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ABSTRACT 

In this thesis, advanced control methods are presented for torque ripple reduction and 

performance improvement in switched reluctance motor (SRM) drives. 

Firstly, a comparative evaluation of power electronic converters including 

asymmetric, N+1, C dump, split AC, and split DC converters is presented for three-phase 

SRMs in terms of cost, efficiency and control performance. 

Secondly, two methods are proposed using torque sharing function (TSF) 

concepts for torque ripple reduction of SRM over a wide speed range. An offline TSF is 

proposed to minimize the copper loss and the absolute rate of change of flux linkage 

(ARCFL) with a Tikhonov factor. Then an online TSF is proposed by adding a 

proportional and integral compensator with torque error to torque reference of the phase 

with lower ARCFL. Therefore, the total torque of online TSF is determined by the phase 

with lower ARCFL rather than the phase with higher ARCFL as in conventional TSFs. 

The maximum torque-ripple-free speed (TRFS) of the offline TSF and online TSF is 

validated to be 7 times and 10 times as high as the best case in these conventional TSFs, 

respectively. 

Thirdly, two methods are proposed to eliminate mutual flux effect on rotor 

position estimation of SRM drives without a prior knowledge of mutual flux, one is the 

variable-hysteresis-band current control for the incoming-phase self-inductance 

estimation and the other is variable-sampling outgoing-phase self-inductance estimation. 

Compared with the conventional method which neglects the mutual flux effect, the 
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proposed position estimation method demonstrates an improvement in position estimation 

accuracy by 2º. 

Fourthly, a fixed-switching-frequency integral sliding mode current controller for 

SRM drives is presented, which demonstrates high dynamics, strong robustness and none 

steady-state error. 

All the proposed control methods are verified by both simulations and 

experiments with a 2.3 kW, 6000 rpm, three-phase 12/8 SRM operating in both linear 

magnetic and saturated magnetic regions. 
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Chapter 1   

INTRODUCTION 

1.1 MOTI VATION  

Switched Reluctance Machine (SRM) is gaining interest in hybrid (HEV) and Plug-in 

Hybrid Electric Vehicle (PHEV) applications due to its simple and rigid structure, four-

quadrant operation, and extended-speed constant-power range [1-10]. SRM proves to be 

reliable and cost effective in harsh environment due to the absence of windings and 

permanent magnet on the rotor. However, compared with conventional electric drives, 

SRM suffers from high commutation torque ripple, acoustic noise and vibration. Torque 

ripple is mainly resulting from poor tracking precision of phase current, nonlinear 

inductance profiles, and nonlinear torque-current-rotor position characteristics [11-26]. 

Power electronic converters [1-2] for SRM drives play an important role in 

searching for cost effective solutions in SRM applications, because costs of switches take 

up a large amount of the total costs in motor drives. In this thesis, five popular power 

electronic converter topologies for three-phase switched reluctance motor (SRM) drives 

including asymmetric power electronic converter, N+1 power electroic converter, split 

AC power electronic converter, split DC power electronic converter, and C dump power 

electronic converter are investigated and compared in terms of device ratings, cost, 
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efficiency, torque ripple, average torque, and copper losses. The details of comparison 

results will be included in this thesis. 

Torque ripple of SRM can be reduced by either optimizing motor design [27-29] 

or control methods [30-33]. The instantaneous torque control (DTC) [34-44] or indirect 

torque control approaches are two major approaches for torque ripple reduction of SRM. 

The control diagram of SRM using direct instantaneous torque control is shown in Fig. 

1.1. In DTC, only one-loop torque control is applied, which is easier than indirect torque 

control in terms of the structure. Te_ref and Te are the total torque reference and estimated 

torque, respectively. ik-1, ik and ik+1 are (k-1)
th
, k

th
 and (k+1)

th
 phase current, respectively. 

Torque 

controller

Power 

converter
SRM

ik-1

ik

ik+1

ɗ 

Te_ref

Torque

estimation

Te

ɗ 

 

Fig. 1.1. Illustration of direct torque control of SRM. 

In [37], a four-quadrant direct instantaneous torque control (DITC) is presented 

for SRM drive. DITC is analyzed in both motoring and generating operation by using 

hysteresis torque controller. Then motoring mode, generating mode and transition 

between these modes are tested by experimental results. In [38], a novel Lyapunov 
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function-based direct torque control method is presented to reduce the torque ripple based 

on nonlinear model of SRM. However, complicated switching rules, uncontrolled 

switching frequency and no over-current protection are limitations of DTC. 

Indirect torque control of SRM can be classified into two categories: average 

torque control and instantaneous torque control. The control diagram of SRM using 

indirect average torque control is shown in Fig. 1.2. ie_ref  is the current reference, which is 

constant for the given torque reference Te_ref. ie_ref(k-1), ie_ref(k) and ie_ref(k+1) are (k-1)
th
, k

th
 

and (k+1)
th
 phase current reference, respectively. The phase current is controlled as the 

square waveform in average torque control, and therefore only turn-on angle and turn-off 

angle can be adjusted for the given torque reference. Online and offline optimization of 

turn-on and turn-off angles in average torque controller are investigated in recent 

publications for torque ripple reduction, or efficiency improvement [45-48]. In [45], the 

optimization problem is defined and the objective function is selected as average torque 

per ampere. Then optimal turn-on and turn-off angles can be obtained analytically to 

maximize the average torque per ampere. In [46], turn-on and turn-off angles are 

optimized offline for torque ripple reduction of switched reluctance machine operating in 

both discontinuous conduction mode and continuous conduction mode through numeric 

simulations. In [47], the turn-on and turn-off angles are optimized online at different 

speeds and torque level, in order to reduce the commutation torque ripple as well as to 

improve efficiency. In [48], the turn-on and turn-off angles are optimized to achieve the 

maximum efficiency for switched reluctance generators working in single pulse operation 

without a priori knowledge of magnetization curves. However, for the average torque 
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control, only two control parameters including turn-on or turn-off angles can be adjusted 

and therefore torque ripple reduction are still limited. 

Current 

controller

Conduction

Angle 

Control

Power 

converter SRM
ie_ref

ie_ref(k-1)

ie_ref(k)

ie_ref(k+1)

ik-1

ik
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ɗ 
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Torque-

current 

characteristics

ɗon ɗoff 

 

Fig. 1.2. Illustration of indirect average torque control of SRM. 

Instantaneous torque control is gaining interest in the areas of the torque ripple 

reduction in SRM drives since the phase current profile varies at each sampled rotor 

position. This adds up more flexibility in torque ripple reduction as well as efficiency 

enhancement in SRM drives. The control diagram of SRM using indirect instantaneous 

torque control is shown in Fig. 1.3. Current reference can be defined by current profiling 

techniques and the phase currents are controlled by current hysteresis controller. 

Current 

controller

Torque-

current-angle 
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Power 

converter SRM
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ik+1
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Fig. 1.3. Illustration of indirect instantaneous torque control of SRM. 
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Defining phase current profiles are widely discussed in [49-51] in order to reduce 

commutation torque ripple. In [50], a novel method combing both machine design and 

torque control algorithm is presented to minimize torque ripple of switched reluctance 

machine. The initial linearized phase current profile is obtained offline and then fine-

tuned through torque feedback online. In [51], the speed ripple reduction for switched 

reluctance machine is presented by intelligent current profiling. The compensation 

current, which is generated from dc link native voltage spike, is added to current 

reference in order to reduce the possible torque ripple or speed ripples. Optimal harmonic 

injection is one of offline methods to reduce commutation torque ripple by defining phase 

current profiles. This method stems from the fact that the torque harmonics are integer 

multiples of stator and rotor pole numbers. Therefore, harmonics of torque ripple, which 

could be obtained by simulation [52] or adaptation rules [53], are added to the reference 

currents in order to counteract the torque ripple. In [54], the series of injected current 

harmonics are optimized offline to reduce torque ripple in terms of the amplitude, 

frequency, and phase. In [55], half sinusoidal phase current profiles are optimized to 

minimize the torque ripple covariance of switched reluctance machine through 

simulation. Compared with optimal current harmonics injection in [54], half sinusoidal 

waveforms with three degrees of freedom (Dofs), instead of a series of current harmonics, 

are optimized to reduce computational complexity. Neural network [56-57] is also an 

approach to tune the current profiles to reduce the torque ripple; however, it suffers from 

implementation complexity. 
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Torque sharing function (TSF) [58-65] is a promising solution among these phase-

current profiling schemes. The torque reference is distributed among the phases by TSF, 

and the sum of the torque contributed by each phase is equal to the total reference torque. 

Then the reference phase current can be derived by the torque-current-rotor position 

characteristics. Several TSFs have been reported, such as linear, cubic and exponential 

TSFs, in order to achieve the primary objectives, which are maintaining the torque 

sharing and minimum torque ripple. The secondary objectives for the selection of TSF 

include minimizing the copper loss and enhancing the torque-speed capability. Selection 

of torque sharing function will influence the phase current reference, and therefore the 

copper loss of electric machine. Also, in order to track the torque reference, absolute 

value of rate of change of flux linkage (ARCFL) should be minimized to extend the 

torque-speed range. Otherwise, with limited DC-link voltage, phase current is unable to 

track the reference during high speed operation, and therefore torque ripple increases. 

Due to the advantages of TSF, the research, targeting the improvement of TSF according 

to the secondary objectives, has been motivated and successfully accomplished. The 

details of TSF based torque ripple reduction methods for SRM will be discussed in this 

thesis. Two novel TSFs are proposed to improve torque-speed performance. 

Firstly, an offline torque sharing function (TSF) for torque ripple reduction in 

switched reluctance motor (SRM) drives over wide speed range is proposed. The 

objective function of offline TSF is composed of two secondary objectives with a 

Tikhonov factor to minimize the square of phase current (copper loss) and derivatives of 

current references (rate of change of flux linkage). The proposed TSFs with different 
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Tikhonov factors are compared to conventional TSFs including linear TSF, cubic TSF 

and exponential TSF in terms of efficiency and torque-speed performance. Then 

Tikhonov factor is selected based trade-off between the copper loss and torque-speed 

performance. The maximum torque-ripple-free speed (TRFS) of the selected offline TSF 

is validated to be 7 times as high as the best case in these conventional TSFs. 

Secondly, an online torque sharing function (TSF) for torque ripple reduction in 

switched reluctance motor (SRM) drives over wide speed range is proposed to overcome 

limitations of offline TSF. Two operational modes are defined for the online TSF during 

commutation: In Mode I, absolute value of rate of change of flux linkage (ARCFL) of 

incoming phase is higher than outgoing phase; in Mode II, ARCFL of outgoing phase is 

higher than incoming phase. In order to compensate the torque error produced by 

imperfect tracking of phase current, a proportional and integral compensator with torque 

error is added to the torque reference of outgoing phase in Mode I and incoming phase in 

Mode II. Therefore, the total torque is determined by the phase with lower ARCFL rather 

than the phase with higher ARCFL as in conventional TSFs. The maximum torque-ripple-

free speed (TRFS) of the proposed TSF is increased to more than 10 times as the best 

case in conventional TSFs. 

Finally, the proposed online and offline TSFs are verified by both simulations and 

experiments with a 2.3 kW, 6000 rpm, three-phase 12/8 SRM operating in both linear 

magnetic and saturated magnetic regions. Results show that the proposed TSFs has higher 

average torque, and much lower torque ripple compared to conventional TSFs. 
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In general, the encoder or resolver is installed to obtain the rotor position and 

speed for the torque or speed control of SRM. This increases the cost and volume of the 

motor drive, and reduces the reliability. Position sensorless control of SRM is widely 

studied in the literature [66-71]. Magnetic characteristics of the SRM including the flux, 

self-inductance and back electromagnetic force (EMF) are rotor position dependent, and 

therefore these parameters can be estimated to obtain the rotor position. To reduce the 

cost as well as to improve performance of SRM drive, position sensorless control will be 

studied in this thesis. 

In this thesis, an approach to eliminate mutual flux effect on rotor position 

estimation of switched reluctance motor (SRM) drives at rotating shaft conditions without 

a prior knowledge of mutual flux is proposed. Neglecting the magnetic saturation, the 

operation of conventional self-inductance estimation using phase current slope difference 

method can be classified into three modes: Mode I, II and III. At positive-current-slope 

and negative-current-slope sampling point of one phase, the sign of current slope of the 

other phase changes in Mode I and II, but does not change in Mode III. Theoretically, 

based on characteristics of a 2.3 kW, 6000 rpm, three-phase 12/8 SRM, mutual flux 

introduces a maximum ±7% self-inductance estimation error in Mode I and II, while, in 

Mode III, mutual flux effect does not exist. Therefore, in order to ensure that self-

inductance estimation is working in Mode III exclusively, two methods are proposed: 

variable-hysteresis-band current control for the incoming phase and variable-sampling 

self-inductance estimation for the outgoing phase. Compared with the conventional 

method which neglects mutual flux effect, the proposed position estimation method 
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demonstrates an improvement in position estimation accuracy by 2º. The simulations and 

experiments with the studied motor validate the effectiveness of the proposed method. 

For indirect torque control of SRM, the phase current or flux linkage is controlled 

in order to track its reference. Therefore, the actual torque output is determined by the 

tracking performance of current controller or flux linkage controller. Due to simpler 

relationship between the flux linkage and input voltage, flux linkage controller is studied 

in some publications [72-73]. In [73], a novel sliding mode flux-linkage controller with 

integral compensation is proposed for torque ripple minimization of SRM. However, the 

flux linkage is directly immeasurable in SRM drives and needs to be estimated through 

the integration of the terminal voltage subtracted by the voltage across the ohmic 

resistance. This method is sensitive to the variation of the ohmic resistance and 

accumulation error due to integration. Also, it shows poorer accuracy at lower speed 

when back EMF is small. Therefore, the accuracy of the flux linkage controller may be 

deteriorated by the estimated flux linkage. Meanwhile, necessary over-current protection 

is still not included in flux linkage controller. 

Current hysteresis control is one of the most popular current control strategies in 

SRM drives, due to its simplicity, fast dynamic response and motor independence. 

However, it suffers from variable switching frequency. Also, in digital implementation of 

hysteresis controller, limited sampling rate may lead to higher current ripples and torque 

ripple. 
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Considering the limitation of the current hysteresis controller, a fixed switching 

frequency model-based sliding mode current controller with integral switching surface for 

switched reluctance motor (SRM) drives is presented in this thesis. Based on equivalent 

circuit model of SRM including magnetic saturation and mutual coupling, an integral 

sliding mode controller is derived. The stability of sliding mode controller is analyzed in 

two scenarios, one with known motor parameters and the other with bounded modeling 

error. In order to analyze the robustness of the sliding mode controller, the motor 

controller parameter constraints are derived and the stability analysis is demonstrated by 

considering motor parameter modeling error. The sliding mode controller is validated by 

both simulation and experimental results with a 2.3 kW, 6000 rpm, three phase, 12/8 

SRM over the wide speed range in both linear and magnetic saturation regions. Compared 

to current hysteresis control controller, the sliding mode controller demonstrates 

comparable transient response and steady state response in terms of torque ripple, current 

ripples, current root-mean-square errors (RMSE) and torque RMSE. Moreover, the 

sliding mode controller has some advantages over the hysteresis controller including 

constant switching frequency and much lower sampling rate. 

1.2 CONTRIBUTIONS  

The author has contributed to a number of original developments in torque ripple 

reduction and performance improvement of switched reluctance motor (SRM) drives. 

These contributions are briefly described below. 
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(1) Comparative analysis of power electronic converters for three-phase switched 

reluctance machines; published in [74-75]. 

(2) An offline torque sharing function (TSF) for torque ripple reduction of SRM over 

the wide speed range; submitted in [76]. 

(3) An online torque sharing function (TSF) for torque ripple reduction of SRM over 

the wide speed range; published in [77]. 

(4) An approach to eliminate mutual flux effect on rotor position estimation of SRM 

drives at rotating shaft conditions without a prior knowledge of mutual flux; 

published in [78]. 

(5) A fixed switching frequency sliding mode current controller with integral switching 

surface for SRM drives; submitted in [79]. 

1.3 OUTL INE OF THE T HESIS 

This thesis presents advanced control methods for torque ripple reduction and 

performance improvement in switched reluctance motor (SRM) drives. The thesis will 

focus on (i) comparative analysis of power electronic converters for three-phase SRM; (ii) 

offline and online torque sharing functions (TSFs) for torque ripple reduction of SRM 

drives; (iii) rotor position estimation of SRM drives considering the mutual flux effect; 

(iiii) a fixed switching frequency sliding mode current controller for SRM drives. 

Chapter 2 starts with operational principles of SRM based on equivalent circuit 

modeling including both magnetic saturation and mutual coupling. Then finite element 

analysis (FEA) of the studied motor is provided. 
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Chapter 3 presents comparative analysis of power electronic converters for three-

phase SRMs. Firstly, power electronic converters for three-phase switched reluctance 

motor drives are introduced. Three examples of three-phase SRMs, which are 6/4, 6/10, 

and 12/8 SRMs, are provided. Secondly, a performance comparison for 6/10 and 6/4 

SRMs driven by an asymmetric power converter and N+1 converter is given based on the 

current ratings of the devices and switching frequency of the current control algorithm. 

Finally, five popular power electronic converters for three-phase switched reluctance 

motor (SRM) drives including asymmetric power electronic converter, N+1 power 

electronic converter, split AC power electronic converter, split DC power electronic 

converter, and C dump power electronic converter are analyzed and compared in terms of 

device ratings, cost, efficiency and control performance. Then these power electronic 

converters are compared for 12/8 SRM in terms of average torque, torque ripple and 

copper loss by simulation. 

Chapter 4 describes an offline torque sharing function (TSF) for torque ripple 

reduction of SRM over the wide speed range. Two evaluation criteria of TSF are firstly 

introduced: absolute value of rate of change of flux linkage (ARCFL) and copper loss. 

Then optimization problem of the proposed offline TSF is stated. The objective function 

combines the copper loss and ARCFL with a Tikhonov factor. The proposed offline TSFs 

can be derived with different Tikhonov factors by solving the optimization problem. Then 

performance of conventional TSFs and the proposed TSFs with different Tikhonov 

factors are compared in terms of efficiency and torque-speed performance over the wide 

speed range through both simulations and experiments. 



13 

 

Chapter 5 describes an online TSF for torque ripple reduction of SRM over the 

wide speed range. Firstly, ARCFLs of incoming phase and outgoing phase for 

conventional TSFs are compared. Then two operational modes of TSF are defined during 

commutation. Next, principles of the proposed online TSF in two operational modes are 

described and the maximum ARCFL of the proposed online TSF is compared to the 

maximum ARCFL in conventional TSFs. Finally, the performance of conventional TSFs 

and the proposed online TSF are compared in terms of torque ripple, average torque and 

copper loss the wide speed range through simulations and experiments. 

Chapter 6 presents an approach to eliminate mutual flux effect on rotor position 

estimation of SRM drives at rotating shaft conditions without a prior knowledge of 

mutual flux. Firstly, a theoretical analysis the self-inductance estimation error due to 

mutual flux is provided by using phase current slope difference method. Three 

operational modes are defined during self-inductance estimation. In Modes I and II, the 

mutual flux introduces a maximum ±7% self-inductance estimation error, while in Mode 

III, mutual flux effect does not exist. Therefore, two methods, including variable-

hysteresis band current controller and variable-sampling self-inductance estimation 

methods, are proposed and analyzed in details. These two methods ensure that the self-

inductance estimation operates in Mode III exclusively to eliminate mutual flux effect. 

Finally, simulation and experimental results are provided to verify the performance of the 

proposed rotor position estimation scheme at rotating shaft conditions. 
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Chapter 7 presents a fixed switching frequency sliding mode current controller 

with integral switching surface for SRM drives. Firstly, sliding mode current controller 

with integral switching surface is derived based on the equivalent circuit model of SRM. 

Then the stability of sliding mode controller is analyzed neglecting motor parameter 

estimation error. Next, in order to analyze the robustness of sliding mode controller, the 

stability of sliding mode controller is analyzed by considering motor parameter modeling 

error. Based on the stability analysis, motor controller parameter constraints are derived 

to ensure stability of the sliding mode controller in the presence of known bounds of 

modeling error. Finally, the sliding mode controller is compared to hysteresis current 

controller by both simulations and experiment in terms of torque ripple, current ripple, 

current root-mean-square errors (RMSE) and torque RMSE. 

Conclusions are made in Chapter 8. 
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Chapter 2   

FUNDAMENTALS OF SWITCHED RELUC-

TANCE MACHINE 

2.1 EQUIVALENT CIRCUIT M ODELING OF SWITCHED 

RELUCTANCE M ACHINE  

Switched reluctance machine (SRM) [1-2] has salient pole construction both in its rotor 

and stator. Therefore, the airgap between the rotor and stator poles and, hence, the phase 

inductance varies with rotor position. When a phase is energized, the rotor pole is pulled 

towards the stator pole to reduce the reluctance in the magnetic circuit. 

In a three-phase SRM, no more than two phases are conducted simultaneously. 

During commutation, incoming and outgoing phases are denoted as k
th
 and (k-1)

th
 phases, 

respectively. Phase voltage equations are derived as (2.1). 

 

1
1 1

k
k k

k
k k

v Ri
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v Ri
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 (2.1) 

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

respectively; vk-1, ik-1, and lk-1 are the phase voltage, current and flux linkage of (k-1)
th
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phase, respectively. When mutual flux is considered, flux linkage for incoming and 

outgoing phases can be expressed as (2.2). 
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where lk,k and lk-1,k-1 are the self-flux linkages of k
th
 and (k-1)

th
 phase; lk,k-1 and lk-1,k are 

mutual flux linkages. 

The flux linkage can be represented as (2.3) in terms of the self-inductance and 

the mutual inductance. 
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where Lk,k and Lk-1,k-1 are the self-inductances of the k
th
 and (k-1)

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

are the mutual inductances. 

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

and current. Therefore, the phase voltage equations are derived as (2.4) by substituting 

(2.3) for (2.1). 
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where ɗ and ɤm are rotor position and angular speed of SRM, respectively. 
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Incremental inductance and incremental mutual-inductance can be obtained as 

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

inductance. 
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where Linc_k and Linc_k-1 are the incremental inductances of the k
th
 and (k-1)

th 
phase, 

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

The voltage equation can be reformulated as (2.7). 
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Electromagnetic torque of k
th
 phase can be derived as (2.8) by neglecting magnetic 

saturation and mutual coupling. 
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where Te(k) is the torque produced by k
th
 phase, and ik is the k

th
 phase current. 
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For a n-phase SRM, total electromagnetic torque Te can be represented as (2.9). 
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The equation for mechanical dynamics is expressed as (2.10) 
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where Te is the total electromagnetic torque generated by SRM; TL is the load torque; B is 

the friction constant; J is the inertia of the machine. 

2.2 FINITE ELE MENT ANALYSIS OF 6/4  AND 6/10 SRMS 

The finite element analysis (FEA) of the studied SRMs is conducted in JMAG software 

[80]. Three examples of three-phase SRMs, which are 6/4, 6/10, and 12/8 SRMs, are 

analyzed. These three examples of three-phase SRMs differ in terms of the number of 

stators and rotors. In this section, 6/4 and 6/10 SRMs are compared in terms of structure, 

inductance profiles and torque profiles according to FEA results of 6/4 and 6/10 SRMs. 

The cross-section views of the 6/4, and 6/10 SRMs are shown in Fig. 2.1 (a) and (b), 

respectively. The inductance and torque profiles of 6/4 and 6/ 10 SRMs are shown in Fig. 

2.2 and Fig. 2.3, respectively. Conventional SRM configurations have higher number of 

stator poles than the number of rotor poles, as shown in Fig. 2.1(a). Using PD formula [4], 

several new SRM configurations can be created where the number of rotor poles is higher 

than the number of stator poles as shown in Fig. 2.1(b). 6/4 SRM and 6/10 SRM given in 

Fig. 2.1 are designed to have the same air gap length, stator and rotor outer diameters, 

method of cooling, and stack length based on the same power ratings. It can be observed 
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that the width of the poles and the unaligned position is smaller in 6/10 SRM. This results 

in a higher unaligned and lower aligned inductance as shown in Fig. 2.2. However, due to 

higher number of strokes, and hence, a higher rate of change of inductance in one stroke, 

its torque profile is similar to 6/4 SRM as shown in Fig. 2.3. 

 

(a) 

 

(b) 

Fig. 2.1. Cross section view of 6/4 and 6/10 SRMs. (a) 6/4 SRM. (b) 6/10 SRM. 
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Fig. 2.2. The FEA inductance profiles of 6/4 and 6/10 SRMs. (a) 6/4 SRM. (b) 6/10 SRM. 
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Fig. 2.3. The FEA torque profiles of 6/4 and 6/10 SRMs. (a) 6/4 SRM. (b) 6/10 SRM. 
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2.3 ANALYSIS OF MUTUA L FLUX OF 12/8 SRM 

The finite element analysis (FEA) of the 12/8 SRM is also conducted in JMAG software. 

Compared with 6/4 and 6/10 SRMs, 12/ 8 has higher number of stators as shown in Fig. 

2.4. The inductance and torque profiles of the 12/8 SRM are position dependent and 

nonlinear as shown in Fig. 2.5(a) and Fig. 2.5(b), respectively. 

 

Fig. 2.4. Cross section view of 12/8 SRM. 
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(b) 

Fig. 2.5. The FEA inductance and torque profiles of 12/8 SRM. (a) Inductance profiles. 

(b) Torque profiles. 

In three-phase SRMs, two phases are excited during commutation. The magnetic 

flux density distribution of 12/8 SRM during one phase and two-phase excitation are 

shown in Fig. 2.6 (a) and (b), respectively. Compared with one phase excitation mode, the 

two-phase excitation works at short-flux path [81] and the flux linkage of an individual 

phase includes both self and mutual flux linkage. 



24 

 

 

(a) 

 

(b) 

Fig. 2.6. Magnetic flux density of 12/8 SRM. (a) Single phase excitation. (b) Two phase 

excitation during phase commutation. 
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Due to alternate polarities of windings of a three-phase motor, mutual flux is 

always additive and symmetric among individual phases. For the same current on 

adjacent phases, the mutual inductance profiles obtained from FEA are shown in Fig. 2.7. 

MA,B is the mutual inductance between phases A and B. The maximum value of mutual 

inductance is around 2% of the self-inductance at the same current level. The spatial 

relationship between self-inductance and mutual inductance of 12/8 SRM is also shown in 

Fig. 2.7. The mutual inductance profile MA,B is shifted by around 7.5º compared with the 

selfïinductance of phase A, LA. 
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Fig. 2.7. Relationship between mutual and self-inductance of the 12/8 SRM.(a) Mutual 

Inductance. (b) Self-inductance. 

2.4 TORQUE PROFILES OF 12/8 SRM CONSIDERING 

MAGNETIC SATURATION  

The torque equation in (2.9) is only working in linear magnetic region. When the motor is 

operating in magnetic saturation region, (2.9) is not applicable. Thus, analytical 

relationship between torque profile and current at different rotor positions is required for 

instantaneous torque control of SRM. As analyzed in [82], nonlinear torque profile of 

SRM can be expressed analytically as in (2.11). 
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where a (q) and b (q) are the parameters in terms of the rotor position. 

For the SRM used in this study, the parameters a (q) and b (q) are obtained by 

using curve fitting tool in Matlab, by utilizing the torque profile from finite element 

analysis given in Fig. 2.5 (b). As depicted in Fig. 2.8, the calculated profiles using (2.11) 

matches closely with ones from finite element simulations for different rotor positions 

and current levels. It also shows that (2.11) is working both in linear and nonlinear 

magnetic regions. 
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Fig. 2.8. Comparison of calculated and FEA torque profile. 

Also, the torque equation in (2.11) is invertible. Thus, the current reference can be 

obtained 
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Fig. 2.9 shows the FEA and experimental measured torque profiles at different 

rotor positions and current levels. The comparison results shown in Fig. 2.9 demonstrate 

high correlation between the FEA and measured torque profiles. The slight difference 

between FEA and experimental torque profiles are negligible. 
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Fig. 2.9. Comparison of FEA and measured torque profile. 
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Chapter 3   

POWER ELECTRONIC CONVERTERS FOR 

THREE-PHASE SWITCHED RELUCTANCE 

MACHINES 

3.1 INTRODUCTION  

Switched Reluctance Machine (SRM) is a cost effective solution in automotive 

applications due to the lack of windings on the rotor and permanent magnets. The costs of 

power electronic converters for SRM drives also need to be considered, since switches are 

relatively expensive in motor drives. Asymmetric power electronic converter [1] for a 

three-phase SRM shown in Fig. 3.1 is the most widely used power electronic converter in 

SRM drives. It allows independent control of different phases and, therefore, it maintains 

good control performance in terms of torque ripple reduction. However, it has two 

switches and two diodes per phase, which is challenging in low-cost applications. 
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Fig. 3.1. Asymmetric power electronic converter [1]. 

Some converters [1] such as N+1 power electronic converter shown in Fig. 3.2 

with reduced number of switches have been proposed to reduce the costs compared with 

the asymmetric power electronic converter. However, these converters cannot achieve 

independent current control, which will result in undesirable torque ripple during 

commutation. In spite of the lower number of switches, device ratings of switches and 

diodes are increased and power losses are increased accordingly. The switches with 

higher power rating are more expensive and the total cost need to be calculated in specific 

applications to determine whether it is reduced or not. 
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Fig. 3.2. N+1 power electronic converter [1]. 
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In addition, the converters [1] shown in Fig. 3.3 with reduced number of switches 

are only applicable for SRMs with even number of phases. Therefore, these converters 

are not choices for three-phase SRMs. 
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(b) 

Fig. 3.3. Power electronic converters for SRMs with even number of phases [1]. 
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With reduced number of switches and comparable control performance, split DC 

and split AC power electronic converters [1] are gaining interest in SRM drives. Both 

split DC and split AC power electronic converters shown in Fig. 3.4 have one switch and 

one diode per phase. Compared to the N+1 power electronic converter, it allows partial 

independent control during commutation, leading to lower torque ripple. 
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(b) 

Fig. 3.4. Split DC and Split AC power electronic converters for SRM. (a) Split DC 

Converter. (b) Split AC Converter [1]. 
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The drawbacks of SRMs lie in their high torque ripple especially during 

commutation. C dump converter [1] shown in Fig. 3.5 can provide higher magnetization 

voltage by controlling the voltage of the capacitor C1. 
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(b) 

Fig. 3.5. C dump converters. (a) Conventional C dump converter. (b) Free-wheeling C 

dump converter [1]. 
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C dump converter shown in Fig. 5(a) does not allow freewheeling, which adds to 

acoustic noise and switching losses. However, C dump converter requires additional 

capacitor and inductor. The free-wheeling C dump converter without the inductor is 

shown in Fig. 3.5(b). 

In [83-84], some converters shown in Fig. 3.6 are proposed to provide higher 

magnetization and demagnetization voltage to achieve faster commutation; however, they 

suffer from higher losses and much higher number of the switches. 

Vdc
  Ph. A    Ph. B   Ph. C

T1

T2

T3

T4

T5

T6

D1

D2

D3

D4

D5

D6

C1AC

C0
T9

T10

T11

Vc

 

Fig. 3.6. A power electronic converter with higher demagnetization voltage [83-84]. 

In [85], several types of power electronic converters for two-phase SRMs are 

compared in terms of cost, efficiency, and acoustic noise. The control performances such 

as torque ripple, copper losses, and average torque of the motor are not investigated. 

In this chapter, power electronic converters for three examples of three-phase 

SRMs, which are 6/4, 6/10, and 12/8 SRMs, are compared. Since 6/4 and 6/10 have 
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different inductance profiles and number of strokes as shown in FEA results provided in 

Chapter 2, the design of power converter for 6/10 SRM may differ from that of 6/4 SRM 

in terms of current ratings and switching frequency. Therefore, a comparative evaluation 

of converter requirements for 6/10 and 6/4 SRMs is presented firstly, which are driven by 

asymmetric power electronic converter and N+1 power electronic converter. Parameters 

including the device current ratings and switching frequency of the current hysteresis 

control algorithm are evaluated in different conditions. 

Then as a more general approach, five popular power electronic converters 

including asymmetric power electronic converter, N+1 power electronic converter, split 

AC power electronic converter, split DC power electronic converter, and C dump power 

electronic converter are reviewed and compared regarding device ratings, conduction 

losses, switching losses, number of switches and diodes, and number of passive 

components including capacitors and inductors. Then, control performance of power 

electronic converters for 12/8 SRM are compared in terms of torque ripple, copper loss of 

the machine, and average torque over a wide speed range through simulation. Based on 

the trade-off between the cost and performance, conclusions regarding the power 

electronic converters for three-phase SRMs are made finally. 
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3.2 COMPARISON OF ASYMMETRIC AND N+1 POWER 

ELECTRONIC CONVERTER S FOR 6/4 AND 6/10 SRMS 

 

6/10 SRM based on a novel pole design (PD) formula offers a better static torque 

capability and, due to the higher number strokes, it produces higher torque per unit 

volume with lower torque ripple as compared to a conventional 6/4 SRM with a similar 

power rating and volume. The design parameters of the power converters of these two 

motors are not the same because 6/10 SRM has a different inductance profile and a higher 

number of strokes. In this section, a performance comparison is presented for 6/10 and 

6/4 SRMs driven by an asymmetric power converter and N+1 power converter, 

respectively. Performance parameters are based on the current ratings of the devices and 

switching frequency of the current control algorithm.  

RMS values of switches and diodes in an SRM converter can be represented as (3.1) and 

(3.2), respectively. 
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where ITn and IDn are RMS currents of switch Tn and diode Dn; iTn and iDn are the 

instantenous currents of switch Tn and diode Dn; qp is the rotor pitch defined in (3.3); Pr is 

the number of rotor poles. 

In a 6/10 SRM, the pole pitch angle, which shows the mechanical angle covered 

by each stoke, is lower due to the higher number of strokes. In another meaning, in every 

36º of the mechanical rotor position, inductance profile repeats itself for each phase. 

Therefore, since there are 3 phases, the inductance profile repeats 30 times in one 

revolution of the rotor as shown in Fig. 3.7 (a). In 6/4 SRM, due to lower number of rotor 

poles, each stroke ends in 90º and this results in 12 strokes in one revolution as shown in 

Fig. 3.7 (b). Therefore, the fundamental frequency in 6/10 SRM is 2.5 times faster than in 

6/4 SRM, due to the higher number of strokes and this requires a faster phase 

commutation. 6/10 and 6/4 SRMs have different inductance profiles and phase 

commutation intervals, but similar torque profiles. Therefore, this might cause differences 

in the performance of the converters for 6/10 and 6/4 SRM drives. Due to faster phase 

commutation, the switching frequency of the hysteresis control algorithm of 6/4 and 6/10 

SRM may be different and needs to be compared. 



38 

 

300 900 1800 2700 3600
600 1200 1500 2100 2400

3000
3300

00 00 1800 0000

12 Strokes 

Rotor Positon (Deg)
00

1800 1800

00
00 001800

1800 1800

00 1800 00
00

 Electrical Angle (Deg)
1800 1800

Phase A Phase B Phase C 

In
d
u
ct

an
ce 6/4 SRM

 

(a) 

00 720 1440 2160 2880 36001680 2400 3120240 960480 1200 1920 2640 3360

00 00 1800 00 00

Rotor Positon (Deg)

00 1800
1800

00

00 1800

Phase A Phase B Phase C 

1800 1800
00 00 00 001800 1800 1800

00 1800 000000 18001800 1800 00 18001800

00 00 1800 00 001800 18001800 00 001800

In
d
u
ct

an
ce 6/10 SRM

30 trokes

00

 Electrical Angle (Deg)

180000

 

(b) 

Fig. 3.7. Conduction angles for SRMs in one revolution. (a) 6/4 SRM. (b) 6/10 SRM. 

For this purpose, simulation models of 6/10 and 6/4 SRMs have been developed in 

MATLAB/Simulink and RMS values of the currents of power electronic converters are 

evaluated, to identify the effect of the difference in inductance profiles on the converter 

performance. The same hysteresis current control algorithm is applied in both drive 

models. In order to get more accurate solutions, torque and inductance profiles from finite 
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element simulations of these two machines have been implemented as look-up tables. The 

block diagram of the simulation model is shown in Fig. 3.8. 
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Fig. 3.8. Block diagram of the simulation model of switched reluctance machine. 

3.2.1 Comparison with the Asymmetric Power Electronic Converter 

In the simulation, asymmetric converter works in hard switching mode. Average torque 

control is applied. The mechanical turn on angle qon and the turn off angle qoff are 3º and 

15º for 6/10 SRM, and 7º and 37º for 6/4 SRM, respectively. The hysteresis band is set to 

be 0.5 A. 

(1) Constant excitation current 

Fig. 3.9 and Fig. 3.10 show the waveforms of phase current and converter device 

current for 6/10 and 6/4 SRM respectively with a constant excitation current of 3A. 

Comparative results of design parameters are shown in Table 3.1. There are slight 

differences in RMS current between 6/10 and 6/4 SRMs. Switching frequency of 6/4 

SRM is slightly higher than that of 6/10 SRM, due to the different torque and inductance 

profiles. Also, this is valid for all simulations considering that the fundamental frequency 

of 6/10 SRM is 2.5 times faster than 6/4 SRM. It should be noted that, both figures show 
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only three strokes and, hence, the ranges of the rotor position axes are different. 

Therefore, the current waveform in Fig. 3.9 for 6/10 SRM is naturally a closer view. 
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Fig. 3.9. Simulation results of 6/4 SRM for the constant current excitation with 

asymmetric power electronic converter. 
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Fig. 3.10. Simulation results of 6/10 SRM for the constant current excitation with 

asymmetric power electronic converter. 
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Table 3.1. Comparison of design parameters of converter using the same current ratings. 

Parameters 6/10 SRM 6/4 SRM 

RMS of phase Current (A) 1.738 1.753 

RMS of switches T1-2  current (A) 1.326 1.32 

RMS of diodes D1-2 current (A) 1.15 1.172 

Maximum switching frequency (Hz) 4000 8000 

Average switching frequency (Hz) 3000 3667 

 

(2) Closed loop constant speed operation with same controller dynamics 

The performance of the converters has been evaluated also for the same shaft 

speed. For this purpose a closed-loop speed control model is created with an average 

torque control. For constant turn-on and turn-off angles, the phase excitation current is 

adjusted according to the speed error. Fig. 3.11 and Fig. 3.12 shows the current, torque 

and speed waveforms of closed-loop controlled 6/4 and 6/10 SRM respectively for same 

controller dynamics and speed reference. Both the current level and electromagnetic 

torque in the transients is larger than that in steady state due to saturation of PI 

controllers. To reduce the effect of saturation of PI controller, parameters of PI controller 

can be decreased, which will be done in closed loop constant speed operation with same 

transient response time. The results for the transients and steady responses are also listed 

in Table 3.2. 
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Response time of 6/10 SRM is 0.18s, which is faster than 6/4 SRM (0.225s). Due 

to the smaller torque pulsation, RMS current of power converter during steady response 

for 6/10 SRM are lower than that of 6/4 SRM. The average switching frequency of 

hysteresis control algorithm in 6/4 SRM is slightly higher than in 6/10 SRM. 
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Fig. 3.11. Simulation results of 6/4 SRM for the constant speed operation with same 

controller dynamics with asymmetric power electronic converter. 
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Fig. 3.12. Simulation results of 6/10 SRM for the constant speed operation with same 

controller dynamics with asymmetric power electronic converter. 
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Table 3.2. Comparison of design parameters of converter using the same speed reference. 

Parameters 6/10 SRM 6/4  SRM 

 Transient Steady state Transient Steady state 

RMS phase current (A) 1.74 0.626 1.74 0.838 

RMS current of switches T1-2 (A) 1.27 0.468 1.27 0.62 

RMS current of diodes D1-2 (A) 1.2 0.438 1.22 0.558 

Average switching frequency (Hz) Variable 2615 Variable 3055 

 

(3) Closed loop constant speed operation with same transient response time 

It can be observed from Fig. 3.11 and Fig. 3.12 that, due to difference in 

inductance profiles and torque profiles, 6/10 and 6/4 SRMs have different response times 

with the same controller dynamics. Therefore, the parameters of controller have been 

adjusted to get similar transient response in both machines for the same speed reference 

as shown in Fig. 3.13 and Fig. 3.14. The response time for 6/10 and 6/4 SRM are both 

0.28s. Table 3.3 summarizes the results of transients and steady response of both 

machines. RMS current of power converter during steady response for 6/10 SRM is lower 

than that of 6/4 SRM considering the same speed response, due to lower torque ripple of 

6/10 SRM. 
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Fig. 3.13. Simulation results of 6/4 SRM for the constant speed operation with same 

transient response time with asymmetric power electronic converter. 
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Fig. 3.14. Simulation results of 6/10 SRM for the constant speed operation with same 

transient response time with asymmetric power electronic converter. 
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Table 3.3. Comparison of parameters of power converter considering the same transient 

response. 

Parameters 6/10 SRM 6/4 SRM 

Transient 

Steady 

state 

Transient 

Steady 

state 

RMS of phase current (A) 1.74 0.65 1.74 0.74 

RMS of switches T1-2 current (A) 1.27 0.488 1.27 0.548 

RMS of diodes D1-2 current (A) 1.2 0.456 1.22 0.517 

Average switching frequency (Hz) Variable 2615 Variable 3438 

 

3.2.2 Comparisons with the N+1 Power Electronic Converter 

Similar to asymmetric power electronic converter, comparative evaluations have been 

conducted in N+1 power electronic converter working in hard switching mode. For 

further comparisons with asymmetric bridge converter, the mechanical turn on angle qon 

and the turn off angle qoff are also 3º and 15º for 6/10 SRM, and 7º and 37º for 6/4 SRM, 

respectively. The hysteresis band is set to be 0.5 A. 

(1) Constant excitation current 

Fig. 3.15 and Fig. 3.16 show the waveforms of phase current and power device 

current for 6/10 and 6/4 SRM with a constant excitation current of 3 A, respectively. 



46 

 

0 20 40 60 80 90
0
2
4

 

0 20 40 60 80 90
0
2
4

0 20 40 60 80 90
0

2

4

0 20 40 60 80 90
0
2
4

0 20 40 60 80

0
1
2

Rotor Posion (Deg.)

Phase A Phase B Phase C

Phase Current Reference(A)

Phase Current (A)

T1 Current (A)

D1/D2 Current (A)

T1

0

2

4

90

 

Fig. 3.15. Simulation results of 6/4 SRM for the constant current excitation with N+1 

converter. 

 

Fig. 3.16. Simulation results of 6/10 SRM for the constant current excitation with N+1 

converter. 
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Comparative results of design parameters are shown in Table 3.4. There are slight 

differences in RMS current between 6/10 and 6/4 SRMs. Switching frequency of 6/4 

SRM is slightly higher than that of 6/10 SRM, due to the different torque and inductance 

profiles. Also, note that due to slower commutation, the waveforms of the phase current 

in N+1 power converter varies from that in asymmetric power converter. This results in 

the different device current ratings as listed in Table 3.4. However, slower commutation 

does not influence the average switching frequency of the hysteresis control algorithm 

and, therefore, the switching frequencies of asymmetric power converter and N+1 power 

converter are the same. Further, T4 and D4 are shared switches and diodes for three-phase 

currents and thus have much higher current ratings than other switches and diodes. 

Table 3.4. Comparison of design parameters of converter using the same current ratings. 

Parameters 6/10 SRM 6/4 SRM 

RMS of phase current (A) 1.974 1.806 

RMS of switch T4 current (A) 2.32 2.77 

RMS of diode D4 current (A) 2.575 2.42 

RMS of switch T1 current (A) 1.326 1.325 

RMS of diode D1 current (A) 1.428 1.79 

Maximum switching frequency (Hz) 4000 8000 

Average switching frequency (Hz) 3000 3667 

 

(2) Closed loop constant speed operation with same transient response time 
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It can be observed from Fig. 3.17 and Fig. 3.18 that, due to difference in 

inductance profiles and torque ripple, 6/10 and 6/4 SRMs have different response times 

with the same controller dynamics. The response time for 6/10 and 6/4 SRM are both 

0.28s. Table 3.5 summarizes the results of transients and steady-response of both 

machines. RMS current of power converter during steady response for 6/10 SRM is lower 

than that of 6/4 SRM considering the same speed response. Since shared Switch T4 

conducts three phase currents, it has much higher current rating than other switches. 
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Fig. 3.17. Simulation results of 6/4 SRM for the constant speed operation with same 

transient response time with N+1 converter. 
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Fig. 3.18. Simulation results of 6/10 SRM for the constant speed operation with same 

transient response time with N+1 converter. 

Table 3.5. Comparison of design parameters of power converter considering the same 

transient response. 

Parameters 6/10 SRM 6/4 SRM 

Transients 

Steady 

State 

Transients 

Steady  

State 

RMS of phase current (A) 1.79 0.627 1.75 0.717 

RMS of switch T4 current (A) 2.5 0.86 2.24 0.95 

RMS of diode D4 current (A) 2.16 0.72 2.12 0.85 

RMS of switch T1 current (A) 1.27 0.464 1.245 0.52 

RMS of diode D1 current (A) 1.27 0.45 1.25 0.515 

Average switching frequency (Hz) Variable 2615 Variable 3438 
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3.2.3 Conclusions 

The performance of asymmetric power converter and N+1 power converter for 6/10 SRM 

and 6/4 SRM are compared in this section. Design parameters including the current 

ratings and switching frequency for 6/10 SRM differ from that of 6/4 SRM due to the 

difference in their inductance and torque profiles. For a proper evaluation, dynamic 

models of the machines have been implemented where inductance and torque profiles 

from FEA analysis have been used as look-up tables. Using the same hysteresis control 

algorithm, the phase commutation frequency in 6/10 SRM is still 2.5 times faster than 6/4 

SRM for the same speed. However, it has been shown that the average switching 

frequency of 6/4 SRM in one stroke is slightly higher than that of 6/10 SRM in 

asymmetric power converter and N+1 power converter. This is mainly because of the 

difference in their inductance profiles. 

For the same shaft speed with the same controller parameters, it has been observed 

that 6/10 SRM has slightly shorter response time and lower RMS current at steady-state 

in both asymmetric power converter. This is because of the lower torque ripple due to 

higher rate of change of inductance profile. Considering the same speed transient 

response, RMS current of the power converter during the steady response for 6/10 SRM 

is still lower than that of 6/4 SRM in both asymmetric power converter and N+1 power 

converter. For comparisons of design parameters between asymmetric power converter 

and N+1 power converter, there are slight differences in the RMS current of the diodes 

and switches, due to the longer commutation. The switching frequency of the hysteresis 
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control algorithm of N+1 power converter is nearly the same as that of asymmetric power 

converter due to the same inductor profiles during operation. 

3.3 COMPARISON OF POWER ELECTRONIC CONVERTER S 

FOR THREE-PHASE SRMS 

3.3.1 Comparison of Power Electronic Converters for Three-Phase SRMs 

The five power electronic converters including asymmetric power electronic converter, 

N+1 power electronic converter, C dump power electronic converter, split DC and split 

DC converters are compared in terms of device rating, switching losses, conduction loss, 

and control performance in this section for three-phase SRMs. The maximum RMS phase 

current of the motor is Id and the DC link voltage is Vdc. The VA (volt-ampere) rating of 

the converter is an important criterion to evaluate the cost of the converter. The converter 

volt-ampere (VA) rating is defined as N×V×I where V and I are the voltage rating and 

RMS current rating of the switches; N is the number of the switches. For easier 

comparison, the normalized power losses are used. The switching loss of single IGBT 

with Vdc voltage stress and Id current stress is assumed to be 1 p.u. The conduction loss of 

IGBT or diode with Id current is also assumed as 1 p.u. 

Asymmetric power electronic converter shown in Fig. 3.1 has two switches and 

two diodes per phase. When the phase A current is below the reference, T1 and T2 are 

turned on. When the phase current A rises above the reference, T1 and T2 are turned off. 

The energy stored in the motor will keep the current circulating until it decreases to zero. 
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This is called as hard switching strategy for asymmetric power electronic converter. The 

difference between soft switching and hard switching is freewheeling of the diodes. The 

energy stored in the phase inductor of the motor can keep circulating by only turning off 

T2. Considering the voltage drop of the switches and diodes, much lower voltage is 

applied to the motor and the phase current decreases more slowly compared with that in 

hard switching strategy. Soft switching strategies help reduce the switching losses and 

acoustic noise compared with the hard switching. The advantage of the asymmetric power 

converter is that it allows independent control of different phases. Therefore, torque ripple 

of the SRM can be reduced during commutation. However, the costs are relatively high 

considering two switches and two diodes per phase. In asymmetric power converter, the 

voltage rating and maximum RMS current are Vdc and Id and, therefore, asymmetric 

power converter has 6VA rating in three-phase SRMs. The IGBT in asymmetric power 

converter has Vdc voltage stress and Id current stress and, therefore, switching loss of the 

IGBT is 1 p.u. In hard switching mode, its total switching loss is 6 p.u. In soft switching 

mode, asymmetric converter has 3 p.u. switching loss since only three switches are turned 

off. Similarly, asymmetric power converter has 6 p.u. IGBT conduction loss and 6 p.u. 

diode conduction loss when working in hard switching mode. In soft switching mode, 

IGBT conduction loss is increased to 12 p.u. and diode conduction loss is decreased to 3 

p.u. 

The N+1 converter shown in Fig. 3.2 has four switches and four diodes per phase. 

When the current of phase A is below the reference, T1 and T2 are turned on. When the 

current of phase A rises above the reference, T1 and T2 are turned off and -Vdc is applied. 
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The energy stored in the phase inductor of the motor will keep the current circulating 

through D1 and D4 until it decreases to zero. This is valid for non-commutation intervals. 

During the commutation intervals, the phase B is built up by turning on T1 and T3. Thus, 

the phase A freewheels through T1 and D1 and only zero voltage can be applied to phase 

A. Therefore, demagnetization voltage for N+1 power converter is zero. In order to 

achieve fast current turning off, -Vdc is preferred. This topology achieves non independent 

control of the current, which might be undesirable for high-performance motor drives. 

The costs may be reduced with the lower number of switches and diodes. However, the 

power ratings of T1 and D4 are much higher than those of other switches and diodes due to 

repeated switching. The shared switch T1 in N+1 converter has 3Id current stress and Vdc 

voltage stress. Other three switches in N+1 converter have Id current stress and Vdc 

voltage stress. Therefore, N+1 converter has 6VA rating in total. For N+1 power 

converter, T1 has three times switching power loss due to repeated switching and 

therefore total switching loss is also 6 p.u. Similarly, N+1 power converter has 6 p.u. 

IGBT and diode conduction losses.  

C dump converter shown in Fig. 3.5(a) has four switches, four diodes, one 

inductor, and two capacitors. To analyze the VA rating and losses of the C dump 

converter, its operational principles are described. Five modes are illustrated in Fig. 3.19. 

When phase A current is below the reference, T1 is turned on and Vdc is applied. Phase A 

flows through C1 and T1 in mode 1 or 2. When the current of phase A rises above the 

reference, T1 is turned off and Vdc-V0 is applied. The phase A is working in mode 3, 4, or 

5. When the current of phase B needs to be built up, T2 is turned on and T1 is turned off. 
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The current of phase B flows through C0 and T2. The current path of phase A flows 

through D1, C0, and C1 and charges C1. Thus, the C-dump converter allows independent 

control of different phases. Tr is used to control of the voltage V0 to provide higher 

demagnetization voltage during the commutation. The additional inductor and 

switches/diodes are needed, which may increase the costs. Also, it does not achieve 

freewheeling, which may increase the acoustic noise and switching losses. When the 

voltage Vo of the C dump converter is controlled at 2Vdc and 3Vdc, the maximum voltage 

for switches is 2Vdc and 3Vdc. The VA rating of C dump converter is increased to 

4×2Vdc×Id and 4×3Vdc×Id, respectively. The switching loss is 8 p.u. and 12 p.u. in two 

cases. With the same current rating of IGBT and diode, the conduction loss of IGBT and 

diode in C-dump converter is decreased to 4 p.u. since the number of switches and diodes 

are decreased. 
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Fig. 3.19. Five modes of the C dump converter. 

Split DC converter shown in Fig. 3.4 (a) has three switches, three diodes, and two 

capacitors. When the current of phase A is below the reference, T1 is turned on, and 

0.5Vdc is applied. Current of phase A flows through C1 and T1. When the current of phase 
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A rises above the reference, T1 is turned off and -0.5Vdc is applied. The current of phase A 

flows through D1 and C2. When the current of phase B needs to be built up, T2 is turned 

on and T1 is turned off. The current of phase B flows through C2 and T2. The 

demagnetization voltage of phase A is -0.5Vdc, leading to higher commutation torque 

ripple. The split DC converter allows partial independent control of different phases. 

Moreover, efforts have to be made to balance the voltage of C1 
and C2. In addition, the 

increased number of capacitors adds additional costs to the system and lowers the power 

density concerning the bulky capacitors. The voltage rating of three switches in split DC 

converter is Vdc and, therefore, the split DC converter has 3×Vdc×Id VA rating. The total 

switching loss of split DC converter is 3 p.u. considering Vdc voltage stress and Id current 

stress. The conduction loss of IGBT and diode in split DC converter are both 3 p.u. 

Split AC converter shown in Fig. 3.4 (b) has three switches, three diodes, and two 

capacitors. When the current of phase A is below the reference, T1 is turned on and Vdc is 

applied. Current of phase A flows through C1 and T1. When the current of phase A rises 

above the reference, T1 is turned off and -Vdc is applied.  The current of phase A flows 

through D1 and C2. When the current of phase B needs to be built up, T2 is turned on and 

T1 is turned off. The current of phase B flows through C2 and T2. The demagnetization 

voltage of phase A is -Vdc. The split AC power converter also allows partial independent 

control of different phases. Compared with the split DC power converter, split AC 

converter provides higher magnetization/demagnetization voltage, which decreases the 

commutation torque ripple. Moreover, no efforts have to be made to balance the voltage 

of C1 
and C2. The voltage rating of three switches in split AC converter is 2Vdc and, 
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therefore, the split AC converter has 3×2Vdc×Id VA rating. The VA rating of split AC 

converter is the same as the asymmetric power electronic converter. The total switching 

loss of split AC converter is increased to 6 p.u. considering 2Vdc voltage stress. Since 

current rating of split AC converter and split DC converter is the same, the split AC 

converter has the same conduction loss as the split DC converter.  

Detailed comparison of the five studied power electronic converters in terms of 

VA rating, power loss, and control performance is listed in Table 3.6. N+1 power 

electronic converter and split AC power electronic converter have the same VA rating as 

the asymmetric power electronic converter despite the reduced number of switches and 

diodes. Therefore, these three converters have similar costs. C dump converter has the 

same magnetization/demagnetization voltage as split AC and asymmetric converters 

when the voltage Vo of the capacitor is controlled at 2Vdc. However, it has higher VA 

rating and switching losses. Therefore, split AC and asymmetric power converters are 

more effective in terms of cost and control performance. In simulations, Vo of the C-dump 

converter is controlled at 3Vdc rather than 2Vdc to compete with the other converters in 

terms of control performance. 
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Table 3.6. Comparison of power electronic converters. 

Converter Asymmetric Converter N+1 Converter 

 Hard switching Soft Switching  

Number of Switches 6 6 4 

Number of Diodes 6 6 4 

Number of Capacitors 1 1 1 

Number of Inductors 0 0 0 

Magnetization Vdc Vdc Vdc 

Demagnetization Voltage -Vdc -Vdc -Vdc 

Total Power Ratings (VA) 6VdcId 6VdcId 6VdcId 

IGBT Switching Losses(p.u.) 6 3 6 

IGBT Conduction losses (p. u.) 6 9 6 

Diode Conduction Losses(p.u.) 6 3 6 

Phase Independence Yes Yes No 

Freewheeling No Yes Yes 
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Table 3.6. (Continued) 

Converter Split DC Converter 

Split AC 

Converter 

C dump 

Converter 

Capacitor Voltage V0   2Vdc 3Vdc 

Number of Switches 3 3 4 4 

Number of Diodes 3 3 2 2 

Number of Capacitors 2 2 2 2 

Number of Inductors 0 0 1 1 

Magnetization 0.5Vdc Vdc Vdc Vdc 

Demagnetization Voltage -0.5Vdc -Vdc -Vdc -2Vdc 

Total Power Ratings (VA) 3VdcId 6VdcId 8VdcId 12VdcId 

IGBT Switching Losses (p.u.) 3 6 8 12 

IGBT Conduction losses (p.u.) 3 3 4 4 

Diode Conduction Losses (p.u.) 3 3 4 4 

Phase Independence partial partial yes yes 

Freewheeling No No No No 

 

3.3.2 Comparison of Control Performance of Power Electronic Converters 

through a Simulated 12/8 SRM 

Similarly, 12/8 SRM simulation model is built by Matlab/Simulink, using torque as well 

as inductance profiles shown in Fig. 2.5. Instantaneous torque control using linear torque 
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sharing function (TSF) [63-64] is applied. The turn-on angle ɗon, turn-off angle ɗoff, and 

overlapping angle ɗov of linear TSF are set to 5º, 20º and 2.5º, respectively. Hysteresis 

current control with 0.5A hysteresis band is applied and DC-link voltage Vdc is set to 

300V. The torque reference is set to 1.5 Nm. The RMS current and torque ripple are 

expressed as (3.4) and (3.5), respectively. 
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where ik is k
th
 phase current; Tav, Tmax, and Tmin are the average torque, maximum torque, 

and minimum torque, respectively. 

The comparison of torque ripple, the average torque, and RMS current of the 

power converters is shown in Fig. 3.20, Fig. 3.21, and Fig. 3.22, respectively. As shown 

in Fig. 3.20, C dump converter shows the lowest torque ripple up to 6000 rpm due to 

higher demagnetization voltage. Since split AC and asymmetric power converters have 

the same magnetization/demagnetization voltage, they have the same torque ripple, 

average torque and RMS current. Split AC has the same VA rating, switching losses, and 

lower conduction losses compared with asymmetric converter and, therefore, split AC 

power converter is preferred in terms of efficiency. The phase current is not 

independently controlled in N+1 power electronic converter, leading to 200% torque 

ripple and much lower average torque at higher speed. Although N+1 converter has the 
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same VA rating, conduction loss and switching loss as asymmetric power converter, N+1 

power electronic converter is worse in terms of torque speed performance. N+1 converter 

is not recommended for this reason. Split DC converter produces around one fifth of 

average torque of split DC and C dump converters at 6000 rpm with one half of VA 

rating, conduction loss and switching loss. Therefore, split AC converter and C-dump 

converter are the possible candidates for low-cost and high-performance SRM drives. 

They have similar RMS current and average torque up to 6000 rpm. However, split AC 

converter shows almost twice torque ripple over the wide speed range with one half of 

VA rating and switching losses compared with the C-dump converter. In conclusion, split 

AC converter is a better candidate in low-cost SRM drives, while C dump converter is 

more promising in high-performance motor drives. 
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Fig. 3.20. Comparison of torque ripple. 
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Fig. 3.21. Comparison of average torque. 
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Fig. 3.22. Comparison of RMS current. 

3.3.3 Conclusions 

A comparative evaluation of five power electronic converters including asymmetric, N+1, 

split AC, split DC, and C dump converters is presented for three-phase SRMs. The 

evaluation is based on VA rating, conduction loss, switching losses, torque ripple, 

average torque, and RMS current. Among five listed power electronic converters, split 
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AC and C dump converters are promising candidates in terms of efficiency and torque-

speed performance. C dump converter has much lower torque ripple over a wide speed 

range. However, it has higher VA rating and additional inductor and capacitor. Therefore, 

C dump converter is recommended in high-performance SRM drives. Split AC converter 

has relatively lower cost and good performance over a wide speed range, which is 

recommended in low-cost applications. 
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Chapter 4   

AN OFFLINE TORQUE SHARING FUNCTION 

FOR TORQUE RIPPLE REDUCTION IN 

SWITCHED RELUCTANCE MOTOR DRIVES 

 

4.1 INTRODUCTION  

Torque sharing function (TSF) is gaining interest in the areas of the torque ripple 

reduction in SRM drives. The total torque reference is intelligently divided to each phase 

and the torque introduced by each phase tracks its reference defined by the TSF. Then the 

reference phase current is obtained according to the torque-current-rotor position 

characteristics. Linear, cubic and exponential TSF are among the most frequently used 

ones. The actual torque output of TSF is determined by the tracking performance of each 

phase. As the speed of SRM increases, phase current is not able to track the reference 

during high speed due to the limited DC-link voltage and, therefore, torque ripple is 

increased. One important evaluation criterion for TSF is the maximum absolute value of 

rate of change of flux linkage (ARCFL) with respect to rotor position, which should be 

minimized to extend the torque-speed range. The other evaluation criterion is copper loss, 
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which should be minimized to improve efficiency of SRM drives. The selection of TSF is 

more challenging considering both torque-speed range and efficiency. Different selection 

methods for TSF are studied according to these two criteria. 

TSF can be offline or online. In the areas of offline TSFs, most publications focus 

on optimizing control parameters of existing TSFs according to one or two secondary 

objectives of TSFs. In [86], several popular TSFs including linear TSF, cubic TSF, 

sinusoidal TSF, and exponential TSF are investigated and evaluated. The turn-on and 

overlap angles of different TSFs are optimized in order to minimize both the maximum 

absolute value of rate of change of flux linkage (ARCFL) and copper loss by using the 

genetic algorithm. In [87], a novel family of TSFs is proposed and an optimal TSF is 

selected from the proposed family by making trade-off between the copper loss and the 

maximum ARCFL. The objective function is higher order of copper loss and does not 

directly combine two secondary objectives. In [88], a piecewise cubic torque sharing 

function with six degrees of freedom (DoFs) is optimized to minimize the copper loss and 

iron loss of switched reluctance motor drives. However, the overlapping angle in these 

TSFs [86-88] is defined only at the positive torque production area and torque ripple due 

to negative torque of outgoing phase cannot be reduced. In [89], a piecewise quadratic 

TSF with six degrees of freedom (DoFs) is proposed for torque ripple reduction of 

switched reluctance generator over a wide speed range. The ripple component is 

intentionally added to the torque reference and therefore overlapping region of the 

proposed TSF is greatly extended. This leads to better performance in torque ripple 

reduction compared to other offline TSFs [86-88]. However, the shape of proposed TSF 
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is limited to quadratic waveform. Other shapes of TSFs, which are not limited to linear, 

quadratic, cubic and exponential, may have better torque speed performance. 

In this chapter, an offline TSF for torque ripple reduction of SRM drives over 

wide speed range is proposed. Unlike offline TSFs mentioned above, the shape of 

proposed TSF is flexible, and not limited to the specific type. Also, according to the 

balance between torque speed performance and efficiency, the turn-off or overlapping 

angle of the proposed TSF can be adjusted and will not be limited to positive torque 

production area. The objective function of the proposed TSFs directly combines the 

squares of phase current (copper loss) and derivatives of current reference (rate of change 

of flux linkage) with a Tikhonov factor. Torque sharing function becomes equality 

constraint of the optimization problem, while phase current limits become inequality 

constraints of the problems. Then the analytical expression of the proposed TSFs with 

different Tikhonov factors can be derived by using method of Lagrange multipliers. The 

effect of Tikhonov factors on the torque-speed performance and efficiency of SRM drive 

is also investigated in the thesis. Performance of conventional TSFs and the proposed 

TSFs are compared in terms of efficiency and torque-speed performance over the wide 

speed range. By balancing between the torque speed performance and efficiency, an 

offline TSF with specific Tikhonov factor is selected. The Simulation and experimental 

results are provided to verify the performance of the proposed offline TSF. 
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4.2 TORQUE SHARING FUNCTION  

4.2.1 Conventional Torque Sharing Functions (TSFs) 

For three-phase SRM, no more than two phases are conducted simultaneously. During the 

commutation, the torque reference of incoming phase is rising to the total torque 

reference gradually, and the torque reference of outgoing phase decreases to zero 

correspondingly. Only one phase is active when there is no commutation. The torque 

reference of k
th
 phase is defined as in (4.1). 
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where Te_ref (k) is the reference torque for k
th
 phase, Te_ref is total torque reference, frise(ɗ) is 

the rising TSF for the incoming phase, ffall(ɗ) is the decreasing TSF for the outgoing 

phase, and ɗon, ɗoff, ɗov and ɗp are turn-on angle, turn-off angle, and overlapping angle, 

respectively. Pole pitch ɗp is defined as (4.2) by using the number of rotor poles Np. 

 2
p

pN

p
q=  (4.2) 

The most common TSFs [86] are linear, cubic and exponential TSF. These TSFs are 

introduced as follows. 

1) Linear TSF 
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Linear TSF can be represented as in (4.3), and its waveform is shown in Fig. 4.1. During 

commutation, the TSF for the incoming phase is increasing linearly from 0 to 1, whereas 

TSF for the outgoing phase is decreasing from 1 to 0. 

ɗov ɗov

ɗon ɗoff

Te_ref (k-1) Te_ref (k) Te_ref (k+1)

ɗ
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Fig. 4.1. Linear TSF. 
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2) Cubic TSF 

The cubic TSF shown in Fig. 4.2 can be represented as (4.4) with coefficients Ŭ0, Ŭ1, Ŭ2, 

and Ŭ3. It has to meet the constraints in (4.5). By substituting (4.4) for (4.5), the 

coefficients of cubic TSF can be derived as (4.6) and cubic TSF can be obtained as (4.7). 

Te_ref(k-1) Te_ref(k) Te_ref(k+1)
ɗov ɗov

ɗon
ɗoff ɗ
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Fig. 4.2. Cubic torque sharing function. 
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3) Exponential TSF 

Exponential TSF is defined as (4.8), where an  exponential function is used to define the 

TSF. 
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4.2.2 Evaluation Criteria of TSF 

To evaluate the torque-speed performance and efficiency of different TSFs, two criteria 

are defined as follows. 

1) Rate of change of flux linkage with respect to rotor position 

TSF is a proper approach to minimize torque ripple of SRM during the 

commutation. However, the torque ripple is dependent on tracking precision of TSF. In 

order to maximize ripple-free-torque speed region, the required DC-link voltage should 

be minimized. Therefore, the rate of change of flux linkage with respect to rotor position 
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becomes an important criterion to evaluate the torque-speed performance of a specific 

TSF. The maximum absolute value of rate of change of flux linkage (ARCFL) Mɚ is 

defined as (4.9). 

 
max{ , }

fallrise
dd

M
d d

l

ll

q q
= -  (4.9) 

where lrise is the rising flux linkage for the incoming phase, lfall is the decreasing flux 

linkage for the outgoing phase. 

The maximum ripple-free speed (TRFS) ɤmax could be derived as (4.10) and Vdc is 

the DC-link voltage. 

 
max

dcV

Ml

w =  (4.10) 

2) Copper loss of electric machine 

Copper loss is an important factor influencing efficiency of SRM. RMS phase 

current can be derived as (4.11). RMS current is calculated between turn-on and turn-off 

angle and copper losses of two conducted phases are averaged. 

 
2 2

1

1
( )

off off

on on

rms k k

p

I i d i d

q q

q q

q q
q

-= +ñ ñ  (4.11) 

4.3 THE PROPOSED OFFLINE TORQUE SHARING FUNCT ION 

4.3.1 Derivation of Offline Torque Sharing Functions (TSFs) 

A family of offline TSFs is described in this section, which minimizes torque ripple and 

copper loss of SRM drives over the wide speed range. Two secondary objectives for 
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selecting an appropriate TSF include copper loss minimization and torque speed 

performance enhancement. If instantaneous squared currents, shown in (4.12) and (4.13), 

are minimized in each rotor position, RMS current in (4.11) can be minimized 

accordingly. 

 2
1 1

( )
k k

P i q
- -
=  (4.12) 

 2( )
k k

P i q=  (4.13) 

where Pk-1 and Pk represents the copper loss of outgoing phase and incoming phase. 

As discussed above, the actual torque is dependent on the tracking performance of 

two phases. By minimizing the derivatives of current reference, it is easier for each phase 

to track its individual reference and therefore less torque ripple will be produced at higher 

speed. Thus, the torque speed performance of offline TSF is expressed in terms of 

absolute rate of change of current reference, which needs to be minimized in order to 

maximize the torque-ripple-free speed range of the SRM. The derivatives of current 

reference may be negative and thus absolute derivatives of current references are 

considered to evaluate the torque speed performance. If the square of derivatives of 

current reference is minimized, the absolute derivatives of current reference can be 

minimized accordingly. For this reason, the square of the derivatives of current references 

is used as part of objective function of offline TSF to improve torque speed capability. 

The derivatives of the current references of incoming phase and outgoing phase 

can be represented as (4.14) and (4.15). 
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where ik-1(ɗ0) and ik-1(ɗ) are currents of outgoing phase at previous rotor position ɗ0 and 

present rotor position ɗ; ik(ɗ0) and ik(ɗ) are currents of incoming phase at previous rotor 

position ɗ0 and present rotor position ɗ; Variation of rotor position is defined as æɗ=ɗ-ɗ0. 

The objective function of offline TSF combines both copper loss and square of 

derivatives of reference with Tikhonov factors [90-91]. The objective function J is 

defined as (4.16). It can be seen from (4.16) that the objective function include four 

objectives: the squared current of outgoing phase, the squared current of incoming phase, 

square  current derivatives of incoming phase and outgoing phase. The Tikhonov factors 

are weight factors indicating the importance of each objective. For example, if one 

objective needs to be emphasized, its Tikhonov factor can be selected as a larger value 

than the other three Tikhonov factors. 
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where m, n, s and t are initial Tikhonov factors. 

Objective function in (4.16) is simplified to (4.17) by assuming that æɗ is constant. 
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where a, b, c and d are all new Tikhonov factors. These parameters are defined in (4.18). 
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According to definition of TSF, the sum of the torque reference of two phases should be 

equal to the total reference. Thus, this equality constraint is obtained in (4.19). 
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The current reference of both phases should not exceed the maximum current Imax. Thus, 

inequality constraints are obtained as (4.20) and (4.21). 
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Finally, the optimization problem is represented as (4.22). 
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(4.22) 

Method of Lagrange multipliers [90] is applied to solve the optimization problem. 

Lagrange function with optimization problem in (4.22) can be represented as (4.23). The 

basic idea of method of Lagrange multipliers is to combine the objective function with a 

weighted sum of the constraints. 
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(4.23) 

where ɚ1, ɚ2, and ɚ3, are Lagrange multipliers. 

According to Lagrange multipliers [90], inequality constraints listed in (25) and 

(26) have to satisfy (4.24) and (4.25). 

 
2 1 max( ( ) ) 0ki Il q- - = (4.24) 

 
3 max( ( ) ) 0ki Il q- = (4.25) 

To meet the requirement in (4.24) and (4.25), four possible cases need to be considered, 

which are shown in (4.26), (4.27), (4.28), and (4.29), respectively. The fourth case cannot 

meet the equality constraint in (4.19) since two phase currents are both equal to the 

maximum current. Therefore, the fourth case will not be considered. 
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For the first case, according to the theory of Lagrange Multiplier, the minimum point is 

obtained by solving (4.30). 
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where (4.30) stands for partial derivatives of Lagrange function L with respect to ik, ik-1, 

ɚ1. 

Firstly, we set the derivative of the Lagrange function with respect to the current 

of incoming phase zero 
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i q
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(4.31) 

Solving (4.31), (4.32) can be derived. 
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Since 2b+2d+ɚ1Í0, (4.32) can be rewritten as (4.33). This will be verified later when ɚ1 is 

obtained at the end. 
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Similarly, (4.34) can be derived for the outgoing phase 
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Finally, substituting (4.33) and (4.34) to (4.19), Lagrange factor ɚ1 is obtained. By 

putting ɚ1 to (4.33) and (4.34), the current references of incoming phase and outgoing 

phase are derived. If these values are no greater than the maximum current, the current 

reference of incoming phase and outgoing phase satisfy the first case in (4.26) and the 

current reference is confirmed. 

If the current reference of outgoing phase is calculated greater than the maximum 

current, the first case cannot be satisfied, and the second case is applied. Substituting 
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(4.27) in (4.19), the current reference for incoming phase is derived as (4.35). Similarly, if 

the current reference of incoming phase is greater than the maximum current, the third 

case is applied and the current reference of the outgoing phase can also be derived by 

substituting (4.28) into (4.29). 
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It should be noted that, initial value of the current reference should be set 

according to (4.33) and (4.34). Thus, for the proposed offline TSF, both turn-on angle and 

initial value should be predefined, which is similar to conventional TSF. However, turn-

off (or overlapping) angle of conventional TSF is defined only at the positive torque 

production area in advance, which may cause higher torque ripple at higher speeds. In 

order to avoid this problem, turn-off (or overlapping) angle of the proposed TSF is 

optimally adjusted according to a tradeoff between torque-speed capability and copper 

loss. At lower speed, copper loss is more important, and thus Tikhonov factor of squared 

current in objective function should be set larger. As the speed of the machine increases, 

the torque ripple becomes more significant due to high rate of change of current 

reference. Derivatives of current reference become a critical factor, and therefore its 

Tikhonov factor in the objective function should be larger. 

4.3.2 Selection Guide of Tikhonov Factors 

Firstly, performance of conventional TSFs is compared in terms of copper loss and rate of 

change of flux linkage. The selection of Tikhonov factors will be given based on the 
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performance evaluation of the conventional TSFs. A 12/8 SRM with DC-link voltage 300 

V is applied for the comparison. All angles are mechanical angles. Torque reference is set 

to be 1 Nm. As investigated in [86], torque speed performance and copper loss of TSFs 

are affected by the selection of turn-on angle, turn-off angle and overlapping angle. To 

give a fair comparison between conventional TSFs and the proposed offline TSF, two 

selections of turn-on angle, turn-off angle and overlapping angle are provided. The first 

selection of these angles is based on minimization of copper loss [87]. Commutation 

angle qc
i
, where incoming phase and outgoing phase produces the same torque at the 

same current level, can be determined according to Fig. 4.3. 
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Fig. 4.3. An illustration of commutation angle of the studied SRM. 

After simulations with different turn-on angles and overlapping angles, turn-on 

angle qon , and turn-off angle qoff  and overlapping angle qov of linear TSF, cubic TSF, and 
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exponential TSF is set to 5º, 20º and 2.5º in order to improve torque-speed performance 

TSFs. Compared with the first selection, overlapping angle qov is increased by 1º, and 

turn-on angle qon is decreased by 1º in the second selection. 

Typical waveforms of reference torque, reference current, flux linkage and rate of 

change of flux linkage in terms of rotor position for the second selection of turn-on angle, 

turn-off angle and overlapping angle are shown in Fig. 4.4. It can be found that flux 

linkage varies with rotor position and shows sharp decrease at the end of commutation. 

Absolute value of rate of change of flux linkage with respect to rotor position of outgoing 

phase is much higher than that of incoming phase in all three types of conventional TSFs. 

Thus, the maximum torque-ripple-free speed is actually determined by the outgoing 

phase. As shown in Fig. 4.4, when the torque reference is set to 1Nm, the maximum 

absolute value of rate of change of flux linkage Mɚ of linear TSF, cubic TSF, and 

exponential TSF are 18.8 Wb/rad, 7.15 Wb/rad and 27.2 Wb/rad, respectively. According 

to (4.10), the maximum torque-ripple-free speed (TRFS) of linear TSF, cubic TSF, and 

exponential TSF are calculated as 16 rad/s, 42 rad/s, and 11 rad/s, respectively. Therefore, 

the maximum TRFS of linear TSF, cubic TSF, and exponential TSF are only 152 rpm, 

400 rpm, and 105 rpm, respectively. However, according to the first section of turn-on 

angle and overlapping angle, the maximum ARCFL of linear TSF, cubic TSF, and 

exponential TSF are increased to 29.6 Wb/rad, 13.4 Wb/rad and 54 Wb/rad, respectively. 

Therefore, conventional TSFs for second selection of turn-on angle and overlapping angle 

have relatively better torque-speed capability. 
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Fig. 4.4. Torque reference, current reference, flux linkage, and rate of change of flux 

linkage of conventional TSFs. (a) Reference torque. (b) Reference current. (c) Flux 

linkage. (d) Rate of change of flux linkage. 

Offline TSFs are proposed to extend torque-ripple-free speed range. In order to 

solve the optimization problem in (4.22), the Tikhonov factors need to be determined in 

advance. Tikhonov factor indicates the importance of its objective. The Tikhonov factor 
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of one of the objectives in (4.22) is set to unity to create the base. The relative difference 

between the selected values and the base value defines the importance of the objective 

function. Therefore, the Tikhonov factor of derivative of incoming phase d is set as 1. The 

ratio between maximum ARCFL for outgoing phase and maximum ARCFL is denoted as 

(4.36). 
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The tracking performance of the outgoing phase is usually much poorer than that 

of incoming phase, and therefore r is normally much larger than 1. As shown in Fig. 8, r 

is around 10 in the studied SRM. To ensure that incoming phase and outgoing phase has 

relatively similar ARCFL, ACRFL of the outgoing phase should be minimized by r times. 

Since ARCFL is represented as the derivative of current reference in the objective 

function, the squared current reference of the outgoing phase should be minimized by r
2
 

times compared to incoming phase. Therefore Tikhonov factor of derivative of outgoing 

phase is set to r
2
 times as high as that of incoming phase c=r

2
×d= r

2
. Then only two 

Tikhonov factors a and b need to be defined. Since we set Tikhonov factor of derivative 

of outgoing r
2 
times as high as that of incoming phase, the Tikhonov factor of the squared 

current of outgoing phase should be relatively higher than the incoming phase in order not 

to increase the squared current of outgoing phase significantly. Therefore, the Tikhonov 

factor of the squared current of outgoing phase can be set h (h>1) times as high as that of 

the incoming phase. The selection of h is dependent on the characteristics of SRM and 

subject to changes. To simplify, h is initially set to r. If b is set to be the value q, the 
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objective function in (4.22) is simplified as (4.37). The selection of Tikhonov factors is 

dependent on the characteristics of SRM and therefore there is no analytical expression 

for Tikhonov factors.  However, based on the known characteristics of the motor, the rate 

of change of flux linkage or copper loss for different Tikhonov factors can be derived and 

Tikhonov factors can be adjusted accordingly. 

 2 2 2 2 2

1 0 01 1
( ( ) ( )) ( ( ) ( )) ( ( ) ( ))k k k k k k

J q ri i r i i i iq q q q q q- - -
= + + - + -  (4.37) 

According to (4.37), q can be adjusted to balance between copper loss and the 

square of derivatives of the current reference. If q is selected as a larger value, the copper 

losses are emphasized and hence importance of the square of derivatives of the current 

reference is relatively smaller. Fig. 4.5 shows waveforms of reference torque, reference 

current, flux linkage, and rate of change of flux linkage of the proposed family of offline 

TSFs. When q=0.2, the current reference of the outgoing phase is not zero at the end of 

commutation. SRM works in continuous conduction mode and this mode may have 

higher copper loss. When q increases to 0.4, the current reference of outgoing phase 

decreases to zero at the end of commutation and overlapping angle of this mode is about 

11
o
. As q increases to 1, the overlapping angle decreases to 5

o
 and no significant negative 

torque is produced in this mode, which is similar to conventional TSFs. By decreasing the 

value of q, the rate of change of current reference is decreased. As a result, overlapping 

region of the proposed TSF is increased. Flux linkage of offline TSFs shown in Fig. 4.5 

changes much more smoothly than those of conventional TSFs, due to much lower rate of 

change of the current reference. Compared with conventional TSFs, the maximum 

ARCFL of the proposed TSFs is significantly reduced. 
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Fig. 4.5. Torque reference, current reference, flux linkage and rate of change of flux 

linkage of proposed TSFs. (a) Reference torque. (b) Reference current. (c) Flux linkage. 

(d) Rate of change of flux linkage. 

4.3.3 Comparison between Conventional TSFs and Proposed Offline TSFs 

1) Comparison of the maximum absolute value of rate of change of flux linkage (ARCFL) 
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The maximum ARCFL of the offline TSFs is shown in Fig. 4.6. The maximum absolute 

value of rate of change of flux linkage Mɚ of the proposed family of TSFs increases as the 

value of q increases. When q=0.4, Mɚ is equal to 1Wb/rad and the maximum torque-

ripple-free speed is 2866 rpm. As analyzed above, the maximum torque-ripple-free speed 

of linear TSF, cubic TSF, and exponential TSF are only 152 rpm, 400 rpm, and 105 rpm, 

respectively. Thus, the maximum torque-ripple-free speed of the proposed offline TSF is 

7 times as high as that of cubic TSF, 18 times as high as that of linear TSF and 27 times 

as high as that of exponential TSF. The torque-ripple-free speed range is greatly extended 

compared with that of conventional TSFs. 
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Fig. 4.6. Comparison of the maximum absolute rate of change of flux linkage. 

2) Comparison of RMS value of current 

The comparison of phase current between conventional and proposed TSFs is 

shown in Fig. 4.7. The RMS current of the proposed TSFs shows fluctuation with the 

value of q and has not reported significant current increase especially when q is no less 
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than 0.4. RMS current of proposed TSFs is shown to be a little higher than those of cubic 

and exponential TSFs. It should be noted that the calculation of RMS value is based on 

reference current of different TSFs. Due to limited torque-speed capability of TSFs; the 

real-time current profiles differ from the reference current profiles, which will be shown 

in the next section for each TSF. 
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Fig. 4.7. Comparison of RMS value of current. 

4.4 SIMULATION VERIFICAT ION 

The proposed and conventional TSFs are compared in terms of RMS current and torque 

ripple by simulation. The three-phase 12/8 SRM simulation model is built by 

Matlab/Simulink, and torque as well as inductance profiles shown in Fig. 2.5 are stored in 

look up tables. Hysteresis current control is applied and current hysteresis band is set to 

be 0.5 A. Asymmetric power electronic converter shown is used to drive the machine 

with 300V DC-link voltage. The torque references of two phases defined by offline TSF 

can be derived and then converted to current reference by using (2.12). Thus, torque 
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reference defined by the offline TSF or other conventional TSFs applies to SRM 

operating either in linear magnetic region or saturated magnetic region and the application 

of the proposed offline TSF can be extended to magnetic saturation region. 

To verify the performance of the proposed offline TSF in both linear magnetic 

region and saturated magnetic region, torque reference is set to be 1.5 Nm and 3 Nm, 

respectively. When the torque reference is set to 1.5 Nm, the maximum current is 12 A 

and motor is operating in linear magnetic region. As the torque reference is increased to 3 

Nm, the maximum current reference is about 15 A and the motor is operating in saturated 

magnetic region. The torque ripple Trip is defined as (4.38). The torque ripple during 

commutation is named as commutation torque ripple. During one phase conduction, 

torque ripple still exist due to current ripples from the hysteresis current control. Torque 

ripple during one phase conduction is named as non-commutation torque ripple. 

 
max min

av

rip

T T
T

T

-
=  (4.38) 

where Tav, Tmax, and Tmin are the average torque, maximum torque, and minimum torque, 

respectively. 

There is a sampling time limitation in the digital implementation of current 

hysteresis controller, which results in higher current ripples leading to higher torque 

ripple in any type of TSFs Therefore, the sampling time becomes an important factor 

determining the torque ripple of both conventional TSFs and the proposed offline TSF. In 

simulation, the sampling time tsample is set to 0.1 ms and 5 ms, respectively. When tsample is 
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set to 0.1 ms, the torque ripple is mostly contributed by the tracking performance of TSFs 

rather than higher sampling time and, hence, the tracking performance of the TSFs can be 

compared more effectively in terms of torque ripple. Due to the limitation of the digital 

controller hardware, the sampling time is 5 ms in the experiments. Therefore, the 

sampling time in simulation is also set to 5 ms so that a fair comparison between the 

experimental results and simulation results can be conducted. Same operating conditions 

have been applied with tsample 5 ms, so the effect of sampling time on torque ripple using 

different TSFs can be investigated by simulation. 

4.4.1 Simulation Results with Lower Sampling Time 

(1) Simulation Results at 300 rpm (Tref=1.5 Nm, qov=2.5º, and tsample=0.1 ms) 

In this simulation, torque reference is set to 1.5 Nm. Fig. 4.8 shows simulation 

results of linear, cubic, exponential, and proposed TSFs (q=0.4 and q=1) at 300 rpm. Due 

to current ripple introduced by hysteresis controller, the torque ripple at one phase 

conduction mode is 20%. As discussed above, torque-ripple-free speeds of linear and 

exponential TSFs are both lower than 300 rpm, and thus the current references are not 

ideally tracked as shown in Fig. 4.8(a) and Fig. 4.8(c). However, considering inherent 

20% torque ripple, the commutation torque ripple of linear and exponential TSFs is not 

obvious. Proposed TSFs (q=0.4 and q=1) and cubic TSF achieve better tracking due to 

smoother commutation. 
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Fig. 4.8. Simulation results with different TSFs (speed=300 rpm, Tref=1.5 Nm, qov=2.5º, 

and tsample=0.1 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Proposed 

TSF (q=0.4). (e) Proposed TSF (q=1). 

(2) Simulation Results at 3000 rpm (Tref=1.5 Nm, qov=2.5º, tsample=0.1 ms) 

In this simulation, torque reference is set to 1.5 Nm and sampling time is 0.1 ms. Fig. 4.9 

shows simulation results of linear, cubic, exponential, and proposed TSFs (q=0.4 and 

q=1) at 3000 rpm. Since the maximum TRFS of linear, cubic and exponential TSFs are 

much lower than 3000 rpm, tracking error. The maximum TRFS of proposed TSF (q=0.4) 

is close to 3000 rpm, and thus the tracking precision of proposed TSF (q=0.4) is very 

high. The commutation torque ripple of offline TSF is close to non-commutation torque 
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ripple. According to the analysis given above, by increasing the coefficient q of the 

proposed TSF, the rate of change of flux linkage increases. Among five proposed offline 

TSFs, TSF (q=1) has the poorest tracking ability. Therefore, offline TSF (q=1) shows 

higher torque ripple than TSF (q=0.4). 
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Fig. 4.9. Simulation results with different TSFs (speed=3000 rpm, Tref=1.5 Nm, qov=2.5º, 

and tsample=0.1 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Proposed 

TSF(q=0.4). (e) Proposed TSF (q=1). 
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(3) Simulation Results at 1800 rpm (Tref=3 Nm, qov=2.5º, tsample=0.1 ms) 

In this simulation, torque reference is set to 3 Nm and sampling time is set to 0.1 ms to 

verify the application of the proposed offline TSF to saturated magnetic region. Offline 

TSF (q=0.4) is compared to linear TSF, cubic TSF and exponential TSFs. Fig. 4.10 shows 

simulation results of linear, and the proposed TSFs (q=0.4) at 1800 rpm. The torque 

ripple of conventional TSFs are higher than he proposed offline TSF (q=0.4). Also, due to 

negative torque produced by torque tracking error of conventional TSFs, the average 

torque is decreased. At 1800 rpm, the torque response of two phases almost tracks its 

reference and the maximum TRFS of proposed TSF (q=0.4) is close to 1800 rpm when 

the torque reference is 3 Nm. The maximum TRFS of the offline TSF (q=0.4) is 

decreased from 3000 rpm to 1800 rpm as the torque reference is increased from 1.5 Nm 

to 3 Nm, due to higher rate of flux linkage at higher torque outputs. Therefore, the offline 

TSF (q=0.4) shows no deteriorated performance when the motor is operating in saturated 

magnetic region. 
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Fig. 4.10. Simulation results with different TSFs (speed=1800 rpm, Tref=3 Nm, qov=2.5º, 

and tsample=0.1 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Proposed 

TSF (q=0.4). 
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4.4.2 Simulation Results with Higher Sampling Time 

(1) Simulation Results at 3000 rpm (Tref=1.5 Nm, qov=2.5º, tsample=5 ms) 

The sampling time is increased to 5ms to investigate the effect of the sampling time on 

torque ripple. Fig. 4.11 shows simulation results of linear, cubic, exponential and 

proposed offline TSF at 3000 rpm when the torque reference is 1.5 Nm and sampling time 

is 5 ms. According to simulation results in Fig. 4.9 for tsample of 0.1 ms, the torque ripples 

of linear TSF, cubic TSF, exponential TSF and offline TSF at 3000 rpm are around 40%, 

54%, 57%, and 30%, respectively. As the sampling time is increased to 5 ms, the torque 

ripples of linear TSF, cubic TSF, exponential TSF and offline TSF are increased to 67%, 

73%, 67% and 43%, respectively. With much higher sampling time, torque ripples of 

TSFs are increased due to current hysteresis controller. According to simulation results of 

offline TSF in Fig. 4.11(d), tracking error of offline TSF is still close to zero. Therefore, 

the maximum TRFS is proved to be around 3000 rpm, which is not effected by the 

sampling time. Although the torque ripple of offline TSF is increased, the offline TSF still 

demonstrates better performance in torque ripple reduction compared with conventional 

TSFs in linear magnetic region. 
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Fig. 4.11. Simulation results with different TSFs (speed=1800 rpm, Tref=3 Nm, qov=2.5º, 

and tsample=5 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Proposed TSF 

(q=0.4). 
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(2) Simulation Results at 1800 rpm (Tref=3 Nm, qov=2.5º, tsample=5 ms) 

In magnetic saturation region (Tref=3Nm), the sampling time is increased to 5 ms at 1800 

rpm. Fig. 4.12 shows simulation results of linear, cubic, exponential and proposed online 

TSF at 4000 rpm when the torque reference is 3Nm and sampling time is 5 ms. According 

to the simulation results in Fig. 4.10 for tsample of 0.1 ms, the torque ripple of linear TSF, 

cubic TSF, exponential TSF and online TSF at 1800 rpm were around 25%, 33%, 33%, 

and 17%, respectively. As the sampling time is increased to 5 ms, the torque ripple of 

linear TSF, cubic TSF, exponential TSF and online TSF are 53%, 57%, 63% and 37%, 

respectively. Similarly, as shown in Fig. 4.12 (d), the maximum torque-ripple-free speed 

of the proposed offline TSF is around 1800 rpm, when the torque reference is set to 3Nm. 

With higher sampling time, the torque ripple of offline TSF is still smaller than 

conventional TSFs in magnetic saturation region. 
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Fig. 4.12. Simulation results with different TSFs (speed=1800 rpm, Tref=3 Nm, qov=2.5º, 

and tsample=5 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Proposed TSF 

(q=0.4). 

4.4.3 Comparison of Torque Ripple and RMS Current 

Torque ripple of different TSFs can be compared more fairly when the sampling time is 

set to 0.1 ms. In this case, the effect of the sampling time on torque-speed performance of 

TSFs can be nearly eliminated and the torque ripples of TSFs are mostly contributed by 

the tracking performance of TSFs. In this section, torque ripple, and RMS current are 

compared when the sampling time is set to 0.1 ms. Also, torque ripples of TSFs are 

influenced by overlapping angle and current hysteresis band. Therefore, comparison 
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between conventional TSFs and the proposed offline TSF is conducted at different 

overlapping angles and current hysteresis band. 

The torque ripple and RMS current are compared in Fig. 4.13 (a) and (b) using the 

second selection of turn-on angle and overlapping angle (qon=5º,qov=2.5º) when the torque 

reference is 1.5Nm. The torque ripple of linear, cubic, and exponential TSFs at 3000 rpm 

is almost two times as high as those at 300 rpm. The proposed TSFs show much lower 

torque ripple when q is less than 0.6 at 3000 rpm. Therefore, considering torque ripple, 

offline TSFs (q=0.2 and q=0.4) are preferred. It should be noted that the proposed TSFs 

show slight increase in torque ripple at lower speed, which is caused by inherent current 

ripple of hysteresis controller. By decreasing the current hysteresis band, torque ripple at 

lower speed can be further reduced. However, as shown in Fig. 4.13 (b), offline TSF 

(q=0.2) shows much higher RMS current than other offline TSFs. When q=0.4 and 0.6, 

offline TSFs show comparable RMS current as the linear and cubic TSFs with much 

lower commutation torque ripple. Therefore, their overall performance is better than 

linear and cubic TSFs. Considering torque-speed capability, offline TSF (q=0.4) is a 

promising choice for torque ripple reduction with relatively high efficiency.  

The torque ripple and RMS current are compared in Fig. 4.14 (a) and (b) using the 

first selection of turn-on angle and overlapping angle (qon=6º,qov=2.5º) when the torque 

reference is 1.5 Nm. Compared with torque ripple shown in Fig. 4.13 (a), the torque 

ripple of conventional TSF is increased due to poorer tracking capability. Since the first 

selection of turn-on angle and overlapping angle is based on the minimum copper loss, 
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very slight decrease in RMS current of conventional TSFs can be observed compared 

with Fig. 4.13 (b). 
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Fig. 4.13. Comparison of torque ripple and RMS current of different TSFs (Tref=1.5 

Nm, qov=2.5º, and tsample=0.1 ms). (a) Torque ripple. (b) RMS current. 
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Fig. 4.14. Comparison of torque ripple and RMS current of different TSFs (Tref=1.5 

Nm, qov=1.5º, and tsample=0.1 ms). (a) Torque ripple. (b) RMS current. 



105 

 

Similar comparison can also be applied to saturated magnetic region (Tref=3 Nm) 

as shown in Fig. 4.15 using the second selection of turn-on angle and overlapping angle. 

Torque ripples with different current hysteresis band are compared in Fig. 4.15(a) and 

Fig. 4.15(b) to investigate the effect of hysteresis band on torque ripple of different TSFs. 

By decreasing the current hysteresis band from 0.5 A to 0.1 A, the offline TSF (q=0.4) 

produces only 5% torque ripple up to 1800 rpm, which is around one third of linear TSF, 

one fifth of exponential TSF and one sixth of cubic TSF. At the speed less than 600 rpm, 

torque ripples of cubic TSF and the proposed offline TSF (q=0.4) are 4.2% and 5%, 

respectively. Therefore, by decreasing the current hysteresis band, the difference in torque 

ripple between cubic TSF and the proposed offline TSF (q=0.4) at low speed can be 

neglected. With 0.5 A current hysteresis band, the maximum torque ripple of offline TSF 

is only 16.6% up to 1800 rpm, while torque ripple of conventional TSFs are increased 

significantly. The offline TSF with lower current hysteresis band achieves better torque 

ripple reduction; however, switching losses of power electronic converter are getting 

higher. The selection of hysteresis band of the current controller depends on the 

application. Also, due to higher average torque output, the torque ripple at saturated 

magnetic region is lower than that in the linear magnetic region with the same hysteresis 

band. 
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Fig. 4.15. Comparison of torque ripple of different TSFs (Tref=3 Nm, qov=2.5º, and 

tsample=0.1 ms). (a) Current hysteresis band= 0.5 A. (b) current hysteresis band=0.1 A. 
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4.5 EXPERIMENTAL VERIFIC ATION  

The proposed offline TSF (q=0.4) is verified in a 2.3 kW, three phase 12/8 SRM shown in 

Fig. 4.16. FPGA EP3C25Q240 is used for digital implementation of the proposed offline 

TSFs. The torque-current-rotor position characteristics are stored as look up tables in 

FPGA. Torque is estimated from this look-up table by measuring the phase current and 

rotor position, and converted into an analog signal through digital-to-analog conversion 

chip in the hardware. The offline TSF is obtained and converted to current reference off-

line by selecting different values of q. Then current reference is stored in another look up 

table as a function of the rotor position in FPGA. In the experiment, current hysteresis 

band is set to be 0.5 A and DC-link voltage is set to 300 V. The proposed offline TSF 

(q=0.4) is compared to linear TSF, cubic TSF, and exponential TSF in the experiment. 

The sampling time of the digital controller in the experimental setup is set to 5 ms. As 

verified with the simulation results previously, higher current ripples and torque ripple 

can be observed when the sampling time is set to 5 ms rather than 0.1 ms. Similarly, the 

experimental SRM is operating in two different operating conditions: (1) Tref=1.5 Nm, 

speed=3000 rpm, tsample=5 ms (2) Tref=3 Nm, speed=1800 rpm, tsample=5 ms. Experimental 

results will be compared with simulation results at the same torque reference, the same 

speed and the same sampling time. 
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Fig. 4.16. Experimental setup of SRM drive. 

(1)  Experimental results at 3000 rpm (Tref=1.5 Nm, qov=2.5º, and tsample=5 ms) 

Fig. 4.17 shows current reference, current response, and estimated torque at 3000 

rpm when the torque reference is set to 1.5 Nm. The motor is working in linear magnetic 

region. According to theoretical analysis and simulation results, the maximum torque-

ripple-free speed of the offline TSF (q=0.4) is close to 3000 rpm. As shown in Fig. 4.17 

(d), the tracking error of the proposed offline TSF can be negligible and therefore the 

maximum TRFS of the proposed TSF is verified to be around 3000 rpm by the 

experiment. Also, the torque ripples of linear TSF, cubic TSF and exponential TSF at 

3000 rpm are around 67%, 80 %, 67%, and 47%, compared to 67%, 73%, 67% and 43% 

torque ripples in simulation results in Fig. 4.11. Therefore, the experimental results of 

TSFs match the simulation results in terms of torque ripple, torque response, and current 

waveforms at the same operation condition. At 3000 rpm, the offline TSF (q=0.4) 

achieves much better tracking and output torque is almost flat ignoring the torque ripple 
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of current hysteresis controller. Compared with the offline TSF (q=0.4), the conventional 

TSFs shows much higher torque ripple, due to current tracking error. Among three 

conventional TSFs, the linear TSF shows slight decreases in torque ripple compared with 

cubic TSF and exponential TSF. 

 

 

(a) 

 

 

 

(b) 
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(d) 

 

CH2: Current response (5 A/div); CH3: Torque (1Nm/div) CH4: Current reference (5 A/div); 

Fig. 4.17. Experimental result with different TSFs (Speed=3000 rpm, Tref=1.5 Nm, 

qov=2.5º, and tsample=5 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) 

Offline TSF (q=0.4). 

(2)  Experimental results at 1800 rpm (Tref=3 Nm, qov=2.5º, and tsample=5 ms) 
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Fig. 4.18 shows current reference, current response, and estimated torque at 1800 

rpm when the torque reference is set to 3 Nm. The motor is working in saturated magnetic 

region. As theoretical analysis and simulation results, the maximum TRFS of the offline 

TSF (q=0.4) is around 1800 rpm when the torque reference is set to 3 Nm. As shown in 

Fig. 18(d), the tracking error of the proposed offline TSF is close to zero, which 

experimentally proves that the maximum TRFS of the proposed TSF is around 1800 rpm. 

Since the maximum TRFS of the offline TSF (q=0.4) is much higher than conventional 

TSFs, the offline TSF (q=0.4) achieves better tracking at 1800 rpm than conventional 

TSFs. Therefore, the offline TSF (q=0.4) shows lower ripples than conventional TSFs. 

Simulation results (Tref=3 Nm, speed=1800 rpm, and tsample =5 ms) in Fig. 4.12 show that 

the torque ripples of linear TSF, cubic TSF, exponential TSF and online TSF are 53%, 

57%, 63% and 37%, respectively. Experimental results shown in Fig. 4.18 show that the 

torque ripples of linear TSF, cubic TSF and exponential TSF are around 53%, 60% and 

60%, and 40%. Therefore, experimental results of different TSFs are close to the 

simulation results in terms of torque ripple, torque response, and current waveforms when 

sampling time, torque reference, and speed of the motor are the same. The application of 

offline TSF in magnetic saturation region is verified by this experiment. 
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(d) 

 

CH2: Current response (5 A/div); CH3: Torque (2Nm/div) CH4: Current reference (5 A/div); 

Fig. 4.18. Experimental result with different TSFs (Speed=1800 rpm, Tref=3 Nm, 

 qov=2.5º, and tsample=5 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) 

Offline TSF (q=0.4). 

4.6 CONCLUSIONS 

In this chapter, a novel offline TSF for torque ripple reduction with high efficiency is 

presented. The objectives of the offline TSF are composed of both minimization of 

copper loss and torque-speed performance with a Tikhonov factor. The Tikhonov factor 

(q=0.4) is selected considering the torque-speed performance and efficiency of SRM 

drive. Performance of conventional TSFs and the proposed offline TSFs are evaluated in 

terms of RMS current and rate of change of flux linkage with respect to rotor position. 

The maximum torque-ripple-free speed of the offline TSF (q=0.4) is increased to almost 

3000 rpm, which is 7 times as high as cubic TSF, 18 times as high as linear TSF and 27 
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times as high as exponential TSF. The simulation results show that the offline TSF 

(q=0.4) has comparable copper loss as the linear and cubic TSFs, and much lower 

commutation torque ripple both in linear and saturated magnetic region. The performance 

of the proposed offline TSF (q=0.4) is verified with an experimental 2.3 kW, three phase 

12/8 SRM drive. 
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Chapter 5   

AN ONLINE TORQUE SHARING FUNCTION 

FOR TORQUE RIPPLE REDUCTION IN 

SWITCHED RELUCTANCE MOTOR DRIVES 

5.1 INTRODUCTION  

For online torque sharing functions (TSFs) in torque ripple reduction of switched 

reluctance motor (SRM), TSFs are tuned online by estimated torque feedback or speed 

and therefore these TSFs are not fixed compared with offline TSFs. In [92], a nonlinear 

logical TSF for torque ripple reduction and efficiency enhancement is introduced. Only 

incoming phase or outgoing phase torque is changed and the other phase is kept the same 

within current limit of the motor. Therefore, only incoming or outgoing phase produces 

torque ripple and the total torque ripple may be reduced. However, theoretical analysis of 

the maximum absolute value of rate of change of flux linkage (ARCFL) of logical TSF 

has not been provided. In [93-94], an iterative learning controller is proposed to add a 

compensation current to the current reference to reduce the torque ripple resulting from 

nonlinearity of SRM. In [95], turn-on angle of the adaptive TSF is adjusted with speed in 

order to reduce torque ripple. However, the shape of TSF is not adjusted and thus the 

torque-speed performance improvement is still limited. It should be noted that, the torque 
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ripples of SRM are known to be highest when the outgoing phase produces the negative 

torque [96]. If the overlapping region is limited to positive torque producing region, the 

torque produced by incoming phase is no higher than the total torque reference, and the 

total torque response will be lower than its reference. This leads to higher torque ripples. 

In [97], a modified TSF is presented to reduce torque ripple and enhance torque-speed 

performance for SRM. By applying the modified TSF, the phase torque tracking error is 

added to the torque reference of the other phase. Therefore, the torque response of 

incoming phase can be higher than the total torque reference to compensate the negative 

torque produced by outgoing phase. Also, positive torque produced by incoming phase 

can be compensated by outgoing phase. Therefore, this TSF demonstrates better 

performance in torque ripple reduction.   

In this chapter, an online TSF for torque ripple reduction of SRM is proposed. 

Absolute value of rate of change of flux linkages (ARCFLs) of incoming phase and 

outgoing phase for conventional TSFs including linear, cubic, exponential TSFs are 

compared. The comparison results show that ARCFL of incoming phase for conventional 

TSFs is a little higher at the start of commutation and the ARCFL of the outgoing phase 

becomes much higher as commutation ends. Based on this fact, the operation of SRM is 

divided into two modes: In mode I, ARCFL of incoming phase is higher than outgoing 

phase, while in mode II, ARCFL of outgoing phase is higher than incoming phase. The 

online torque control based on TSF is realized by using a proportional and integral (PI) 

compensator with the error between the torque reference and estimated torque. The output 

of PI compensator is added to the torque reference of the phase with lower ARCFL, that 
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is, the outgoing phase in Mode I and incoming phase in Mode II. Therefore, the 

maximum torque-ripple-free speed (TRFS) of the proposed online TSF is dependent on 

the phase which has lower ARCFL rather than higher ARCFL in conventional TSFs. 

Torque speed performance of online TSF is greatly improved. In addition, torque 

expression in terms of rotor position and current are derived in both linear and saturated 

region of SRM and the proposed online TSF is applied to nonlinear region of SRM. 

Finally, the performance of conventional TSFs and the proposed online TSF are 

compared in terms of torque ripple, average torque and copper loss the wide speed range 

through simulations and experiments with a 2.3 kW, 6000 rpm, 12/8 SRM. 

5.2 PROPOSED ONLINE TORQUE SHARING FUNCTION  

5.2.1 Comparison of Rate of Change of Flux Linkages of Conventional TSFs 

ARCFL of incoming phase and outgoing phase for conventional TSFs including linear, 

cubic, exponential TSFs is compared in this section. A 2.3 kW, 6000 rpm, three-phase 

12/8 SRM with DC-link voltage 300 V is used for the comparison. The inductance profile 

and torque profile of studied SRM is already shown in Fig. 2.5.Turn-on angle ɗon, turn-off 

angle ɗoff and overlapping angle ɗov of linear TSF, cubic TSF, and exponential TSF are set 

to 5º, 20º and 2.5º, respectively. Please note that the angles provided in this chapter are 

expressed in mechanical degrees. Torque reference is set to be 1 Nm. Typical waveforms 

of reference torque, reference current, flux linkage and ARCFL in terms of rotor position 

are shown in Fig. 5.1. 
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Fig. 5.1. Torque reference, current reference, flux linkage, and rate of change of flux 

linkage of conventional TSFs. (a) Reference torque. (b) Reference current. (c) Flux 

linkage. (d) Rate of change of flux linkage. (e) ARCFL. 

Comparison regarding ARCFL of incoming phase and outgoing phase for linear 

TSF is shown in Fig. 5.1(e). Based on this comparison, two operational modes (Mode I 
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and II) are clearly noted in this figure. In Mode I, ARCFL of incoming phase is higher; in 

Mode II, ARCFL of outgoing phase becomes much higher. Two operational modes are 

applied to all three types of conventional TSFs. Therefore, the maximum ARCFL is 

determined by the incoming phase in Mode I and the outgoing phase in Mode II. Since 

maximum ARCFL at the end of commutation is much larger than the one at the start of 

commutation in conventional TSFs, the maximum TRFS is defined by the outgoing 

phase. 

5.2.2 Proposed Online TSF 

Based on the comparison of ARCFL of incoming phase and outgoing phase, two 

operational modes are introduced and principles of the proposed online TSF in these 

modes are explained in this section. The goal of the proposed online TSF is to minimize 

the maximum ARCFL. The copper loss of online TSF will be compared to conventional 

TSFs through simulation results. 

(1) Mode I 

As discussed above, the ARCFL of outgoing phase is lower than incoming phase 

at the start of commutation which is denoted as Mode I in Fig. 5.1. Since ARCFL of the 

outgoing phase is lower in Mode I, for an ideal case, it can be assumed that the torque of 

the outgoing phase is equal to its reference 

 _ ( 1) _( 1)e ref k e kT T- -=  (5.1) 
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Torque tracking error æT of the incoming phase can be obtained as (5.2), which could be 

positive or negative. 

 _ ( ) _( )e ref k e kT T T= +D (5.2) 

Adding (5.1) and (5.2) together, (5.3) and (5.4 )can be derived. The total torque error is 

denoted by æT, which is introduced by the incoming phase. 

 
_ _ ( 1) _ ( ) _( 1) _( )e ref e ref k e ref k e k e k

T T T T T T
- -

= + + +D=  (5.3) 

 
_ ee ref

T T T= +D (5.4) 

Since the outgoing phase has better tracking performance, its torque reference can be 

modified as 

 _ ( 1) _ ( 1)
new
e ref k e ref k

T T T
- -
= +D (5.5) 

The torque response of the outgoing phase can be obtained assuming the tracking error of 

the outgoing phase is zero. 

 
( 1) _ ( 1) _ ( 1)
new new

e k e ref k e ref kT T T T- - -= +D=  (5.6) 

The torque response of the incoming phase is kept the same as (5.2) since the torque 

reference of the incoming phase is unchanged. Then, the torque response of incoming 

phase can be represented as (5.7). 

 _( ) _( ) _ ( )
new
e k e k e ref k

T T T T= = -D (5.7) 

By adding (5.6) and (5.7) together, the sum of the torque response of incoming phase and 

outgoing phase are obtained as (5.8). The torque ripple is eliminated if the tracking error 

of outgoing phase is zero. Therefore, in Mode I, the torque error is determined by tracking 

precision of the outgoing phase, which has lower ARCFL. 
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e e k e k

e ref k e ref k

e ref

T T T

T T T T

T
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-

= +

= -D + +D

=

 (5.8) 

The control diagram of online TSF is shown in Fig. 5.2. Only two phases are 

conducting during commutation. (k-1)
th
 phase and (k)

th
 phase represents the outgoing 

phase and incoming phase, respectively. T (ɗ, i) illustrates the torque equation of the 

SRM in both linear magnetic and saturated magnetic regions, which can be obtained by 

either experiment or FEA simulation. I (ɗ, T) represent the torque to current conversion in 

both linear magnetic region and saturated magnetic region. If precise torque-current-angle 

characteristics of SRM are known, I (ɗ, T) is the inverse mapping of T (ɗ, i) at the same 

position. The control diagram in Fig. 5.2 can be applied to SRM in both linear magnetic 

and saturated region, since (5.8) is applicable in both regions. 

Te_ref
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Te_ref(k) ie_ref(k) ikI (ɗ, T) H(k)(s) T (ɗ, i) 
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+
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_ ( 1)

new

e ref kT -

E(s)
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ie_ref(k-1) ik-1I (ɗ, T) H(k-1)(s) T (ɗ, i) 
+

+
+

-

TSF

 

Fig. 5.2. Control diagram of online torque sharing function in Mode I. 

Transfer functions H(k-1)(s) and H(k)(s) represent current response for outgoing and 

incoming phases, respectively. Time delay of current control loop is dependent on the 

rotor position and speed; therefore an analytical expression is hard to obtain. The 

maximum time delay of the current control loop is considered to simplify the controller 
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design. H(k-1)(s) and H(k)(s) are denoted as (5.9) and (5.10). Maximum time delay is 

assumed to be 0.001s both for the incoming and outgoing phases. This maximum time 

delay can be obtained by simulation, which is dependent on speed and motor parameters. 

 
( 1)

1

1
( )

1
kH s

st
- =

+
 (5.9) 

 
( )

2

1
( )

1
kH s

st
=

+
 (5.10) 

where Ű1 and Ű2 are time delay of outgoing phase and incoming phase. 

Thus, the currents of each phase are obtained as (5.11) and (5.12). 

 
( 1) _( 1)

1

1

1
k ref ki i

st- -=
+

 (5.11) 

 
( ) _( )

2

1

1k ref ki i
st

=
+

 (5.12) 

As shown in Fig. 5.2, online TSF can be regarded as a closed loop control system, 

where G(k-1)(s) is the feedback compensator and TSF is regarded as feed-forward 

compensator. The open loop transfer function of online TSF can be obtained as (5.13). 

 
( 1) ( 1)( ) ( ) ( )k kTSF s G s H s- -=  (5.13) 

The torque error transfer function E(s) is defined as (5.14) and the torque response is 

represented as (5.15). 

 
_( ) e ref eE s T T= - (5.14) 

 
( 1) ( )_ _ ( 1) ( 1)(1 ) ( ) ( ) ( ) ( ) ( )rise k rise ke e ref e ref k kT T T Gf H s f H s E s s H s- - -= - + +  (5.15) 
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Combining (5.13), (5.14) and (5.15), the transfer function from reference to error of 

online TSF can be derived as (5.16). 

 
( 1) ( )

_

1 (1 ) ( ) ( )( )

1 ( )

rise k rise k

e ref

f H s f H sE s

T TSF s

-- - -
=

+
 (5.16) 

In case of conventional TSF, since there is no torque error compensation, G(k-1)(s) equals 

to zero and open loop transfer function TSF(s) equals to zero. Therefore, the transfer 

function from reference to error of conventional TSFs is illustrated as (5.17). 

 
_

( 1) ( )

_ _

( )
1 (1 ) ( ) ( )

e ref e

rise k rise k

e ref e ref

T TE s
f H s f H s

T T
-= = - - -

-
 (5.17) 

By applying online TSF, the torque error is added to the torque reference of 

outgoing phase to compensate the torque error mainly introduced by the incoming phase 

in Mode I. Torque reference of the outgoing phase was defined in (5.4). As shown in Fig. 

5.2, by adding compensator G(k-1)(s), the torque reference of the outgoing phase can be 

expressed as (5.18). 

 
( 1)_ ( 1) _ ( 1)

( )
k

new
e ref k e ref k

T T T G s
-- -

= +D  (5.18) 

As compared to (5.4), G(k-1)(s) in (5.18) is set to 1. As explained earlier, this is valid for an 

ideal case where the tracking error of the outgoing phase is assumed to be zero. Thus, the 

open loop transfer function TSF(s) of online TSF is equal to H(k-1)(s) as shown in (5.13). 

At low frequencies, H(k-1)(s) will be close to one and therefore the open loop transfer 

function TSF(s) in (5.13) will be also close to 1. Now, the transfer function from 

reference to error of online TSF can be expressed as 
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( 1) ( )

_

1 (1 ) ( ) ( )( )

2

rise k rise k

e ref

f H s f H sE s

T

-- - -
=  (5.19) 

Compared to the transfer function for the conventional TSFs in (5.17), it can be observed 

that for the same torque reference, torque error of online TSF is reduced by only 50% and 

therefore the performance of online TSF in torque ripple reduction is still limited. 

The parameters of the proportional and integral (PI) compensator G(k-1)(s) are 

adjusted to increase the gain of the open loop transfer function at low frequencies. The 

crossover frequency is normally selected no larger than one tenth of the minimum 

switching frequency. The switching frequency of the studied SRM varies between 10 kHz 

and 50 kHz, depending on the rotor position and hysteresis band. Therefore, the crossover 

frequency is selected as about 1 kHz. In order to ensure the stability, phase margin is 

selected greater than 60º. One possible selection of compensator G(k-1)(s) is shown in 

(5.20). The compensator G(k-1)(s) could be later adjusted according to the operation of the 

motor. Bode plots of H(k-1)(s) and G(k-1)(s)H(k-1)(s) are shown in Fig. 5.3. The amplitude of 

open loop transfer function is greatly enhanced after compensator G(k-1)(s) and thus the 

torque tracking error can be further reduced. 

 
( 1)

10
( ) 10kG s

s
- = +  (5.20) 
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Fig. 5.3. Bode plot of the open loop transfer function before and after compensation. 

(2) Mode II 

In Mode II, the ARCFL of incoming phase is lower than that of outgoing phase 

and therefore the torque error of online TSF is determined by tracking ability of the 

incoming phase in Mode II. Similarly, the control diagram of online TSF in Mode II is 

shown in Fig. 5.4. The compensator of incoming phase G(k)(s) is selected the same as G(k-

1)(s). 
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Fig. 5.4. Control diagram of online torque sharing function in Mode II. 
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Comparison of online TSF in Mode I and Mode II is shown in Table 5.1. The 

compensator based on the torque error is added to the torque reference of the outgoing 

phase in Mode I, while the compensator is added to the torque reference of the incoming 

phase in Mode II. 

Table 5.1. Comparison of the online torque sharing functions. 

Mode I Mode II 
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_ ( 1) _ ( 1) _)
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5.2.3 Comparison between Conventional TSFs and Proposed Online TSF 

In conventional TSFs, the torque error is determined by the phase with worse tracking 

ability (higher ARCFL) and therefore the maximum ARCFL Mɚ of conventional TSFs is 

defined as in (5.21). The torque error of online TSF is determined by the phase with better 

tracking ability (lower ARCFL) in Mode I and II, and therefore the maximum ARCFL Mɚ 

of the online TSF is defined as (5.22). 

 
max{| ,| }| |fallrise

dd
M

d d
l

ll

q q
=  

(5.21) 

 
min{| ,| }| |fallrise

dd
M

d d
l

ll

q q
=  (5.22) 

where lrise is the rising flux linkage for the incoming phase, lfall is the decreasing flux 

linkage for the outgoing phase. 
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Comparison of linear TSF and linear based online TSF is shown in Fig. 5.5. 

Torque reference is set to be 1 Nm. The Mɚ of linear based online TSF at the end of 

commutation is much lower than that of linear TSF. The Mɚ of linear based online TSF, 

linear TSF, cubic TSF, and exponential TSF is 0.7 Wb/rad, 18.8 Wb/rad, 7.15 Wb/rad and 

27.2 Wb/rad, respectively. Therefore, the maximum torque-ripple-free speed (TRFS) of 

linear based online TSF, linear TSF, cubic TSF, and exponential TSF are 4194 rpm, 152 

rpm, 400 rpm, and 105 rpm, respectively. The maximum TRFS of linear based online 

TSF is more than 10 times as high as that of the cubic TSF, which has best torque speed 

performance among the conventional TSFs. The maximum ARCFL of cubic based online 

TSF, exponential based online TSF, and linear based online TSF are very similar, 

therefore only linear based online TSF is considered in this thesis and from this point 

forward it will be referred as online TSF. Since torque reference from the online TSF 

varies at different speeds, the copper loss of online TSF is also a function of speed. 

Copper loss of online TSF at different speeds will be compared to those of conventional 

TSFs in the next section through simulation results. 



128 

 

Rotor Position(Deg.)

0 2 4 6 8 10 12 14 16 18 20
-5
0
5

10
15
20
25

 

0 2 4 6 8 10 12 14 16 18 20
-5
0
5

10
15
20
25

 

 

incoming phase outgoing phase

A
R

C
F

L
 (

W
b
/R

ad
)

Online TSF Linear TSF

 M
ɚ 
 (

W
b
/R

ad
)

Rotor Position(Deg.)

 

Fig. 5.5. Comparison of maximum ARCFL of linear TSF and online TSF. 

5.3 SIMULATION VERIFICAT ION 

The proposed online TSF is compared to conventional TSFs in terms of RMS current, 

torque ripple, and average torque through simulation results. The 2.3 kW, 6000 rpm, 

three-phase 12/8 SRM model is implemented in Matlab/Simulink by using torque as well 

as inductance profiles from finite element analysis (FEA) as shown in Fig. 2.5. Hysteresis 

current control is applied to the current control loop with 0.5 A hysteresis band. 

Asymmetric power electronic converter is used to simulate SRM operation under 300 V 

DC-link voltage. The torque ripple Trip is defined as (5.23). The torque ripple during 

commutation are named as commutation torque ripple. During one phase conduction, 

torque ripple still exist due to current ripples from the hysteresis current control. Torque 

ripple during one phase conduction are named as non-commutation torque ripple. 
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max min

av

rip

T T
T

T

-
=  (5.23) 

where Tav, Tmax, and Tmin are the average torque, maximum torque, and minimum torque, 

respectively. 

There is a sampling time limitation in the digital implementation of current 

hysteresis controller, which results in higher current ripples leading to higher torque 

ripple in any type of TSFs. In addition, since online TSF can be regarded as feedback 

control system with torque error as the input, with the higher sampling time, the time-

delay of the input (torque error) is also increased. The control performance of the online 

TSF is deteriorated due to higher sampling time and torque ripple may be increased for 

this reason. Therefore, the sampling time becomes an important factor determining the 

torque ripple of both conventional TSFs and an online TSF. 

In simulation, the sampling time tsample is set to 0.1 ms and 5 ms, respectively. 

When tsample is set to 0.1 ms, the torque ripple is mostly contributed by the tracking 

performance of TSFs rather than higher sampling time and, hence, the tracking 

performance of the TSFs can be compared more effectively in terms of torque ripple. 

Then torque reference is set to be 1.5 Nm to analyze the linear operation at 300 rpm, 3000 

rpm and 6000 rpm. Also, the torque reference is set to be 3Nm to analyze the nonlinear 

operation both at 4000 rpm. The switching frequency is between 50 kHz and 10 kHz 

depending on the speed and current. 
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Due to the limitation of the digital controller hardware, the sampling time is 5 ms 

in the experiments. Therefore, the sampling time in simulation is also set to 5 ms so that a 

fair comparison between the experimental results and simulation results can be 

conducted. The switching frequency is between 20 kHz and 10 kHz depending on the 

speed and current. Same operating conditions have been applied with tsample 5 ms, so the 

effect of sampling time on torque ripple using different TSFs can be investigated by 

simulation. 

5.3.1 Simulation Results with Lower Sampling Time 

(1) Simulation Results at 300 rpm (Tref=1.5 Nm and tsample=0.1 ms) 

Fig. 5.6 shows simulation results of linear, cubic, exponential, and online TSFs at 

300 rpm when the torque reference is set to 1.5 Nm and sampling time is set to 0.1 ms. 

The maximum TRFSs of linear and exponential TSFs are both lower than 300 rpm, and 

thus the current references are not ideally tracked as shown in Fig. 5.6 (a) and Fig. 5.6 (c). 

Considering 20% non-commutation torque ripple, the commutation torque ripple of linear 

and exponential TSFs can be neglected. The maximum TRFSs of linear and cubic TSFs 

are both higher than 300 rpm, and they show no tracking torque error. 
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Fig. 5.6. Simulation results with different TSFs (speed=300 rpm, Tref=1.5 Nm, and 

tsample=0.1 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Online TSF. 
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(2) Simulation Results at 3000 rpm (Tref=1.5 Nm and tsample=0.1 ms) 

Fig. 5.7 shows simulation results of linear, cubic, exponential, and online TSFs at 

3000 rpm. At higher speed, the torque ripples of linear, cubic and exponential TSFs are 

significantly increased. The TRFS of online TSF is about 4000 rpm. At the start of 

commutation (Mode I), online TSF shows no tracking error of the outgoing phase and 

torque error produced by incoming phase is totally compensated by the outgoing phase. 

At the end of commutation (Mode II), tracking error of the incoming phase is close to 

zero and torque error produced by outgoing phase is totally compensated by the incoming 

phase. Thus, no commutation torque ripple is produced by applying the online TSF. 
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(d) 

Fig. 5.7. Simulation results with different TSFs (speed=3000 rpm, Tref=1.5 Nm, and 

tsample=0.1 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Online TSF. 

(3) Simulation Results at 6000 rpm (Tref=1.5 Nm, tsample=0.1 ms) 

Fig. 5.8 shows simulation results of linear, cubic, exponential, and online TSFs at 

6000 rpm when the torque reference is 1.5 Nm and sampling time is 0.1 ms. TRFS of 

conventional TSFs are much lower than 6000 rpm. Therefore, the torque ripple of linear, 

cubic and exponential TSFs is significantly increased at 6000 rpm. Due to much higher 

torque ripple in conventional TSFs, especially negative torque introduced by the outgoing 

phase and the average torque is decreased. The TRFS of online TSF is about 4000 rpm, 

which is slightly lower than the maximum speed of SRM. Minor tracking error is 

produced by applying online TSF and small commutation ripples are generated. 
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Compared with 20% non-commutation torque ripple, the commutation ripples are still 

small. 
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(d) 

Fig. 5.8. Simulation results with different TSFs (speed=6000 rpm, Tref=1.5 Nm, and 

tsample=0.1 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Online TSF. 
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(4) Simulation Results at 4000 rpm (Tref=3 Nm and tsample=0.1 ms) 

Here, torque reference is increased to 3 Nm to verify the application of the 

proposed online TSF in the magnetic saturation region. Fig. 5.9 shows simulation results 

of linear, cubic, exponential and proposed online TSF at 4000 rpm when the torque 

reference is 3 Nm and sampling time is 0.1 ms. Due to higher rate of flux linkage at higher 

torque outputs, torque ripple of conventional TSFs are increased compared with those in 

lower torque output at the same speed. At 4000 rpm, the torque ripple of the proposed 

online TSF is kept as the minimum (13%) while torque ripple of conventional TSF 

increase up to 60%. Therefore, the online TSF shows no deteriorated performance when 

the motor is operating in the magnetic saturated region. 
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Fig. 5.9. Simulation results with different TSFs (speed=4000 rpm, Tref=3 Nm, and 

tsample=0.1 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Online TSF. 

5.3.2 Simulation Results with Higher Sampling Time 

(1) Simulation Results at 6000 rpm (Tref=1.5 Nm and tsample=5 ms) 

The sampling time is increased to 5 ms to investigate the effect of the sampling 

time on torque ripple. Fig. 5.10 shows simulation results of linear, cubic, exponential and 

proposed online TSF at 6000 rpm when the torque reference is 1.5 Nm and sampling time 

is 5 ms. According to simulation results in Fig. 5.8 for tsample of 0.1 ms, the torque ripples 

of linear TSF, cubic TSF, exponential TSF and online TSF at 6000 rpm are around 67%, 

74%, 80%, and 20%, respectively. As the sampling time is increased to 5 ms, the torque 
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ripples of linear TSF, cubic TSF, exponential TSF and online TSF are increased to 100%, 

93%, 80% and 40%, respectively. With much higher sampling time, torque ripples of 

TSFs are increased due to current hysteresis controller. Furthermore, due to longer time 

delay in the feedback control system, the online TSF shows twice torque ripple. However, 

the online TSF shows one half of torque ripple as the best case in conventional TSFs. 

Therefore, the online TSF demonstrates better performance in torque ripple reduction 

compared with conventional TSFs at higher sampling time in linear magnetic region. 
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Fig. 5.10. Simulation results with different TSFs (speed=6000 rpm, Tref=1.5 Nm, and 

tsample=5 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Online TSF. 

(2) Simulation Results at 4000 rpm (Tref=3 Nm and tsample=5 ms) 

In magnetic saturation region (Tref=3 Nm), the sampling time is increased to 5 ms 

at 4000 rpm. Fig. 5.11 shows simulation results of linear, cubic, exponential and proposed 

online TSF at 4000 rpm when the torque reference is 3 Nm and sampling time is 5 ms. 

According to the simulation results in Fig. 5.9 for tsample of 0.1 ms, the torque ripples of 

linear TSF, cubic TSF, exponential TSF and online TSF at 4000 rpm are around 67%, 

88%, 67%, and 13%, respectively. As the sampling time is increased to 5 ms, the torque 

ripples of linear TSF, cubic TSF, exponential TSF and online TSF are 67%, 90%, 88% 

and 41%, respectively. Due to higher back EMF at higher current level, rate of change of 
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phase current is reduced. The influence of the sampling time on current hysteresis 

controller becomes negligible and therefore no significant changes are observed in torque 

ripple of conventional TSFs. However, with much higher sampling time, the control 

performance of the online TSF shows some degree of deterioration such as the fluctuation 

of the waveforms in the incoming-outgoing region. This leads to much higher 

commutation torque ripple. However, when the sampling time is 5 ms, the torque ripple of 

online TSF is still smaller than conventional TSFs in magnetic saturation region. 
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Fig. 5.11. Simulation results with different TSFs (speed=4000 rpm, Tref=3 Nm, and 

tsample=5 ms). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Online TSF. 

5.3.3 Comparison of Torque Ripple and RMS Current  

Torque ripple can be compared more fairly when the sampling time is set to 0.1 ms. In this 

case, the effect of the sampling time on torque-speed performance of TSFs can be nearly 

eliminated and the torque ripples of TSFs are mostly contributed by the tracking 

performance of TSFs. In this section, torque ripple, average torque, RMS current are 

compared when the sampling time is set to 0.1 ms. The torque ripple of different TSFs is 

compared in Fig. 5.12. The torque ripples of linear, cubic, and exponential TSFs at 6000 

rpm are more than three times as high as non-commutation ripples. Below 1000 rpm, 

cubic TSF shows lower torque ripple than exponential TSF and linear TSF. However, it 
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shows higher torque ripple at higher speed. At 6000 rpm, linear TSF has around 15% 

lower torque as compared to cubic TSF. The torque ripple of the proposed online TSF is 

kept constant over a wide speed range and is equal to the non-commutation ripples. Thus, 

the maximum torque ripple of online TSF is only 25%, 27%, and 30% of that of linear, 

exponential and cubic TSFs.  

300 1000 2000 3000 4000 5000 6000
10

20

30

40

50

60

70

80

90

 

Linear TSF

Exponential TSF
Online TSF

Cubic TSF

T
o
rq

u
e 

R
ip

p
le

 (
%

)

Speed (rpm)  

Fig. 5.12. Comparison of torque ripple of different TSFs (Tref=1.5 Nm and tsample=0.1 ms). 

RMS current of different TSFs are compared in Fig. 5.13. Differences in RMS 

current for different TSFs are minor and can be neglected below 3000 rpm. At higher 

speeds, the RMS current of the proposed online TSF shows slight increase. However, as 

shown in Fig. 5.14, the average torque of conventional TSFs is decreased as the speed 

increases. This is due to the poor tracking capability of conventional TSFs. The proposed 

online TSF has much better tracking capability and it follows the torque reference with 

much lower commutation torque ripple. Therefore, it should be noted that, due to higher 

average torque output, RMS current of online TSF is slightly higher. 
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Fig. 5.13. Comparison of RMS current of different TSFs (Tref=1.5 Nm and tsample=0.1 ms). 
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Fig. 5.14. Comparison of average torque (Tref=1.5 Nm and tsample=0.1 ms). 

Online TSF has much better tracking capability as compared to other conventional 

TSFs. In order to match with the same average torque, higher torque reference should be 

given to other conventional TSFs, which may eventually results in higher RMS current 

than online TSF. Therefore, the ratio between RMS current and average torque is 
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introduced as (5.24) in order to compare performance of different TSFs for the same 

torque reference. This index works as an operational parameter rather than a design 

parameter for the motor. 

 

av

RMSI
Ratio

T
=  (5.24) 

Comparison of the ratio between conventional TSFs and online TSF is depicted in 

Fig. 5.15. Ratio of online TSF is close to that of conventional TSFs at speeds lower than 

2000 rpm and much lower than that of conventional TSFs at higher speed. Therefore, for 

per unit average torque, online TSF produces equivalent or lower RMS current than 

conventional TSFs, which will not pose challenge on the rating of the motor. 
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Fig. 5.15. Comparison of RMS current per average torque of different TSFs (Tref=1.5 Nm 

and tsample=0.1 ms). 

The analysis on the performance of TSFs in magnetic saturation region, the 

sampling time is also set to 0.1 ms to eliminate sampling time effect. Torque ripple, RMS 
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current, average torque and RMS current per average torque of different TSFs are 

compared in Figs. 5.16-5.19 when the torque reference is set to 3 Nm. Online TSF shows 

no obvious increase in torque ripple as the speed increases, while, the torque ripple of 

conventional TSFs are greatly increased below 4000 rpm. At speeds higher than 5000 

rpm, the current control capability of the SRM reduces and, hence, all TSFs show similar 

torque ripple. Among the three conventional TSFs, linear TSF shows the minimum torque 

ripple at 4000 rpm, which are still five times as high as online TSF. Compared with 

conventional TSFs, online TSF shows slightly higher RMS current, higher average 

torque, and lower RMS current per average torque over the wide speed range. Therefore, 

in magnetic saturation region, the online TSF is more effective than conventional TSFs in 

terms of torque ripple reduction. 
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Fig. 5.16. Comparison of torque ripple of different TSFs (Tref=3 Nm and tsample=0.1 ms). 
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Fig. 5.17. Comparison of RMS current of different TSFs (Tref=3 Nm and tsample=0.1 ms). 
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Fig. 5.18. Comparison of average torque of different TSFs (Tref=3 Nm and tsample=0.1 ms). 
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Fig. 5.19. Comparison of RMS current per average torque of different TSFs (Tref=3 Nm 

and tsample=0.1 ms). 

5.4 EXPERIMENTAL VERIFIC ATION  

The proposed online TSF is verified in a 2.3 kW, 6000 rpm, three-phase 12/8 SRM. 

FPGA EP3C25Q240 is used for digital implementation of the proposed TSF. Current 

hysteresis band is set to be 0.5 A, and DC-link voltage is set to 300 V. The sampling time 

of the digital controller in the experimental setup is set to 5 ms. In the experiment, the 

speed of the motor is between 4000 rpm and 6000 rpm. The switching frequency is 

between 20 kHz and 10 kHz depending on the speed and torque. As verified with the 

simulation results previously, higher current ripples and torque ripple can be observed 

when the sampling time is set to 5 ms rather than 0.1 ms. Similarly, the experimental SRM 

is operating in two different operating conditions: (1) Tref=1.5 Nm, speed=6000 rpm, and 
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tsample=5 ms (2) Tref=3 Nm, speed=4000 rpm, and tsample=5 ms. Experimental results will be 

compared with simulation results at the same torque reference, the same speed and the 

same sampling time. The torque-current-rotor position characteristics are stored as look 

up tables in FPGA. Torque is estimated from these look-up tables by measuring the phase 

current and rotor position, and converted into an analog signal through digital-to-analog 

conversion chip in the hardware. It should be noted that the torque output of each phase 

could be negative, since the selected digital-to-analog conversion chip is unipolar. Thus, 

2Nm offset is added to the torque out of each phase in the next a couple of figures and no 

offset is added to the total torque. The torque reference of online TSF is adjusted online 

according to the error between the torque reference and estimated torque. 

(1)  Experimental Results at 6000 rpm (Tref=1.5 Nm and tsample =5 ms) 

The torque reference is set to 1.5 Nm and sampling time is 5 ms in this 

experiment. Fig. 5.20 (a) and (b) show the torque response and current response of linear 

TSF at 6000 rpm, respectively. Fig. 5.21 (a) and (b) show the torque response and current 

response of cubic TSF at 6000 rpm, respectively. Fig. 5.22 (a) and (b) show the torque 

response and current response of exponential TSF at 6000 rpm, respectively. Fig. 5.23(a) 

and (b) show the torque response and current response of online TSF at 6000 rpm, 

respectively. The torque ripples of linear TSF, cubic TSF and exponential TSF at 

6000rpm are around 93%, 102 %, 100%, and 40%, compared to 100%, 93%, 80% and 

40% torque ripples in simulation results in Fig. 5.10. In the experiment, the online TSF 

produces less than one half of torque ripple of the best case in conventional TSFs, which 
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matches the simulation results in terms of torque ripple, torque response, and current 

waveforms at the same operation condition. Online TSF has better torque speed 

performance than conventional TSFs in linear magnetic region by experimental results. 

 

Fig. 5.20. Experimental results of linear TSF (speed=6000 rpm, Tref=1.5 Nm, and tsample=5 

ms). (a) Torque. (b) Current. 

 

Fig. 5.21. Experimental results of cubic TSF (speed=6000 rpm, Tref=1.5 Nm, and tsample=5 

ms). (a) Torque. (b) Current. 
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Fig. 5.22. Experimental results of exponential TSF (speed=6000 rpm, Tref=1.5 Nm, and 

tsample=5 ms). (a) Torque. (b) Current. 

 

Fig. 5.23. Experimental results of online TSF (speed=6000 rpm, Tref=1.5 Nm, and tsample 

=5 ms). (a) Torque. (b) Current. 

(2)  Experimental Results at 4000 rpm (Tref=3 Nm and tsample =5 ms) 

In this experiment, the torque reference is increased to 3 Nm to verify the 

performance of online TSF in the magnetic saturated region. The sampling time is still set 

to 5 ms. Fig. 5.24 (a) and (b) show the torque response and current response of linear TSF 
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at 4000 rpm, respectively. Fig. 5.25 (a) and (b) show the torque response and current 

response of cubic TSF at 4000 rpm, respectively. Fig. 5.26 (a) and (b) show the torque 

response and current response of exponential TSF at 4000 rpm, respectively. Fig. 5.27 (a) 

and (b) show the torque response and current response of online TSF at 4000 rpm, 

respectively. Simulation results (Tref=3 Nm, speed=4000 rpm, and tsample=5 ms) in Fig. 

5.11 show that the torque ripples of linear TSF, cubic TSF, exponential TSF and online 

TSF are 67%, 90%, 88% and 41%, respectively. Experimental results shown in Figs. 27-

30 show that the torque ripples of linear TSF, cubic TSF and exponential TSF are 

increased to up to 67%, 83% and 93%, and 40%. Therefore, experimental results of 

different TSFs are close to the simulation results in terms of torque ripple, torque 

response, and current waveforms when sampling time, torque reference, and speed of the 

motor are the same.  The application of online TSF in magnetic saturation region is 

verified by this experiment. 

 

Fig. 5.24. Experimental results of linear TSF (speed=4000 rpm, Tref=3 Nm, and tsample=5 

ms). (a) Torque. (b) Current. 










































































































































































