λjk 

are assumed to be negligible in the calculation. As the currents ij and ik are generally 

small when both phases conduct simultaneously, in contrast to their peak values, the 

above assumption is generally valid. 

The torque arisen from mutual coupling is: 

  



 jk

jk

W
T  (2.7) 

The instantaneous electrical torque becomes: 

   
 


m

j

m

jk
jk

m

j
je TTT

11

(2.8) 

For the torque component arising from mutual coupling, only the effect of 

phase k<j is considered because the torque developed by two simultaneously excited 

phases needs to be calculated once only. 

2.2.3 Mechanical system 

The mechanical system of the SRM is described by the following equations: 
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    0 
1    dtBTT
J Load  (2.9) 

    0  dt  (2.10) 

where J is the moment of inertia, TLoad is the load torque, B is the friction coefficient, 

ωo is the initial velocity, and θo is the initial rotor position. 

2.3 Simulation model 

The simulation model of an 8/6 SRM system, of which the power drive and 

motor data are illustrated in Fig. 2.1 and Table 2.1, respectively, consists of three 

modules as shown in Fig. 2.2. The controller outputs the gate drive signals according 

to the rotor position and phase currents. The power drive then switches the power 

electronic devices accordingly. The devices are connected to the SRM via electrical 

connections. The SRM module models the electrical and mechanical characteristics 

of the SRM. 

 

Fig. 2.1 Power drive of the SRM system 
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Table 2.1 Motor data 

Motor rated voltage 260 VDC 
Motor rated power 3 kW 
Motor rated speed 50-2000 RPM 
Number of stator poles 8 
Number of rotor poles 6 
Winding resistance 0.687 Ω 

 

Fig. 2.2 MATLAB/SimPowerSystems implementation of the simulation model 

2.3.1 SRM 

The SRM module simulates the electrical and mechanical behaviours of the 

SRM. Fig. 2.3 shows the details of the module. 
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Fig. 2.3 SRM module 

Each phase is simulated by a fixed resistor and a controlled current source. 

They model the corresponding phase resistance and the variable inductance of the 

winding, respectively. The rotor angle is calculated from the mechanical expression 

(2.10), and the measured voltages, V1-V4, which are equal to the phase voltage less 

the resistor voltage drop. The mutual flux linkages are first obtained from the 

currents and rotor position using a look-up table. Then, the self-flux linkages are 

obtained according to (2.2). The self-fluxes and the rotor angle are then used in 

conjunction with a look-up current table and cubic spline interpolation in order to 

estimate the corresponding phase current. The flux and the rotor angle are then used 

to calculate output torque in the Phase Windings block (Fig. 2.4). The controlled 

current sources are governed by the current signals inside the SRM module. 
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Fig. 2.4 Phase windings block 

As for torque production, two look-up tables are prepared during the 

initialisation of the simulation according to (2.3), (2.4), (2.6), and (2.7). Phase 

currents and rotor angle are the inputs of the look-up tables, while the outputs are the 

phase torques. The phase torques are summed together to give the instantaneous 

electrical torque as stated in (2.8). The rotor angle and velocity are obtained in the 

mechanical system as described by (2.9) and (2.10). 

2.3.2 Power drive 

The power drive (Fig. 2.5) contains a number of switching devices to control 

the power flow process. Most of the connections are electrical connections, hence 

different power electronic converter topologies can be evaluated easily. The 

connections are modelled according to the physical connections of the converter 

without any manual translation. In this chapter, the asymmetric half-bridge of the 

1.5q switches configuration [9], also known as the 2(n+1)-switch circuit [1], is used. 

While each phase has a switch for commutation, a switch is used for every pair of 

remote phases. Models of insulated gate bipolar transistors (IGBTs) and diodes are 
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taken directly from the library of MATLAB/SimPowerSystems, and the snubbers are 

built from a combination of diode, resistor and capacitor. The models of the IGBT 

and diode, as provided by the library, include a detailed consideration of parameters, 

such as forward voltage, internal inductance and tail current, which are necessary to 

describe the behaviours of the devices accurately. In this application, the data of 

IRG4PC50UD and MUR1650 are used as the parameters of the IGBT and diode 

models, respectively. 

 

Fig. 2.5 Power drive module (only phase 1 and phase 3 are shown in details) 
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2.3.3 Controller 

The controller is synthesised with the graphical entry environment under 

MATLAB/Simulink. Three common control strategies are attempted. For low speed 

operation, soft chopping or hard chopping hysteresis current regulator is employed. 

For high speed operation, single voltage pulse is used. 

At low speed, the phase current is regulated within a hysteresis band. When the 

phase current is lower than the lower limit of the band and the rotor angle has 

reached the turn-on angle, the phase winding is excited to increase the current. When 

the phase current is larger than the upper limit, the phase winding is either 

freewheeled for soft chopping or excited in reverse polarity for hard chopping. 

Therefore, the phase current is confined within a band. Once the turn-off angle is 

reached, the winding is reversely excited via the diodes and the current is quenched 

quickly. The choice between soft chopping and hard chopping is dependent on the 

application. Soft chopping is employed when a lower switching frequency and 

smaller current ripple in DC-link are preferred. 

At high speed, the phase current is not regulated. The winding is excited by the 

supply voltage during the on period, and is reversely excited during the off period. 

2.4 Experimental verification 

Simulation results of the proposed simulation model are compared with current 

waveforms measured experimentally. The experimental setup [76] utilises a dSpace 

1102 controller board connected to an analogue hysteresis controller and a power 

drive module as shown schematically in Fig. 2.5. Fig. 2.6 shows the simulation and 
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experiment waveforms under hard chopping hysteresis current control, in which the 

SRM operates in low speed and low current. The experimental phase current is 

measured with current probe. 

 

(a) 

 

(b) 

Fig. 2.6 Phase current waveforms (turn on at 0°, turn off at 15°, supply voltage = 

122 VDC, current setpoint = 1.4 A, hysteresis band = 1.1 A, speed = 120 RPM). (a) 

simulated waveform; (b) measured waveform 
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The difference between Fig. 2.6(a) and Fig. 2.6(b) is because the controller of 

the simulation is assumed to have no delay while that of the experimental setup 

contains signal delay. The delay allows the phase current to go beyond the hysteresis 

band before changing the switching state, especially when the inductance is small 

and the current changes rapidly. As a result, the experimental result shows a larger 

hysteresis band. In addition, the current probe picks up the electromagnetic noise due 

to the switching of the power drive during experimentation, and results in spiky 

waveform. It should be noted that, although the simulation model considers the 

current fall time and tail current, their effects are not noticeable in Fig. 2.6(a). It is 

because the fall time and tail time, which are of the order of 100 ns, are small in the 

time scale. 

As for high speed and large current situation [19, 76], the current waveforms 

are shown in Fig. 2.7. The simulated electrical torque waveform is plotted in Fig. 

2.8. The torque waveform is affected by the mutual coupling among the windings. 

The peak torque output, when both phases 1 and 4 are conducting, is 8% lower than 

that produced by other phases. It is because of the mutual coupling in the motor 

which has the winding type of “NSNSSNSN”. 
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(a) 

 

(b) 

Fig. 2.7 Phase current waveforms (turn on at -3°, turn off at 15°, supply voltage = 

33.4 VDC, speed = 600 RPM). (a) simulated waveform; (b) measured waveform 
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Fig. 2.8 Simulated electrical torque waveform (turn on at -3°, turn off at 15°, 

supply voltage = 33.4 VDC, speed = 600 RPM) 

As consecutive windings of phase 1 and phase 4 are of the same magnetic 

polarity, current of phase 4 tends to reduce the flux linkage on phase 1 when both 

phases are conducting and vice versa. Hence, the mutual flux linkage tends to reduce 

the electrical torque during the overlapping excitation period of phases 1 and 4. As 

for the coupling between other adjacent winding pairs, the polarities of consecutive 

windings are opposite. Therefore, the flux linkages and torque outputs of 

neighbourhood windings are increased. In general, the influence of mutual coupling 

is dependent on the winding arrangement, turn-on and turn-off angles, and current 

waveform. 
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The experimental torque waveforms are not presented in this section, because 

the bandwidth of the torque transducer system, which is 200 Hz, is insufficient to 

reconstruct the detailed waveforms the torque ripples. In addition, the misalignment 

of the mechanical couplings may introduce low-frequency torque ripple and distort 

the results. 

Although the measurement of mutually induced voltages of non-active phases 

can reveal the effect of mutual flux linkage, they are not measured during the 

experiment because the induced voltage is generally very small and contains a lot of 

noise, due to, for example, leakage current and stray capacitance in the associated 

power electronic devices. 

The electrical torque output contains a rich amount of ripples because of the 

absence of current regulation during high-speed operation. As the phase current is 

not controlled and the on-off angles are not optimised, the instantaneous torque rises 

and falls with the current in the active phase. It can be seen that the troughs of the 

instantaneous torque are appearing during the phase commutation periods, while the 

peaks are the results of the current peaks. 

2.5 Summary 

This chapter presents an SRM system simulation model that combines both 

circuit-oriented and signal-oriented approaches. The essential components of the 

SRM drive system, including controller, power drive, SRM and load, are included in 

the model. The source data of the model are obtained from experiments. Good 
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comparison of measured and simulated results validates the accuracy of the 

simulation model under different operating conditions. 

In the proposed simulation algorithm, it is found that the mutual coupling 

between phases is having a significant impact upon the production of torque in SRM. 

However, the mutual coupling is dependent on the conduction angle, winding 

arrangements, and current waveforms. Hence the designer must consider the mutual 

coupling among the windings in the early conceptual stage if an optimal controller of 

SRM is to be designed.  

In summary, the proposed simulation model is useful for the computer-aided 

design of SRM power drive and control algorithms. As the connections of the power 

drive model are the same as the physical wirings, there is no need to manually 

translate the power drive circuits into signal flows for the simulation. Therefore, the 

testing of new circuit topology and evaluation of component rating becomes 

convenient. 
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3 Online Torque Estimator of Switched 

Reluctance Motor 

3.1 Introduction 

Online torque estimator is essential for instantaneous torque control, torque 

ripple reduction and motion control of SRM. Because of the magnetic nonlinearities 

among torque, phase current and position, torque estimation of SRM is difficult. As 

depicted in Chapter 1, most instantaneous torque estimation algorithms require 

extensive pre-measurement or computational time, which are not desirable for 

real-time applications. Thus, the development of an instantaneous torque estimator, 

which requires only limited pre-measured data and mathematical manipulation, is 

necessary and challenging for researchers. 

This chapter proposes an online torque estimator for SRM operating under 

hysteresis current control using conventional asymmetrical half-bridge topology. The 

estimator only requires the pre-measurement of a limited amount of data including 

the inductance profile at low current, saturating phase current, real-time on/off status 

of the power electronic switches, DC-link voltage, phase currents and rotor position. 

Results obtained from the estimator agree well with those obtained experimentally. 

3.2 Proposed torque estimator algorithm 

Fig. 3.1 illustrates the structure of the torque estimator. It estimates the flux 

linkage of each phase based on the status of power electronic switches, DC-link 

voltage and phase current. Subsequently, the flux linkage and the corresponding 
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phase currents are utilised to calculate the co-energy. The computed co-energy, 

together with the respective measured phase current and rotor position, are stored in 

a look-up table. The output torque of the SRM is estimated based on the differences 

between new values and those obtained from the previous switching cycle at the 

same current, of both co-energies and rotor positions. With this approach, very small 

amount of data are processed and hence the torque can be estimated quickly on-line. 

 

Fig. 3.1 Structure of the torque estimator and SRM drive 

3.2.1 Estimation of flux linkage 

The estimated flux linkage of each phase λphase is calculated as: 

     dtRiv phasephasephase    (3.1) 
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where, vphase is the phase voltage which is dependent on the on/off states of the 

switches, iphase is the phase current, R is the winding resistance, vdc is the DC-link 

voltage, VT is the on-state voltage drop of the IGBT, and VD is the forward voltage 

drop of the diode. The effects of switching transients of the IGBTs and power 

diodes, which are mainly the current rise time, tail current and reverse recovery, are 

neglected, as they last for about 100 ns, while the sampling frequency of the 

controller is less than 10 kHz. The flux linkage is reset to zero when the phase 

current is fully quenched in order to eliminate the accumulation of measurement 

errors and to avoid drifting due to numerical errors. It should be noted that the 

winding resistance which changes with temperature can be accurately estimated 

online [41, 77, 78]. However, for simplicity, winding resistance estimator is not 

implemented in this chapter. 

3.2.2 Estimation of co-energy 

The co-energy Wc of each phase is estimated based on the integral of the flux 

linkage: 

    (
phasei

c diW
0

  3.3) 

When the phase current is smaller than the saturating current is, the flux 

linkage-current relationship is assumed linear and the co-energy is calculated as: 

  phasephasec iW 
2

1
  (3.4) 
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For phase current which is higher than the saturating current, the flux-linkage 

current curve is divided into two portions as illustrated in Fig. 3.2. 

 

Fig. 3.2 Modelled flux-linkage current characteristics, showing key points 

The part of the current that is lower than the onset of saturation is assumed 

linear and is described using the pre-measured low-current inductance profile L as 

follows: 

  siiLi  for    (3.5) 

As for the portion of current that is higher than the saturating current, a 

Fröhlich-like equation (3.6) is used to describe the flux linkage-current curve. 

  phases
s

s
s iii

iib

ii
aLi 




 for    (3.6) 

  40 



where a and b are coefficients to be determined online. The first order derivative of 

(3.6) is: 

  
 2ii

ab

 sbi 





 (3.7) 

To ensure the continuity of the slope, the derivative (3.7) is set to the 

premeasured inductance at the saturating current: 
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After solving the equation, 

  
L

a
b   (3.9) 

The measured phase current, estimated flux linkage and (3.9) are substituted 

into (3.6), 
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a is then expressed as: 

  
  
   sphasesphase

sphasesphase

LiiiL

iiLiL
a








 (3.11) 

  41 



Hence, the coefficients of the Fröhlich-like equation are determined from the 

inductance, flux linkage, phase current and saturating current, according to (3.9) and 

(3.11). 

The co-energy is obtained by evaluating the integral of (3.3), with the flux 

linkage as described by (3.5) and (3.6) as: 

     2

2

1
ln s

sphase
sphasesc Li

b

iib
abiiLiaW 







 
  (3.12) 

For online estimation of the co-energy, only (3.9), (3.11) and (3.12) are 

evaluated. 

3.2.3 Calculation of electrical torque output 

The co-energy for computing the instantaneous electrical torque of each phase 

of the SRM is 

  
constanti





cW

T  (3.13) 

For the torque estimator being proposed, (3.13) is converted to a finite 

difference form as given below: 
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where; θnow is the current rotor position; θprevious is the rotor position in the previous 

switching cycle, at which the current is equal to the phase current at the time under 

consideration. 

The instantaneous co-energy Wc(θnow, iphase) can be calculated according to 

(3.12), and the co-energy in the previous switching cycle Wc(θprevious, iphase) can be 

obtained from an interpolation of the co-energy of the previous cycle in the look-up 

table. Because a very small amount of mathematical processing is required, the 

computation effort is small and hence the instantaneous torque of the SRM can be 

computed on-line, while the SRM is operating. 

3.3 Simulation results 

The torque estimator as shown in Fig. 3.1 is simulated in time-domain with 

MATLAB/Simulink, which is described in Chapter 2. The simulation model 

simulates the detailed behaviours of power electronic switching and hysteresis 

current control. The parameters of the power drive are as shown in Table 3.1. All the 

simulated runtime data from the hysteresis current controller, such as switching 

states, phase currents and rotor position, are fed to the torque estimator as shown in 

Fig. 3.1. 

Table 3.1 Parameters of power drive 

DC-link voltage 100 VDC 
IGBT part number IRG4PC50UD 
IGBT forward voltage VT 1.65 V 
Power diode part number MUR1650CT 
Power diode forward voltage VD 0.7 V 
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Both the hysteresis current controller and the torque estimator have a sampling 

rate of 4 kHz. In the experiment, the SRM runs at 200 RPM. With the unaligned 

position corresponding to 0°, the turn on and off angles are 5° and 20°, respectively. 

The hysteresis current controller operates with soft chopping, with a control set point 

of 4 A and a hysteresis band of 0.5 A. The settings of the current controller can be 

found in Table 3.2. The current waveform of the simulation is given in Fig. 3.3. 

Table 3.2 Settings of the hysteresis current controller 

Sampling frequency of controller 4 kHz 
Conduction angle 5°–20° 
Upper hysteresis band 4.25 A 
Lower hysteresis band 3.75 A 

 

Fig. 3.3 Current waveform of phase 1 of the simulation model 

The simulation result of the flux linkage estimator as obtained from (3.1) and 

(3.2), in contrast to the flux linkage obtained from the simulation model, is shown in 
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Fig. 3.4. It can be seen that the flux estimator can correctly estimate the flux linkage 

of the SRM while the phase is energised. 

 

Fig. 3.4 Comparison of flux linkages of phase 1 from the simulation model and 

from the flux linkage estimator 

The co-energy estimation derived from the co-energy estimator, and that 

calculated from the cubic spline interpolation using the full magnetic data are 

compared in Fig. 3.5. It can be seen that the estimator output is close to the results 

obtained from the cubic spline model. 
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Fig. 3.5 Co-energies of phase 1 calculated by the cubic spline model and from the 

co-energy estimator 

The torque estimator can estimate the electrical torque of the SRM, and the 

results from the estimator are similar to that deduced from cubic spline model as 

shown in Fig. 3.6. It should be noted that the torque estimator cannot estimate the 

torque during the first switching cycle (5° to 10°), because there are no prior data on 

the co-energy, current and rotor position, which are required in the calculation of 

(3.14). 
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Fig. 3.6 Torque predicted by the cubic spline model and torque estimator output of 

phase 1 

To investigate the effects of the variation of the saturation point due to change 

in temperature, the simulated torque estimations with the saturation point varied plus 

and minus 5% are plotted in Fig. 3.7. In fact, for the ferromagnetic material used in 

SRM, the variation of the saturation point over the operating temperature is less than 

1% [79]. The figure shows that the drift of saturation point has negligible effect on 

the estimated torque  
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Fig. 3.7 Effects of variation of saturation point on torque estimation 

Similarly, the effects of the variation of low-current inductances due to 

measurement error and variation of temperature are also depicted in Fig. 3.8. The 

inductances are varied plus and minus 5% from the nominal values. The effects of 

the changes of the pre-measured inductances are very small. 
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Fig. 3.8 Effects of the variation of low-current inductances on torque estimation 

3.4 Experimental verification 

The torque estimator and the hysteresis current controller are implemented with 

a dSpace 1104 R&D Controller Board running at a sampling frequency of 4 kHz. 

The associated sensors, signal amplifiers, and power converter are constructed with 

discrete electronic components. The power converter is connected to a 100 VDC 

supply. The motor data are the same as those used in the simulation. A 

dynamometer, which is built using a DC generator with a load resistance connected 

across the armature winding, acts as a mechanical load. 
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The measured current waveform, and estimated flux linkage and torque from 

the estimators for the SRM operating at 200 RPM are shown in Fig. 3.9 to Fig. 3.11 

respectively. It can be seen that the experimental current and flux waveforms are 

similar to the simulated ones. As for the torque waveform, the experimental and 

simulated torque outputs are alike, in terms of frequency and magnitude. Both of 

them show that the torque ripples are significant. However, the torque estimator can 

still correctly estimate the torque ripple, which arises from the hysteresis current 

control and wide hysteresis band setting, even the SRM operates in the saturating 

region. 

 

Fig. 3.9 Measured current waveform of phase 1 of the SRM operating 
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Fig. 3.10 Estimated phase 1 flux linkage from the proposed flux linkage estimator 

 

Fig. 3.11 Estimated torque of phase 1 from the proposed torque estimator 
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As the dynamometer being used in this investigation can only give an average 

torque reading, only the measured average torques are compared with the average 

torques computed using the torque estimator. It is found that the measured average 

torque using the dynamometer is 2.01 Nm, which is close to the average output of 

2.07 Nm predicted by the torque estimator when the phase winding is energised. 

Torque transducer is not used because the bandwidth of commercially available 

transducers is lower than the frequency range of the shaft torque. In addition, the 

mechanical couplers between the dynamometer, transducer, and SRM, which are 

linked by rubber discs, filter out the high frequency components. 

3.5 Summary 

An online instantaneous torque estimator is proposed. The required offline data 

are the pre-measured inductance profile at low current and the saturating current. 

Other data are estimated at real time based on the terminal quantities. Co-energy of 

each phase is calculated online and stored in memory. Based on the principle of 

co-energy difference, the torque is estimated. The proposed algorithm requires small 

computational burden. Hence, it is suitable for real time applications. The torque 

estimator algorithm is verified using computer simulation. The electromagnetic 

torque outputs obtained from the estimator matches well with that of the cubic spline 

model. It is also implemented in a prototyping environment. Even though limited 

amounts of data are obtained due to hardware limitation, the measured results appear 

to agree with the simulation. The proposed estimator can correctly estimate the 

average torque of SRM, which is measured with a dynamometer, even in the absence 

of torque transducer. For the estimation of torque ripple, the magnitude and 

frequency of the torque ripple obtained with the prototype are similar to those 
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obtained with cubic spline model. Hence, the torque estimator is effective in 

assessment of average torque and torque ripple. 

The proposed torque estimator is expected to be of use by engineers for 

applications in instantaneous or average torque control for SRM under low speed 

operation in future development. It can also be applied to replace the expensive 

torque transducers for online torque ripple and average torque assessment, load 

monitoring, and metering. 
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4 Instantaneous Torque Control Based on 

Co-energy Control 

4.1 Introduction 

Control of the instantaneous torque of SRM is essential to torque ripple 

reduction and motion control. As discussed in Chapter 1, the nonlinearities of SRM 

are giving rise to difficulties in instantaneous torque control, when compared with 

the more established decoupled control of induction and DC machine. Most 

instantaneous torque control algorithms require extensive pre-measured data and 

result in difficult design of the feedback controller. 

This chapter presents a method to control the instantaneous torque by 

controlling the co-energy of the machine. Under this scheme, the co-energy 

reference of each phase is computed from the inductance profile at low current. The 

co-energy is estimated using on-line motor terminal voltage, current and the low 

current inductance profile. It is then regulated to track the reference co-energy with a 

constant frequency PWM terminal voltage. The effect of magnetic saturation is 

considered by the co-energy estimator. The advantage of the proposed scheme is that 

only a small amount of machine data is pre-measured and stored. 

In this chapter, the proposed feedback control system is analysed, and it can be 

seen that the parameters of the regulator are independent of the phase inductance. It 

means the regulator parameters are also independent of the rotor position and 

magnetic characteristics. Thus, the design of the control becomes simple. Computer 
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simulation and experimental results are reported to validate the functionality of the 

control strategy. 

4.2 Principles of torque control 

With magnetic saturation taken into account, the torque output of each phase is 

described as: 

  
constant




phasei

cW
T


 (4.1) 

As stated in [49], if the co-energy is controlled to vary linearly with the rotor 

position, the instantaneous torque output is constant regardless of magnetic 

saturation. Hence, from (4.1): 

  
consti

c

phase

TdW








0

 (4.2) 

where θ0 is a constant for the initial value Wc = 0. 

For constant torque output, 

   0  TWc  (4.3) 

Therefore, at each rotor position, the co-energy is directly proportional to the 

torque output. When the rotor position is close to the unaligned position, the constant 

current requirement of (4.2), however, cannot be realised because of the flux leakage 

at the motor poles. In other words, the relationship between co-energy and rotor 
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position becomes nonlinear. To explain the nonlinearity mathematically, the 

co-energy of a non-saturated SRM is expressed as: 

   LiW phasec
2

2

1
  (4.4) 

The total derivative of co-energy is: 
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Divide both sides of the equation with differential change of rotor position dθ: 

   



 d

di
iLT

d

dW phase
phase

c     (4.6) 

For constant torque output, the relationship between co-energy and rotor 

position is linear only if diphase/dθ is zero, which explains the constant current 

requirement as stated in (4). In contrast, when the rotor position is close to the 

unaligned position, diphase/dθ is non-zero for constant torque output. Hence, the 

co-energy and rotor position have a non-linear relationship. 

To solve the problem of non-linearity between co-energy and rotor position, the 

co-energy profile is normalised with respect to the torque output. The magnetic 

characteristic at low current is measured for each rotor position first. Then, (1.2) and 

(1.4) are used to evaluate the co-energy and torque. A normalised co-energy profile 

can be obtained as 
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The normalised co-energy profile of a 2.2 kW 270 VDC 8/6 SRM, with 0 

degree set as the unaligned position, is illustrated in Fig. 4.1 as an example. The data 

are obtained with phase current of 1 A. 

 

Fig. 4.1 Normalised co-energy profile of an SRM 

The required co-energy of each phase to output the required torque at each rotor 

position can be calculated: 

    *  ( 
*  TWW normcc  4.8) 
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wher

ating region with 

a maximum torque output of 8.5 Nm using a commutation scheme, which will be 

described in Section 4.3.3, is enclosed in dotted lines for reference. 

e T* is the torque command of the phase. 

Fig. 4.2 shows the relationship between the co-energy and torque of the SRM, 

of which the magnetic data are measured experimentally. The oper

 

F

relationship that extends from unsaturated to saturating regions, especially within the 

ig. 4.2 Relationship between co-energy and torque at various rotor positions 

It is worth noting that even though the co-energy profile is obtained at low 

current, the linear extrapolation of it into the saturating region with (4.8) is 

acceptable. At each rotor position, the co-energy and torque have essentially a linear 
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operating region. Consequently, it can be assumed that, provided the co-energy can 

be estimated online with the magnetic nonlinearity between co-energy and current 

taken into account, the torque can be controlled by regulating the co-energy to follow 

the product of the normalised profile and the torque command. 

4.3 

rrents and rotor 

position are used to estimate the co-energies for co-energy control. 

Implementation 

Fig. 4.3 depicts the structure of the proposed instantaneous torque controller. 

The torque references T* and rotor position are used to calculate the co-energy 

commands Wc
* of each phase. The co-energy regulator then controls the required 

motor terminal voltages vphase based on the estimated co-energies from the co-energy 

estimator and co-energy commands to ensure the co-energy of the SRM follows the 

co-energy commands. The PWM modulator outputs the PWM switching signals to 

the SRM power converter, which is a power electronic stage consisting of 

asymmetrical half-bridges. The terminal voltage signals, phase cu

 

Fig. 4.3 Structure of the instantaneous torque controller for the SRM 
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4.3.1 Co-energy estimation 

The estimation of co-energy is based on the co-energy estimator derived in 

Chapter 3. With the motor terminal quantities and a few premeasured magnetic data, 

the co-energy of each phase can be estimated. 

4.3.2 Co-energy regulator 

To design the co-energy regulator, the dynamics between the output voltage and 

co-energy have to be determined. The equation describing the electrical dynamics is: 

  eRi
dt

di
lv phase

phase
phase   (4.9) 

where e is a back-EMF term. Co-energy is defined as: 

   (   
phasei

phc diiiW
0

,,  4.10) 

For a small increment of co-energy ∆Wc and with due consideration of magnetic 

saturation, (4.10) becomes, 

  2  2
1 phasephasephasec iliLiW   (4.11) 

Dropping the high order term for small signal system design, 

  phasephasec iLiW   (4.12) 

Treating the back EMF term as disturbance and expressing (4.9) and (4.12) in 

the s-domain, one obtains: 
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The control system with Gc as the controller is illustrated in Fig. 4.4. 

 

Fig. 4.4 Signal flow of the co-energy control system 

Gc is a proportional integral (PI) controller of the form: 
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where Kp and Ti are the proportional and integrator constants, respectively. The time 

delays of the current sensor, signal conditioning circuit and power drive are 

neglected in designing the controller, as they are small, relative to the switching 

frequency and the output bandwidth, which is discussed later in this section. For 

higher output bandwidth, however, they have to be considered. The open-loop 

transfer function is 
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where k is the ratio of the bulk inductance to incremental inductance. The 

closed-loop transfer function becomes: 
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For over-damped closed-loop response, the poles of the transfer function have 

to be real. 
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If Kpkiphase is considerably larger than R/l, (4.18) becomes: 
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For critically-damped closed-loop response, the product of the proportional gain 

and phase current should meet the following condition: 
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i

phasep TikK 4    (4.20) 

In fact, the closed-loop response of the system is essentially independent of 

inductance if the product of the proportional constant Kp and phase current iphase is 

large. In order to eliminate the effect of phase current on the system response, the 

proportional constant is scheduled to be inversely proportional to the phase current. 

It is recommended [80] that the sampling frequency Fs of the digital controller 

is set to 10 to 50 times of the closed loop bandwidth. Using a factor of 10 in this 

application, one has 
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The scheduled proportional constant Kpiphase should be set to a small value such 

that the system remains stable. However, if the constant is too small, the dynamic 

response becomes slow. Considering the range of ratio k is between 1 and 2.5 [81] in 

general, and leaving some safety margin for the controller to give a satisfactory 

response, the scheduled proportional constant is set as: 
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The integral time constant is then set as, 
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i iKT 4  (4.23) 
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The change of inductance with rotor position, which affects the value of k, may 

introduce non-linearities to the transfer function to the system. Because the rotor 

speed is relatively low, the non-linearities are considered as a disturbance to the 

system. To analyse the effects of the back EMF stated in (4.9) and Fig. 4.4, and 

non-linearities, the closed-loop transfer function from the disturbance to the 

co-energy output is derived: 
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 (4.24) 

Equation (4.24) shows that the poles are the same as those of (4.17) and the 

system is stable, has a high bandwidth with small rise time, as designed. In addition, 

as the denominator of (4.24) is denominated by Kpkiphase and the nominator is 

governed by kiphase, the influence of the disturbance is significantly attenuated by the 

proportional constant of the regulator. Hence, the co-energy regulator requires no 

feed-forward compensation. 

It should be noted that the controller is converted to z-domain for 

implementation in digital controller, although it is designed in s-domain. S-domain is 

used throughout the design process because it is more intuitive for system 

identification and dynamic response. In fact, the system parameters and information 

of the process plant are obtained in s-domain. Though designing in z-domain allows 
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higher output bandwidth, it may introduce noise amplification and voltage saturation 

of the power drive, which are undesirable for controller design. 

4.3.3 Commutation 

The conduction angles of each phase are equal and have the same constant 

value. During commutation, the torque command is decomposed into two references 

for the incoming and outgoing phases. The outgoing torque reference decreases 

linearly as the rotor angle increases, while the incoming torque reference increases 

linearly at the same time. Hence, the total torque output will remain largely constant 

to result in a smooth output torque. 

4.4 Results 

4.4.1 Simulation 

The proposed scheme is simulated in MATLAB/Simulink environment. The 

SRM has 4 phases, 8/6 poles, rated at 2.2 kW with a maximum input voltage of 

270 VDC. The sampling rate and PWM frequency of the simulated controller are 

10 kHz. A DC voltage of 180 V is used for the power stage. The motor runs at 

240 RPM. The torque reference is 3 Nm and each phase conducts from 7.5° to 27.5°, 

where 0° corresponds to the unaligned position. 

Simulation waveforms of co-energy and co-energy references, with 

consideration of PWM switching, are displayed in Fig. 4.5. It can be seen that the 

co-energy can stably track the co-energy command. 

  65 



 

Fig. 4.5 Simulated co-energy references and co-energy waveforms 

The torque command and output of each phase are compared in Fig. 4.6. It can 

be seen that the torque output of each phase follows the command. The slight drops 

of the torque around 10° and 20° are because of the coarse resolution of the 

co-energy profile. As the co-energy profile is spaced at 2.5°, linear interpolation is 

required for rotor positions between the data points, which may not match the 

required co-energy exactly. Also, the use of numerical differentiation in (4.7) to 

obtain the torque for the computation of the normalised co-energy profile may 

introduce errors. 
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Fig. 4.6 Simulated torque commands and torque outputs 

Simulation waveform of the phase currents and output torque are shown in Fig. 

4.7. For comparison, the simulated waveforms under standard constant current 

control at 4.5 A are given in Fig. 4.8. It should be noted that the high frequency 

torque ripple due to PWM switching does not appear clearly in Fig. 4.7 because there 

are around 420 switching cycles for a rotor movement of 60 mechanical degrees as 

shown in the figure. The torque ripples would appear clearly if the time scale of Fig. 

4.7 could be expanded to show only a couple of milliseconds. 
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Fig. 4.7 Simulated torque and current waveforms under co-energy control 
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Fig. 4.8 Simulated torque and current waveforms under standard constant current 

control 

The simulation results show that the electromagnetic torque output of the 

scheme can follow the torque command with the proposed control scheme, despite 

the slight torque ripple due to the resolution and derivation errors of the co-energy 

profile, and the PWM switching of the converter. In addition, it outputs less torque 

ripple when compared with that produced with standard current control, especially 

during commutation. Comparing to DITC [43], [64], which performs direct torque 

control and should output low torque ripples, the co-energy control scheme outputs 

similar torque ripple of 15%, but requires less pre-measured magnetic data. 
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4.4.2 Experiment 

An experiment is conducted with an environment similar to that of the 

simulation. A dSpace 1104 prototyping controller board is used as the digital 

controller. Customised power drive and sensors board are utilised in the experiment. 

The details of the circuits and wiring are given in Appendix 8.2. A separately excited 

DC generator, with the armature connected to variable resistors, is used as the load 

machine. Between the SRM and the load machine, a torque transducer is coupled for 

dynamic torque measurement. The transducer is Burster 8651-5020, of which the 

signal bandwidth is 200 Hz, and its moment of inertia is negligible. 

Fig. 4.9 shows the experimental shaft torque and current waveforms of the 

proposed control scheme. The simulation results are also presented on the same 

graph for the sake of comparison. The current waveforms obtained from the 

experiment and simulation are similar, while the average torques are also 

comparable. It should be noted that a portion of the high frequency torque ripples is 

filtered by the moment of inertia of the SRM, mechanical coupling, and the 

bandwidth limit of the torque transducer. The low frequency torque ripples of 24 Hz 

are the result of the mechanical coupling between the load machine, torque 

transducer and SRM. As each pair of the mechanical couplers is linked by six pins 

and a rubber disc, the machines oscillate at 6 times of the mechanical frequency, 

which is 4 Hz for a motor speed of 240 RPM. The ripples of the proposed controller 

with a period shorter than the electrical period, albeit small, are the result of the 

coarse resolution and imperfectness of the co-energy profile, as discussed in the last 

section. 
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Fig. 4.9 Measured shaft torque and phase 1 current under co-energy control 

Fig. 4.10 depicts those obtained using standard constant current control to 

illustration the differences between the proposed and traditional control algorithms. 

The experimental waveforms show that with the use of the proposed co-energy 

control scheme, the SRM outputs relatively less high frequency shaft torque ripples 

when compared to those produced using standard current control. Comparing to the 

estimated torque of DITC [64] again, the magnitudes of the torque ripples are 

similar. In fact, the performances of the proposed controller are comparable to those 

using torque directly as feedback signal. 
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Fig. 4.10 Measured shaft torque and phase 1 current under standard constant current 

control 

4.5 Summary 

This chapter presents a scheme to independently control the instantaneous 

torque of each active phase of an SRM online, via co-energy control. Relationship 

between torque output and co-energy is derived. The co-energy of each phase is 

regulated to follow a co-energy profile, which is obtained from the magnetic 

characteristics at low current. Because the co-energy profile is a one-dimensional 

table, the scheme only requires small memory space for pre-measured data. Stability 

analysis shows that the parameters for stable operation of the control system are 

independent of motor parameters. Hence, the design of the proposed controller 
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becomes simple. During commutation, the electrical torque output is shared among 

the active phases through torque profiling. Computer simulation and experiment 

results confirm that the scheme outputs a smooth torque that follows the torque 

command. 
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5 Four-quadrant Torque Control 

5.1 Introduction 

Four-quadrant operation of SRM is preferred to one-quadrant operation for 

many highly dynamic applications in, for example, electric vehicles (EV) and robots. 

In contrast with simple control that stops the SRM by freewheeling, regenerative 

braking has the beauty of recycling the kinetic energy stored in the rotating mass 

back to the source to improve the overall system efficiency. In addition, the braking 

force that appears during regeneration reduces the braking time and hence increases 

the dynamic performance of the drive. The improvements are particularly significant 

when frequent start/stop operations are required. 

Torque control for four-quadrant operation of SRM has been reported in only a 

few literatures. Instantaneous torque control based on torque feedback, and average 

torque control using current control, are introduced in [43] and [55] respectively. All 

these algorithms require different control schemes for motoring and regenerating 

operation, thereby resulting in complex controllers. 

Extending from Chapter 4, this chapter presents an instantaneous torque control 

scheme for four-quadrant operation at low speed based on co-energy which is 

estimated from the machine terminal quantities and the low-current machine 

inductances. Even though the SRM normally operates with deep saturation, only the 

inductance data obtained at low current are sufficient for the bulk of the practical 

operating range. The SRM is then controlled to follow a co-energy profile in 

accordance to a torque sharing function for constant electromagnetic torque output. 
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The scheme has the advantage of requiring minimal pre-measured data, when 

compared with current-profiling schemes. The co-energy controller is designed 

based on the concept of internal model control. The direction of torque production is 

controlled by altering the excitation sequence of the phases. The controller is 

intrinsically capable to operate in both motoring and regenerating modes. Operating 

limits of the control scheme are analysed and reported in this paper. Both computer 

simulation and experimental verification confirm that the scheme is feasible in 

practical situations. 

5.2 Instantaneous torque control 

5.2.1 Torque sharing function 

The torque command is resolved into two phase-torque commands for the 

active phases, according to a torque sharing function during commutation. It ensures 

a smooth transition of torque contribution. Within the active region of the phase, the 

phase torque command is expressed as: 

   phcmdTT TSF *   (5.1) 

where Tcmd is the torque command of the machine, TSF(θph) is the torque sharing 

function, and θph is the relative rotor position of the phase: 
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where; θphase is the phase shift between the phases; frise(θph) and ffall(θph) denote the 

rising and falling portions of the function, respectively. Between θc1 and θc2, the 

phase is energised. ffall(θph) is defined by the following quadratic equation: 

    32
2

1fallf kkk phphph    (5.3) 

where k1, k2, and k3 are coefficients to be determined. As θc2 is close to the aligned 

position θa, at where the inductance is the maximum, the rate of change of torque at 

θc2 is set to zero. Also, the function is continuous at the boundaries. The constraints 

of the functions are: 
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Hence, the coefficients are calculated as: 
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For simplicity, equation (5.3) can be rewritten as: 
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For the rising portion, the function is complementary to the falling one: 
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     phasephph   fallrise f-1f  (5.7) 

The shape of the torque sharing function is depicted in Fig. 5.1. 

 

Fig. 5.1 Torque sharing function 

From Fig. 5.1, it can be seen that, during commutation, the phase that is close to 

the unaligned position shares more torque than the one close to the aligned position. 

It is because the inductance of the unaligned phase is lower that of the aligned phase, 

thereby permitting a higher rate of change of current, and hence a higher rate of 

change of torque. 
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5.2.2 Excitation sequence for four-quadrant operation 

The normalised co-energy profile Wc norm of the SRM is obtained using the 

procedure described in Chapter 4. The required co-energy Wc
* of each phase to 

output the desired phase torque T* is calculated as: 

    *  (norm 
*  TWW phcc  5.8) 

When the direction of the torque output reverses, the conduction angles have to 

change from positions having a positive inductance slope to those with a negative 

slope, as shown in Chapter 1. In general, the inductance profile of SRM is 

symmetrical with respect to the aligned position. Hence, the change of conduction 

angles can be taken to be mirroring the relative rotor positions with respect to the 

aligned position of the phase. Consequently, the phase shift between the phases is 

reversed. The calculations of the relative rotor positions are: 
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    1for    11  phkph phasedirph   (5.10) 

where; θ is the absolute mechanical rotor position, and it is set to zero for the 

unaligned position of phase 1; kdir is the direction of the torque command, where 1 is 

for positive and -1 is for negative. 

5.3 Four-quadrant instantaneous torque controller 

The structure of the proposed four-quadrant torque controller is depicted in Fig. 

5.2. 
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Fig. 5.2 Structure of the four-quadrant torque controller 

The Torque Sharing Function derives the phase torque commands T* from the 

torque command Tcmd according to the relative rotor position θph. The phase torque 

commands are then translated into co-energy commands Wc
* using the co-energy 

profiler. The co-energy Wc is estimated by a co-energy estimator which is described 

in Chapter 3 in details. The co-energy controller controls the co-energy to track the 

command, and then outputs constant-frequency pulse-width-modulated (PWM) 

signals to the power converter. The power converter then amplifies the signals via 

power electronics to drive the SRM windings. The Sequence Calculation unit 

calculates the relative rotor positions of each phase according to the rotor position 

and torque command. 

5.3.1 Co-energy controller 

The co-energy controller is designed based on the concept of internal model 

control (IMC). IMC is a model-based control algorithm. It is often utilised to design 

controllers for plants with approximated mathematical models [82]. The general 

structure of IMC is depicted in Fig. 5.3. 
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Fig. 5.3 General structure of IMC 

The output of the controller Gc(s) is fed to the plant G(s) and an internal process 

model Ĝ(s). Disturbance and deviation of the model from the plant are fed back to 

the controller for regulation adjustment. If the model perfectly matches the plant, the 

transfer function between the output and set-point becomes a sequential combination 

of the controller and the plant. On the surface, it is natural to design the controller as 

the inverse of the plant, such that the output can follow the set-point instantaneously. 

However, such design results in over-reaction of the controller and the system 

becomes sensitive to model error. A plant model is factorised into the form: 

  )(ˆ )  ((ˆ)(ˆ sGsGsG us 5.11) 

where; Ĝs(s) is the invertible portion; Ĝu(s) is the non-invertible portion, which is 

unstable or unrealisable after inverting. A practical design of the controller is: 

  )( )(  (ˆ)( 1 sFsGsG sc
 5.12) 

where F(s) is a low pass filter of the form: 
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where ε is a filter time constant and r is the relative order of Ĝs(s). 

For the application of IMC into SRM, the transfer function of the plant should 

be deduced first. As derived from Chapter 4, the transfer function from the motor 

terminal voltage to co-energy of the SRM is: 
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The internal model of the plant is: 
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where Rm and lm are model phase resistance and inductance, respectively. The 

controller is: 
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For stable controller design, the model inductance is chosen as the aligned 

inductance at low current. The bandwidth of the closed loop system is inversely 

proportional to the filter time constant. As suggested in [80], the sampling frequency 

Fs of the digital controller should be 10 to 50 times of the closed loop bandwidth. 

Using a factor of 10, the filter time constant is deduced as: 

  sF 2/10    (5.17) 
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To improve the dynamic performance of the system, the disturbance is partially 

fed forward to the controller output. It is approximated by the product of the phase 

current, derivative of the inductance with respect to the rotor position, and the speed. 

The phase current is available from the sensors. The derivative of the inductance is 

derived from the low-current inductance profile, and the speed is calculated from the 

rotor position. 

As the computational burden to implement IMC shown in Fig. 5.3 is too 

demanding for online application, an alternative IMC structure with the 

feeding-forward of the back EMF, as depicted in Fig. 5.4, is used. 

 

Fig. 5.4 Alternative IMC structure 

The new controller C(s) is calculated as: 
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Together with equations (5.15) and (5.16), one obtains: 
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k is generally between 1 and 2.5 [81]. For controller design, it should be fixed to 

avoid increasing the online computational burden. If the value of k is large, the 

dynamic response is slow but the system is stable. Likewise, the system becomes 

unstable if k is too small. With some safety margin, the controller is designed with k 

being set to a fixed value of 3. Consequently, the controller is equivalent to a 

traditional proportional-integral (PI) controller, with the proportional term being 

varied according to the phase current. 

The power drive consists of conventional asymmetrical half-bridges. It outputs 

PWM voltages to the machine windings, according to the PWM signals from the 

co-energy controller. The lower IGBT operates in accordance to the polarity of the 

voltage command, while the upper IGBT is switched at constant frequency to control 

the magnitude of the average voltage output. When the voltage command is negative, 

the lower IGBT is switched off. Otherwise, it turns on. The duty cycle of the upper 

IGBT is: 
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where vdc is the DC-link voltage. In fact, the power drive can output bi-polar 

voltages with the magnitude limited to the DC-link voltage. The switching scheme 

intrinsically allows both motoring and generating operations. When the voltage is 

positive, energy is fed into the winding via the IGBTs. When negative voltage is 
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applied to the winding, the current flows through the power diodes and hence the 

energy stored in the winding is transferred back to the DC-link. 

5.3.2 Operation limits 

The torque-speed limits of the proposed scheme can be evaluated based on the 

available power drive voltage Vdc, the normalised co-energy profiles, and the 

inductance profiles. Assume the rotor at θc2 is rotating towards θc1+θphase, at a speed 

ω, at the beginning: 

  2cph t    (5.21) 

Substituting into equations (5.1), (5.2), and (5.6), one obtains: 

     
 212

2
*

phasecc

cmd

t
TtT





  (5.22) 

The maximum available flux-linkage, with full power drive voltage applied, is: 

  tVdc  (5.23) 

Considering the case without saturation for simplicity of calculation, 
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The maximum available co-energy is: 
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The required co-energy should be smaller than the maximum available 

co-energy: 

  maxc  (c WW  
*  5.26) 

From (5.8), 

  maxc  (normc WWT   
*  5.27) 

Put in (5.22) and (5.25), 
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For a conservative evaluation of equation (5.29), the normalised co-energy and 

inductance should be the values at θc2, which is close to the aligned position and 

hence the computed errors are estimated on the high side. 

As for the evaluation of the torque limit near the unaligned position, the rotor is 

assumed to be at θc1 at the beginning and rotate towards θc2-θphase: 

  1 cph t    (5.30) 

Substituting equations (5.2), (5.6), (5.7), and (5.30) into (5.1): 
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The rate of increase of the required co-energy is: 
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Comparing equation (5.32) with the rate of increase of the maximum available 

co-energy: 
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   (5.33) 

The maximum available co-energy cannot follow the required co-energy at the 

beginning. If slight insufficiency of torque output is tolerated for a very short period 

of time, which results in a torque dip of less than 2%, the available co-energy can 

fulfil the requirement afterwards. For example, when 
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The co-energy requirement, as derived from (5.25), (5.27) and (5.31), becomes: 
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The operation limit of the scheme is the smallest one of the values computed 

from equations (5.29), (5.36) and the torque constraints imposed by the current limit 

of the machine windings. In general, for very low speeds, the limit is constant 

because of the current limit. For higher speeds, the limit has an inverse square 

relationship with the rotor speed. 

As an example, the operation limits of a 2.2 kW 270 VDC 8/6 SRM, with a 

power drive voltage of 180 V and controlled under the proposed scheme, are 

displayed in Fig. 5.5. In general, the operation limits are lower than the ratings 

specified by the manufacturers. It is because the ratings are usually obtained with 

two phases simultaneously conducting so as to output a higher torque at the expense 

of excessive torque ripple. However, the proposed scheme is aiming to produce 

outputs with low torque ripples. 
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Fig. 5.5 Operation limit of a 2.2 kW 8/6 SRM 

5.4 Results 

5.4.1 Simulation 

The proposed torque control algorithm is simulated in Matlab/ 

SimPowerSystems environment. Non-linear machine data of a 2.2 kW 4-phase 8/6 

SRM is used. Both the sampling frequency of the controller and the switching 

frequency of the power electronic switches are 10 kHz. A DC-linkage voltage of 

180 V is used in the simulation of the power converter. The conduction angles are 

between 7.5º to 27.5º. 
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Fig. 5.6 shows the simulation waveforms of the co-energy and co-energy 

command when the machine is commanded to output 4 Nm in the motoring mode at 

230 RPM, which is close to the operation limit. It shows that the co-energy can 

closely track the command. 

 

Fig. 5.6 Simulated co-energy command and co-energy waveforms 

The torque and current waveforms under co-energy control are shown in Fig. 

5.7. It can be seen that even if the phase current goes into the saturating region which 

starts at 4 A, the controller can control the machine to produce outputs in accordance 

to the torque command. 
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Fig. 5.7 Torque and current waveforms in motoring under co-energy control 

For comparison, the torque and current waveforms of the SRM under traditional 

constant current control is displayed in Fig. 5.8. The current command is set to 5 A, 

which is close to the peak phase current using co-energy control. It shows that the 

proposed co-energy control scheme significantly reduces the torque ripple. 
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Fig. 5.8 Torque and current waveforms in motoring under constant current control 

As for the generating mode, Fig. 5.9 illustrates the torque and current 

waveforms of the SRM at 4 Nm, 230 RPM. The torque output contains relatively 

less high frequency harmonics. 
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Fig. 5.9 Torque and current waveforms in generating under co-energy control 

5.4.2 Experiment 

The proposed scheme is verified experimentally as described below. The digital 

controller is realised with a dSpace 1104 R&D Controller Board. A sensor board is 

used to sense and process the voltage and current signals. A power converter outputs 

PWM voltages to the SRM windings. A motor-generator set supplies the DC-link 

voltage of the power drive. A separately excited DC machine acts as a load 

machine/prime mover. Between the DC machine and SRM, a torque transducer, 

Burster 8651-5020, is used for dynamic torque measurement. 
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The experimental torque and phase current waveforms of the SRM under 

co-energy control for an output of 4 Nm at 230 RPM are given in Fig. 5.10. The 

simulation waveforms for the same condition are also plotted on the same figure for 

comparison. The currents waveforms are similar and the average torques are alike. 

Because the rotor inertia of the SRM filters out a portion of the torque ripple output, 

the torque output of the experimental setup is smoother than that predicted by 

simulation. 

 

Fig. 5.10 Shaft torque and phase 1 current under co-energy control in motoring 

To compare the control schemes, Fig. 5.11 displays the experimental 

waveforms of constant current control, which show high frequency torque ripples, 

  93 



especially during phase commutation. The co-energy control scheme, as depicted in 

Fig. 5.10, outputs a relatively smooth shaft torque. 

 

Fig. 5.11 Shaft torque and phase 1 current under constant current control in 

motoring 

As for co-energy control in the generating mode of operation, Fig. 5.12 depicts 

the waveforms. The simulation waveforms are also draw on the figure for 

comparison. The torque output is as smooth as that of the motoring mode. It should 

be noted that the waveforms for constant current control in the generating mode is 

similar to those in motoring mode and are not repeated here. 
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Fig. 5.12 Shaft torque and phase 1 current under co-energy control in generating 

The data of the torque ripples are further processed with discrete Fourier 

transform in the analysis in frequency domain. The RMS values of the frequency 

components, expressed as the percentage of the average torque outputs, are listed in 

Table 5.1. As the fundamental of torque ripple of an 8/6 SRM running at 230 RPM is 

92 Hz, only the 92 Hz component and its multiples are shown. The proposed 

algorithm reduces the fundamental torque ripple by 60%, in both motoring and 

generating modes of operation. For higher harmonic components, the improvements 

are more significant. The second harmonic is attenuated by over 80%, while the third 

harmonic is reduced by 70%. In fact, the overall torque ripple is cut by 70% for 

motoring and 64% for generating. 
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Table 5.1 Frequency components of output torques 

Frequency component (Hz) 92 184 276 
Constant current (% of 0 Hz component) 3.60 2.08 1.49 
Co-energy control in motoring mode (% of 0 Hz component) 1.28 0.20 0.20 
Co-energy control in generating mode (% of 0 Hz component) 1.47 0.38 0.45 

It demonstrates that the proposed torque control scheme is effective to control 

the torque and reduce torque ripple in both motoring and generating modes of 

operation, in contrast to the traditional constant current control method. 

5.5 Summary 

This chapter develops a four-quadrant instantaneous torque control scheme for 

SRM. With the use of the inductance profile obtained at low current and the machine 

terminal quantities, the co-energy of each phase is estimated online. The normalised 

co-energy profile for unity phase torque is also calculated based on the inductance 

profile. A torque sharing function is then developed to coordinate the torque 

contribution of the active phases so as to deliver a constant output torque. The 

co-energy controller is designed with the concept of internal mode control. The 

implementation of the controller is a simple PI controller with a variable gain 

scheduled according to the current. The operation limits of the scheme are also 

examined. Computer simulation and experiment results are used to validate the 

operation of the scheme under both motoring and generating modes. It has been 

found that the proposed co-energy control has significant improvement in torque 

ripple. 

The proposed methodology is suitable for applications requiring four-quadrant 

performance, such as in EV, traction, and robotics. The realisation of the scheme can 
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be accomplished with standard motion control DSP, as no complex control algorithm 

and sensors are required. 
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6 Rotor Position Control using 2-Degree 

of Freedom Controller 

6.1 Introduction 

Control of rotor position of SRM is essential for the development of position 

servo drive. As depicted in Chapter 1, although SRM possesses qualities required for 

servo drive, most researchers concentrates on speed control and only few position 

control algorithms are reported. 

In this chapter, an algorithm to control the rotor position of SRM is introduced, 

as a further extension of Chapter 5. By means of co-energy control, the 

electromagnetic torque of each phase is controlled. The co-energy command is 

derived from the magnetic characteristics at low-current, as the relationship between 

co-energy and torque is linear, extending from unsaturated to saturated regions. A 

co-energy estimator, derived from the magnetic data at low current, and the aligned 

position, is used for online co-energy feedback. Moreover, the effects of magnetic 

saturation are also taken into account in the co-energy estimation. In fact, the 

co-energy control and estimation only require a one-dimensional look-up table, 

instead of two-dimensional tables commonly used by researchers. On top of the 

torque control, a position loop is implemented. The co-energy and position 

controllers are designed based on a two-degree of freedom internal model control, 

which can effectively and timely reject disturbances. Thus, no feedforward control is 

required. The tuning problems for the controllers are reduced into the selection of the 

desired response time constants. 
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6.2 Principle of operation 

As suggested in Chapter 5, to control the torque output of each phase, the 

co-energy is regulated in accordance to the product of the phase torque command T* 

and co-energy profile: 

    *  ( 
*  TWW phnormcc  6.37) 

For a smooth commutation, a torque sharing function (TSF) TSF(θph) is applied 

to translate the torque command Tcmd into the torque command of the phases: 

   phcmd fTT  *   (6.38) 
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where θphase is the phase shift among the phases. The phase is energised between θ1 

and θ2. The simulated torque output of an 8/6 SRM for different torque commands at 

different rotor positions are depicted in Fig. 6.1. 
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Fig. 6.1 Relationship between torque command, torque output and rotor position 

It can be seen that the torque output essentially follows the torque command, 

even though there are small torque ripples at different rotor positions. The ripples, 

especially near 0.15 and 0.4 rad, are because of the coarse resolution of the 

co-energy profile and the use of numerical differentiation during calculation of the 

co-energy profile, as explained in Section 4.4.1. For negative torque command, the 

relative rotor position is mirrored along the unaligned position. 

The mechanical dynamics of the system is expressed as: 

  Loade T
dt

d
B

dt

d
JT 


2

2

 (6.40) 

  100 



where; J is the moment of inertia; θ is the mechanical rotor position; B is the friction 

constant and TLoad is the load torque. Because the mechanical time constant is in 

general longer than the electrical time constant, and the torque output is close to the 

torque command under co-energy control. The electrical torque is, therefore, 

assumed to be equal to the torque command. Equation (6.40) becomes: 

  Loadcmd T
dt

d
B

dt

d
JT 


2

2

 (6.41) 

6.3 Controller design 

The structure of the position control system is shown in Fig. 6.2. 

 

Fig. 6.2 Structure of the position control system 

The position controller receives the position command and rotor positions from 

the rotary encoder, and outputs a torque command. The torque command is then 

resolved into the phase torque commands according to the torque distribution 

function. The phase torque commands are converted into co-energy commands in 

accordance to the co-energy profile. The co-energy controller regulates the 

co-energies, as estimated by the co-energy estimator with reference to the 
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commands, and outputs the required phase voltages. The voltages fed to the SRM are 

modulated by constant-frequency PWM. 

6.3.1 Co-energy estimator 

The flux linkage of SRM is expressed by a second-order Fourier series [83]: 
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where; λa and λu are the aligned and unaligned flux linkages, respectively; w is a 

weighting factor; Nr is the number of rotor poles. Expanding the terms: 
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By experimentally measuring the flux linkages at low current at different rotor 

positions, a vector of flux linkages, their corresponding rotor positions, as well as 

their aligned and unaligned flux linkages, are obtained. Using a curve-fitting 

technique, the weighting factor for the SRM can be calculated off-line. 
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Regardless whether there is magnetic saturation or not, the flux linkage at the 

aligned position is modelled [84] as: 

     22
phasephasephasephasea icibbaidi   (6.45) 

where a, b, c, and d are constants specific to the machine. Using laboratory 

measurement of flux linkages at the aligned position for different currents, the 

constants can be obtained with curve fitting. Substituting (6.45) into (1.2) and 

evaluating the integral, the co-energy at the aligned position, Wc a, is: 
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where 

  







 














b
ccbbc

k

icibk

c
ik

phasephase

phase

2
ln

824

2

22

3

22
2

1

 (6.47) 

The co-energy at the unaligned position does not require any consideration with 

respect to saturation because of the presence of relatively long airgaps along the flux 

path and the co-energy at the unaligned position, Wc u, can be found simply as: 

  2
 2

1
phaseuuc iLW   (6.48) 
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where Lu is the inductance at the unaligned position. The co-energy as derived from 

(6.43) becomes: 
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For on-line co-energy estimation, only equations (6.46), (6.48), and (6.49) are 

evaluated, and these are not computationally intensive. 

6.3.2 Two-degree of freedom internal model control 

The principles of two-degree of freedom internal model control (2DF IMC) are 

applied to design the controllers for co-energy and position regulations. 2DF IMC is 

a robust model-based control algorithm for processes which can be represented by 

approximated mathematical models [82]. Apart from the required response time 

constants, all parameters of the 2DF IMC are derived from the models. The general 

structure of 2DF IMC is shown in Fig. 6.3. 

 

Fig. 6.3 General structure of 2DF IMC 
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The setpoint r(s) is shaped by the setpoint filter Q(s), and then fed to the 

process plant G(s) and an internal plant model Ĝ(s). The difference between the plant 

and plant model outputs, because of model mismatch and the disturbance d(s), is fed 

back via the controller QQd(s). 

Assume the plant model can be factorised into: 

    )(ˆ)(ˆˆ sGsGsG us  (6.50) 

where Ĝs(s) is the portion that is stable and realisable after inversion, Ĝu(s) is the 

unstable fraction. The setpoint filter is designed as: 

    )()(ˆ 1 sFsGsQ s
  (6.51) 

where F(s) is a low-pass filter: 
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where ε is the setpoint filter time constant, r is the relative order of Ĝs(s) to ensure 

Q(s) is stable. If the plant model is an exact match of the plant, the plant output 

converges to the setpoint, with a time constant equal to the filter time constant. For 

implementation with a digital controller, the closed-loop time constant is set to at 

least 30 times of the sampling period [80]: 

  
sF


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30
  (6.53) 

where Fs is the sampling frequency in Hz. 
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To analysis the stability of the system from the setpoint to plant output, the 

signal path is identified as the series combination of the setpoint filter and plant. As 

the setpoint filter is designed to cancel the poles and zeros of the plant and add a 

low-pass filter, the system is stable if all the poles of the plant are stable. Even if 

there is a model-mismatch, the stability is maintained by the matching of the 

numbers of poles and zeros. For the applications of 2DF IMC in this chapter, as the 

plants for co-energy and position control contain only stable poles, the control 

systems are stable. 

As for the design of the controller QQd(s), the objective is to reject the influence 

of the disturbance. The transfer function from the disturbance to plant output is: 
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For simplicity, only a case without model-mismatch is considered: 
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The zeros of (1-Ĝ(s)QQd(s)) should cancel the poles of G(s) for fast disturbance 

rejection. Therefore, the controller QQd(s) is designed as: 
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where εr is the controller filter time constant, n is the number of poles of the process 

plant. The values of αi are chosen to meet the following conditions: 
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where pi is the ith pole of the plant. For kth order repeated poles or poles at the origin, 

the first to (k-1)th order derivatives of (6.57) are also set to zero: 
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In general, the choice of the time constant εr is dependent on the required 

settling time under step disturbance input. The sampling time requirement (6.53) is 

also applicable to εr. 

For the stability analysis of the system against disturbance, the poles of the 

closed system (6.55) are identified. The poles of the plant are cancelled by the zeros 

of (1-Ĝ(s)QQd(s)), while the poles of Ĝ(s)QQd(s) are -1/filter time constant. Hence, 

all the poles of (6.55) and the closed system are stable. 

To reduce the computational burden for online application of 2DF IMC, a 

compact form of the controller as shown in Fig. 6.4 is used. 

 

Fig. 6.4 Compact form of 2DF IMC 

The feedback controller is: 
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After expanding the terms, it becomes: 
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6.3.2.1 Co-energy controller 

The transfer function from phase voltage to co-energy, as derived in Chapter 4, 

is: 
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The internal plant model for co-energy control is: 
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The subscript e denotes the model for an electrical system. The modelled ratio k 

is considered constant at unity and the modelled inductance lm is fixed at the 

unsaturated aligned inductance for internal modelling. The setpoint filter Qe(s) is set 

according to (6.51): 
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From (6.56), (6.57) and (6.62), the controller becomes: 
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where αe sets the zero of (1- Ĝe(s)QQd e(s)) to –R/lm: 
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In cases with rapid changes of torque command, and hence fast changes in 

co-energy commands, the output voltage is highly saturated and the controller 

becomes unstable. To prevent this, a rate limiter is applied to limit the rate of change 

of the co-energy command. For a rate of change of co-energy W*
c rate, the co-energy 

command in s-domain is: 
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The rate of change of co-energy output under 2DF IMC is: 
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In time domain, 
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Consequently, the maximum rate of change of co-energy output is W*
c rate. With 

a step input voltage Vdc, the approximated rate of change of current output is: 
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From Chapter 4, the small signal relationship between phase current and 

co-energy is 

  phasephasec iLiW   (6.70) 

The derivative of (6.70) is: 
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From (6.69) and (6.71), the permissible rate of change of co-energy is: 

  phasedc
c iV

dt

dW
  (6.72) 

Therefore, the rate limiter of the co-energy command is set to: 

  phasedc  (ratec iVW *
 6.73) 

It should be noted that the rate limiter is by-passed when the phase current is 

small, in order to allow the output of the rate limiter to start from zero. If the 

parameters of the internal model of the controller deviate from that of the process 

plant, the co-energy output is different from (6.67) and (6.68). The controller output 

is then saturated slightly, but the controller, in general, can tolerate slight saturations 

and remains stable. 
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6.3.2.2 Position controller 

As derived from (6.41), with the load torque treated as disturbances, the transfer 

function of the mechanical system in s-domain is: 
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The internal plant model Ĝm(s) is: 
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Accordingly, the setpoint filter Qm(s) becomes: 
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The controller is then set as: 

   
 

 
 1

1
2

 24
 

 



 s

s

sJ
BsJ

sQQ m

mr

md 
  1 sm  (6.77) 

where α1 m and α2 m are designed to place the zeros of (1- Ĝm(s)QQd m(s)) at 0 

and –B/J: 
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As with the co-energy controller, a rate limiter on position command is required 

to avoid severe saturation. For the rate of change of position command θ*
rate, the 

position output is: 
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The required torque is: 
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In time domain, the torque is: 
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The maximum torque Tmax is found by solving (6.82) to give: 
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With the torque limit being constrained by the current rating of the machine, the 

maximum rate of change of the rate limiter can be set to θ*
rate which is obtained from 

(6.83). In general, the smaller the time constant εm, the larger is the maximum rate of 

change of position command allowed. There is a trade-off between dynamics and the 

rate of change of command. For a step change in position command, the best 
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response is achieved if the output of the rate limiter reaches the command when the 

torque output is at its maximum. It, however, requires a priori knowledge of the 

position command, which is generally not available. Instead, one should set the time 

constant in accordance to the desired dynamic response and check whether the 

maximum rate of change of command is satisfactory. 

6.4 Results 

6.4.1 Simulation 

The proposed algorithm is simulated in Matlab/SimPowerSystems as proposed 

in Chapter 2. Non-linear magnetic data based on a 4-phase 8/6 SRM is used. For the 

rotor position feedback, a 1000 count/rev rotary encoder is assumed. The sampling 

frequencies of the co-energy and position loops are 10 kHz and 500 Hz, respectively. 

The setpoint and controller filter time constants for co-energy control are 500 μs and 

1 ms respectively. For the position controller, both time constants are set to 100 ms. 

The detailed machine and controller parameters are given in Table 6.1 and Table 6.2. 

Table 6.1 Machine parameters 

Machine rated voltage 270 VDC 
Machine rated power 2.2 kW 
Machine rated speed 1500 RPM 
Number of phase 4 
Number of stator poles 8 
Number of rotor poles 6 
Inductance at aligned position 141.2 mH 
Inductance at unaligned position 18.9 mH 
Winding resistance 1.2 Ω 
Power drive voltage 150 VDC 
Rotor inertia with load machine 0.07 kgm2 
Friction coefficient with load machine 0.012 Nms/rad 
Static friction with load machine 0.2 Nm 
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Table 6.2 Controller parameters 

(a) Co-energy controller 
Sampling frequency 10 kHz 
Setpoint filter time constant εe 500 μs 
Controller filter time constant εr e 1 ms 

 
(b) Position controller 

Sampling frequency 500 Hz 
Setpoint filter time constant εm 100 ms 
Controller filter time constant εr m 100 ms 

The torque and position with a step change of position command from 0° to 

100° are shown in Fig. 6.5. It can be seen that the rotor position can track the 

command, with a converging time constant of about 110 ms, which is close to the 

specified value 100 ms. 

 

Fig. 6.5 Rotor position and torque output for a step position command 
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Even though the peak torque extents to the saturating region of the SRM after 

the step change of the position command, and the phase inductance varies 

non-linearly with the rotor position, the controllers are capable to control the rotor 

position as designed. 

To simulate the disturbance response, a load torque of 1.6 Nm is applied at the 

time 0.5 s while the position command is kept unchanged at 0°. The responses are 

shown in Fig. 6.6. It can be seen that the controller can reject the effect of the 

disturbance within a short period of time. 

 

Fig. 6.6 Rotor position and torque output when a load torque is applied at 0.5 s 
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To demonstrate the robustness of the controller against model mismatch, the 

position step responses, with the modelled moment of inertia setting of the controller 

adjusted mathematically to 50% and 150% of the machine value, respectively, are 

simulated and shown in Fig. 6.7. Although there is a slight overshoot and the settling 

time increases as the modelled moment of inertia deviates from the original value, 

the system can stably converge to the command values. It is because, with the use of 

IMC, the numbers of poles and zeros are matched as mentioned in Section 6.3.2. 

 

Fig. 6.7 Rotor positions and torque outputs with different modelled inertia Jm 
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6.4.2 Experiment 

An experimental setup is used to validate the algorithm in an environment 

which is broadly similar to those stipulated for the simulation study. A dSpace 1104 

R&D board implements the digital controller. The software code is generated by 

Real-Time Workshop under Matlab/Simulink and downloaded to the R&D board for 

real-time operation. The power drive consists of four independent asymmetric 

half-bridges constructed with IGBTs and power diodes. A DC-machine is coupled to 

the SRM as the load machine. 

Fig. 6.8 shows the waveforms with a step change in position command from 

about 100° to 200°. It can be seen that the rotor position can stably follow the 

position command. It should be noted that the speed signal, which is not used by the 

controllers, contains quantisation noise due to the discrete nature of the rotary 

encoder. 
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Fig. 6.8 Rotor position, speed and torque command with a step change in position 

command 

The response to a change in disturbance is depicted in Fig. 6.9. When a load 

torque of 1.6 Nm is applied to the dynamometer at 0 s, the rotor position changes 

momentarily and is then restored to the commanded position. It demonstrates that the 

system has good dynamic responses with no steady-state error. 
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Fig. 6.9 Rotor position, speed and torque command when a load torque is applied 

at 0 s 

It should be noted that the displacement of the rotor position of the system 

against disturbance in the experiment is smaller than that of the simulation shown in 

Fig. 6.6. When the load torque is increased by injecting current into the armature 

winding of the dynamometer, the winding inductance limits the rate of rise of the 

current and hence the load torque. In fact, the change of the load disturbance in the 

experiment is a slope instead of the ideal step change. Therefore, the controller has 

more time to react on the disturbance, before the rotor position is changed. In 

addition, the dead zone due to the mechanical couplings and the static torque of the 

dynamometer are not modelled in the simulation, which increase the settling time of 

the system near zero speed. 
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To test the robustness of the controller against parameter variations, the 

modelled moment of inertia of the controller is mathematically changed, in turn, to 

50% and 150% of the original value. The rotor positions with a step position input 

are plotted in Fig. 6.10. Although the modelled parameters are significantly different 

from the actual values, the controller can nonetheless regulate the rotor positions to 

track the command. 

 

Fig. 6.10 Rotor positions, speeds and torque commands with different modelled 

moment of inertia Jm 
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6.5 Summary 

This chapter presents an algorithm to control the rotor position of an SRM. By 

regulating the co-energy in accordance to a co-energy profile, which is derived from 

the low-current magnetic characteristics, the electromagnetic torque is controlled. An 

on-line co-energy estimator, based on the magnetic data at low-current and the 

aligned position, is developed to estimate the co-energy of each phase. The 

controllers of electrical and mechanical systems are designed using the approximated 

mathematical models of the machine and principles of two-degree of freedom 

internal model control. The only customised parameters are the time constants of the 

output responses. With the proposed methodology, the design process is greatly 

simplified. Simulation and experimental results confirm that the system can track the 

position command, even under external disturbances. The controller is insensitive to 

parameter variations. It also demonstrates that the four-quadrant torque controller 

proposed in the Chapter 5 is suitable for application requiring high-dynamic 

performance, such as servo control. 
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7 Conclusions and Future Research 

This thesis focuses on the design and performance optimisation of SRMs. The 

aims are to simulate the performances, reduce torque ripple outputs, and derive a 

motion control solution of SRMs. In order to realise optimisation study, this thesis 

proposes a computer simulation model and an online instantaneous torque estimator 

for general multi-phase SRMs as a platform for performance analysis. It also 

develops a torque controller and a position controller. This chapter concludes the 

main contributions and findings of this thesis with suggestions for possible areas of 

future research on SRM. 

7.1 Computer simulation model 

A computer simulation model combining both circuit and signal oriented 

approach is developed under MATLAB/SimPowerSystems environment. The 

magnetic non-linearities among rotor position, phase current, flux-linkage and torque 

are simulated. Mutual couplings between phases are also taken into account. 

Mechanical system of SRM is also simulated. User inputs the magnetic data and 

basic mechanical parameters of the machine, and configures the power drive and 

control algorithm using the graphical user interface provided by 

MATLAB/Simulink. The simulator allows the users to visualise variables, which are 

difficult or impossible to be measured during experiments, such as flux-linkage, 

co-energy, phase torque outputs and torque ripples. The simulation results of the 

simulation model are found to be accurately matching experimental measurements. 
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The proposed model requires neither manual translation of power electronic 

circuit into signal flow diagram, nor conversion of digital controller into equivalent 

electronic circuit, which is however necessary for traditional simulation models that 

use either circuit or signal oriented model. In fact, the simulation model provides 

convenient means to develop and evaluate the performances of power drive and 

control algorithm via computer simulation before the implementation of hardware 

prototype. 

7.2 Online instantaneous torque estimation 

For online assessment of torque output and torque ripple, an online 

instantaneous torque estimation algorithm for SRM with hysteresis current control is 

presented. Based only on a few pre-measured machine data and machine terminal 

quantities, the co-energy of each phase is estimated online. The stored data are used 

to estimate the instantaneous torque using the principle of co-energy. As the 

estimation of co-energy takes care of magnetic saturation, the torque estimator can 

function in both unsaturated and saturating regions. Simulation results show that the 

torque outputs of the proposed estimator are in good agreement with those obtained 

with cubic spline model. 

Comparing with conventional torque estimators, the proposed algorithm 

reduces the amount of premeasured magnetic data, while the accuracy of the outputs 

is similar. Thus, the requirement of computer memory space is reduced. As the 

algorithm requires little mathematical manipulation, it is suitable for online 

operation. 
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7.3 Instantaneous torque control based on co-energy 

control 

This thesis also presents an instantaneous torque controller based on co-energy 

control for the purpose of torque ripple reduction. A one-dimensional co-energy 

profile is first developed from pre-measured low-current magnetic characteristics 

offline. It is applied to both unsaturated and saturated regions to calculate the 

required co-energy for the desired torque. As described earlier, the co-energy is 

controlled to track the command. Simulation and experiment results verify the 

effectiveness of the controller in instantaneous torque control and ripple reduction. 

The torque controller is then further developed for four-quadrant operation. 

According to the direction of torque command, the relative rotor position of each 

phase is calculated. Hence, the direction and magnitude of the torque output can be 

controlled. Simulation and laboratory measurements show that the SRM can produce 

outputs with reduced torque ripples according to the torque command in both 

motoring and generating modes, using the control algorithm. 

The proposed torque controller involves relatively few premeasured magnetic 

data. The computational burden is also light. In contrast to conventional 

current-profiling scheme, the co-energy controller simplifies the tuning of 

parameters of the feedback controller. It is because the effect of phase inductance on 

the gain of the control process is greatly reduced. 
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7.4 Position control 

A rotor position control algorithm is developed on top of the four-quadrant 

torque control scheme. With the knowledge of basic machine parameters, the 

position controller is designed using the principles of 2-degree of freedom internal 

model control. Simulations and experiments prove that the controller can stably 

control the rotor position to track the position command, while rejecting external 

disturbances. It is also robust against variation of machine parameters. 

With the proposed algorithm, the design problem of the controller is simplified 

to the selection of response time constants, because of the use of internal model 

control. In fact, the parameters of the controller are expressed in terms of basic 

machine parameters or the time constants. No feedforward is necessary as the control 

can automatically eliminate the effect of disturbance. In addition, the implementation 

of the controller is simple in that it only requires a few online computations. 

7.5 Suggestion for future research 

Although the algorithms proposed in this thesis output promising performances 

of SRM, especially in torque ripple reduction and motion control, there are rooms for 

further investigations and improvement. 

7.5.1 Self-tuning position controller 

Even though the position controller proposed in this thesis is robust against 

variations of machine parameters, it is necessary to set the parameters of the 

controller according to machine characteristics. Obviously, an automatic tuning 

scheme for the controller is preferred. A self-tuning controller can also be developed 
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for rotor position control. The scheme should be able to estimate the machine 

parameters online and then set the controller parameters accordingly. With such 

feature, the efforts of the user to measure and input the parameters of the machine 

during commissioning and maintenance would be reduced substantially. Possible 

algorithms of the tuning scheme are genetic algorithm and adaptive control. 

7.5.2 Position sensorless algorithm 

The schemes presented in this thesis require a rotary encoder to acquire the 

information about rotor position. To enhance the robustness and reduce the cost of 

system hardware, the rotary encoder can be replaced by the use of a sensorless 

algorithm which estimates the rotor position based on machine magnetic 

characteristics, terminal flux linkage and current. 

7.5.3 Optimisation in high speed region and for efficiency 

This thesis focuses on the optimisations of performances in low speed 

operations and position control. However, SRM often operates in both low speed and 

high speed regions. Further investigation in optimising the performance of SRM in 

the high speed region is possible. In this region, SRM cannot be controlled via 

voltage control, as the back EMF is higher than the supply voltage. Instead, only the 

turn on and turn off angles can be altered. 

The efficiency of SRM has not been studied explicitly in this thesis. However, 

energy efficiency is gaining attention in recent years, because of the rise of oil price 

and global warming. As the efficiency of SRM is dependent on many factors, such as 

conduction angle, current profile, switching scheme and circuit topology, the study 
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of it is a topic of its own. Possible research directions are efficiency optimisation via 

electronic control, machine geometrical design and the use of efficient power 

electronic circuit. 

7.5.4 DSP and FPGA implementation 

The digital controllers of the experiments of this thesis are realised with dSpace 

controller board. Although it offers a wealth of useful features, such as PWM outputs 

and analogue-to-digital converters, its computational power barely meets the 

requirements of real-time machine control. It may hinder the development of more 

superior control and sensorless algorithms. For future development, advanced digital 

signal processors (DSP) or field programmable gate arrays (FPGA), which are now 

widely used in industries, can be applied. The beauty of these new controllers is that 

they all can implement digital control algorithms with a high sampling rate. FPGA 

even possesses parallel processing capability which is needed for sensorless control. 

  127 



8 Appendices 

8.1 Acquisition of magnetic characteristics 

The flux linkage data of the 8/6 motor are evaluated using a voltage pulse 

method. The flow chart of the measurement is shown in Fig. 8.1. While the rotor is 

mechanically secured at a known position, a voltage pulse is applied to a phase 

winding via IGBTs for 40 ms. The voltage across and the current through the 

winding are measured via, respectively, a differential voltage amplifier and a LEM 

current sensor. Both the voltage and current signals picked up are amplified via 

signal conditioning circuits and these signals are acquired by a digital signal 

processor (DSP) card dSpace 1102 once every 1 ms. The flux is calculated according 

to (2.1) to give the self-flux - current characteristic at various rotor positions. Since 

the application of voltage and current lasts only for a very short period, the 

temperature rise of the winding is small and the resistance is assumed constant. After 

allowing the SRM to cool down, the measurement is repeated for different positions 

between 0° and 30° at 2.5° interval (Fig. 8.2). Because of the symmetry about the 

aligned position, the measured data are mirrored along 30° to reproduce the data 

between 30° and 60°. As for other phases, the data are similar, but have a 15° phase 

shift between phases. 
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Fig. 8.1 Flow chart of self-flux linkage measurement 
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Fig. 8.2 Self-flux linkage characteristics 

If the measured value contains significant noise the data should be smoothened, 

using curve fitting techniques such as cubic smoothing spline, before the data are 

being stored in look-up tables for subsequent simulation. For the motor being 

studied, such data smoothing procedure is not implemented because the measured 

data are found to be sufficiently smooth. 

It should be noted that the voltage drop on connector leads, which is about 

several millivolts, may affect the accuracy measurement. To minimise the associated 

error, the magnitude of the applied voltage pulse should be substantially higher than 

the voltage drop. In this measurement, the applied voltage is more than 6 V, so the 

error due to voltage drop becomes negligible. 
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As for mutual-flux linkage, a similar setup is used. Fig. 8.3 shows the flow 

chart of the measurement. During the measurement, one phase is excited by a 

voltage pulse and the current flowing in this phase as well as the induced open 

circuit voltage in the other phases is measured. The measured voltage is integrated to 

give the flux linkage: 

  dtv jjk     (8.1) 

where λjk represents the mutual flux linkage of phase j due to the current in phase k, 

vj denotes the applied voltage on phase j. By repeating the measurement, the 

mutual-flux linkage – current relationship between 0° and 60° is obtained (Fig. 8.4). 

  131 



 

Fig. 8.3 Flow chart of mutual-flux linkage measurement 
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Fig. 8.4 Mutual-flux linkage of phase 2 with exciting current in phase 1 

8.2 Hardware prototype of SRM controller 

The schematic diagrams of the sensor board, power drive, connection cable and 

wiring are illustrated in Fig. 8.5 to Fig. 8.8. Print circuit boards (PCBs) are designed 

and assembled for the sensor board and power drive. The sensor board consists of 

transducers and amplifiers, which sense the phase currents and DC-link voltage of a 

4-phase SRM, and amplify the signals. The signals are then fed to the dSpace 1104 

controller board. To obtain information about rotor position, a 1000 count/rev 

incremental rotary encoder is coupled to the SRM. With some interfacing circuit, the 

outputs of the encoder are connected to the controller board. The power drive is 

made up of four independent asymmetric half bridges, each of which is connected to 
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the phase winding of SRM. The power electronic switches of the power drive are 

controlled by switching signals from dSpace 1104. 

  134 



 

Fig. 8.5 Schematic of sensor board 
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Fig. 8.6 Schematic of power drive 
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Fig. 8.7 Schematic of connection cable 
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Fig. 8.8 Wiring diagram 
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