
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

UNIVERSAL POSITION-SENSORLESS 

CONTROL FOR SWITCHED RELUCTANCE 

MOTOR DRIVES



i 

 

 

 

 

 

 

UNIVERSAL POSITION-SENSORLESS CONTROL FOR 

SWITCHED RELUCTANCE MOTOR DRIVES 

 

BY 

DIANXUN XIAO, M. Eng. 

 

 

 

 

A THESIS 

SUBMITTED TO THE DEPARTMENT OF ELECTRICAL & COMPUTER ENGINEERING 

AND THE SCHOOL OF GRADUATE STUDIES  

OF MCMASTER UNIVERSITY  

IN PARTIAL FULFILMENT OF THE REQUIREMENTS  

FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

 

© Copyright by Dianxun Xiao, July 2021 

All Rights Reserved 

 



 

 

ii 

 

Doctor of Philosophy (2021)                                                          McMaster University  

(Electrical & Computer Engineering)                                  Hamilton, Ontario, Canada 

 

 

 

 

 

TITLE: Universal Position-Sensorless Control for Switched 

Reluctance Motor Drives 

AUTHOR: Dianxun Xiao 

M. Eng., (Electrical Engineering) 

Harbin Institute of Technology, Harbin, China 

SUPERVISOR: Dr. Ali Emadi 

NUMBER OF PAGES: xxvi, 222 



 

 

iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To My Family 

 

 

 

 

 

 

 



iv 

 

 

Abstract 

Switched reluctance motors (SRMs) are promising candidates for electric vehicles due to 

lower manufacturing costs, higher efficiency, and robustness operation in a harsh environ-

ment. For accurate control of the SRM, the real-time rotor position is needed for phase 

computation. To obtain position information, position-sensorless control techniques have 

been developed to take the role of position sensors in commercial SRM drives for cost 

reduction or sensor-fault tolerance capability. Nowadays, the position-sensorless control of 

SRMs still suffers from a technical problem: the dependence on magnetic characteristics. 

Existing position estimation algorithms often require time-consuming offline measurement 

of magnetic parameters, limiting the broad applications due to the low generality. It is 

therefore of great significance to develop universal position-sensorless control techniques 

with less magnetic parameter dependence. 

Zero- and low-speed position-sensorless control of the SRM needs high-frequency in-

jection into the idle phase to measure the stator inductance. Rotor position is often estimated 

from the prestored inductance lookup table but is replaced by a new regional phase-locked 

loop (RPLL) with a self-commissioning process in this thesis. The modeling of the unsatu-

rated stator inductance can be established automatically via the pulse voltage injection at 
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the initial stage without offline testing. The RPLL embedded with a three-phase heterodyne 

design can estimate the full-cycle rotor position from the idle-phase inductance based on 

the unsaturated inductance model. The proposed low-speed position estimator can also re-

alize robust sensorless control in four-quadrant operation and magnetic saturation 

conditions without complicated magnetic characteristics. Besides, local stability of the po-

sition estimator is proved, and an optimized parameter design scheme is given. 

Although pulse voltage injection offers accurate position estimation in low-speed op-

eration, the induced pulse current results in additional copper loss and torque ripples. This 

problem is overcome in the thesis by regulating the magnitude of induced current at a min-

imal level. The induced current regulator is designed as a terminal sliding-mode controller 

that adjusts the injection voltage online over the whole idle-phase period. Proper control 

parameter selection based on the convergence analysis and stability proof ensures robust 

control performance against parameter uncertainties. The proposed pulse injection scheme 

combined with the RPLL can guarantee accurate position estimation while reducing copper 

losses and torque ripples significantly.  

Due to the shortened idle-phase duration when the rotor speed increases, pulse injec-

tion methods are infeasible for high-speed position estimation. To solve the problem, this 

thesis proposes a nonlinear observer based on feature position estimation in conduction 

phases for high-speed sensorless control. A self-commissioning method is adopted to cap-

ture a two-dimensional flux linkage curve at a feature position, which avoids offline 

measurement of the complete three-dimensional characteristics. However, the estimated 

feature position has low resolution, and its estimation accuracy is degraded by nonideal 
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flux linkage errors. To improve the sensorless control performance, a nonlinear state ob-

server using online Fourier series is then designed to eliminate disturbances in position 

estimation. Parameter design based on a small-signal analysis is also given to guarantee 

accurate position and speed estimation. 

High-speed position-sensorless control is further simplified using a new quadrature 

flux estimator without using any flux linkage characteristics. The method requires neither 

offline measurement nor online self-commissioning. This advantage is realized by adopting 

a speed-adaptive bandpass filter to extract the fundamental flux linkage. A three-phase 

phase-locked loop is then used to estimate the rotor position from the orthogonal flux link-

age signals without a priori knowledge of the SRM magnetic characteristics. The magnetic-

parameter-free position estimation can facilitate the application of sensorless control in a 

general-purpose SRM converter.  

A wide-speed range position estimation scheme is realized by combining both the low-

speed and high-speed position estimation approaches. Consequently, a universal position-

sensorless control scheme is proposed in the thesis, covering the full-speed range and not 

requiring offline measurement effort.  

The proposed position estimation schemes are verified on a 5.5 kW 12/8 SRM test 

bench.
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Notation  

Symbols 

λ Phase flux linkage 

u Phase voltage 

R Phase resistance 

L Phase self-inductance 

i Phase current 

iref Reference phase current 

Nr Number of rotor poles 

θ Rotor position 

 Estimated rotor position 

∆θ Rotor position estimation error 

θon Phase turn-on angle 

θoff Phase turn-off angle 

θa Aligned rotor position 

θu Unaligned rotor position 

̂
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θov Position at which the stator and rotor poles starting overlap 

θfeature Feature rotor position 

ω Rotor rotor speed 

ωref Reference rotor speed 

 Estimated rotor speed 

∆ω Rotor speed estimation error 

Te Electromagnetic torque 

Tref Reference electromagnetic torque 

TL Load torque 

J Inertia 

B Friction coefficient 

Udc DC-link voltage 

uinj Amplitude of injected voltages 

d Disturbance 

Ts Control frequency/sampling frequency 

g Gate drive signal 

F Feature position vector 

Fh Harmonic position vector 

Ff Fundamental position vector 

ε Input position error signal of the phase-locked loop 

λf Fundamental flux linkage 

λfq Quadrature fundamental flux linkage 

̂
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kp, ki Proportional-integral parameters 

ω0 Central frequency of the SOGI-HPF 

Abbreviations 

SRM Switched Reluctance motor 

FEA Finite element analysis 

PWM Pulse-width modulation 

RPLL Reginal phase-locked loop 

PLL Phase-locked loop 

NSO Nonlinear state observer 

IM Induction machine 

PMSM Permanent magnet synchronous motor 

SNR Signal-to-noise ratio 

back-EMF Back electromotive force 

SMO Sliding mode observer 

PI Proportional-integral 

KF Kalman filter 

EKF Extended Kalman filter 

LPF Lowpass filter 

HPF Highpass filter 

TSMC  Terminal sliding-mode controller 
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QFE  Quadrature flux estimator 

SOGI Second-order generalized integrator 

SOGI-HPF Second-order generalized integrator with highpass filter 

AC Alternating current 

DC Direct current 

NN Neural network 

MRAS Model reference adaptive system 
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Chapter 1 

Introduction 

1.1 Background and Motivation 

Switched reluctance motors (SRMs) have attracted extensive attention in traction applica-

tions [1]. Different from permanent magnet synchronous motors (PMSMs) and induction 

motors (IMs), the rotor of the SRM is constructed by laminated silicon steels without mag-

net materials and magnetizing windings. Therefore, the SRM has advantages in lower 

manufacturing costs, robust mechanical strength, and higher efficiency, making it a poten-

tial option for driving systems. 

Due to the doubly salient structure of the SRM, the high nonlinearity increases its con-

trol complexity. For accurate speed, current and torque control, phase commutation, 

including turn-on and turn-off angles of the semiconductor switches in the SRM converter, 

should be determinate [2]. Thus, position sensors such as incremental encoders, resolvers, 

Hall sensors, and tachometer generators are installed to obtain accurate rotor position. 

However, the installation of the position sensors has the following drawbacks: 
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1) Increasing cost and volume. The high price of the position sensor limits the market 

competitiveness of low-cost and low-power SRM drives. The extra size of the position 

sensor is unacceptable for specific applications, such as air-conditioning compressors. 

2) Reducing the reliability and robustness. The position sensor and its interface circuits 

would be affected by temperature, humidity, vibration, and other ambient conditions. 

The working environment dramatically interferes with the regular work of the sensor 

and reduces its accuracy. 

To solve the issues, position-sensorless control of the SRM has been receiving increas-

ing attention in the research community in these twenty years [3]. Due to the doubly salient 

characteristics, the rotor position can be estimated from the flux linkage or the stator in-

ductance of the SRM via measuring terminal voltages and currents. Numerous position 

estimation methods have been proposed to obtain the rotor position of the SRM over a wide 

speed range. 

However, the position estimation process is often complicated for the SRM due to its 

deep magnetic saturation. Flux linkage or stator inductance is a nonlinear function of both 

the rotor position and phase current. The position estimation from the magnetic character-

istics often relies on prestored flux linkage or stator inductance profiles. However, the usage 

of predefined magnetic characteristics has some drawbacks, such as 

1) The acquisition of magnetic features needs knowledge of the motor prototype in the 

finite element analysis (FEA) or requires time-consuming offline measurement [4]. 

2) The sensorless control algorithm has low generality and cannot be used for different 

SRMs if motor characteristics are unknown. 
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3) The storage of three-dimensional magnetic data requires larger memory, which is not 

attractive for low-cost applications. 

4) The position estimation algorithms are parameter dependent and parameter sensitive. 

The purpose of the Ph.D. thesis is to propose universal position-sensorless control 

schemes for SRM drives without using offline measurement of magnetic characteristics. 

The rotor position and speed can be estimated via online parameter self-commissioning 

processes or without using any magnetic characteristics. Wide-speed range position-sen-

sorless control from the standstill to the rated speed are also realized. This work aims to 

facilitate the position-sensorless control to be a more general-purpose solution for SRMs 

in various industrial applications.  

1.2 Contributions 

The author has contributed to several original developments on general-purpose position-

sensorless control schemes for SRM drives in a wide-speed range. The contributions are 

summarized as follows: 

1) A low-speed position-sensorless control approach using a regional phase-looked loop 

(RPLL) for general-purpose SRM drives.  

2) A new pulse injection method for low-speed SRM sensorless operation with reduced 

torque ripples and copper losses. 

3) A nonlinear state observer (NSO) for high-speed SRM position-sensorless control us-

ing simplified feature flux linkage. 

4) A magnetic-characteristic-free high-speed position estimation strategy for SRM drives.  
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5) Full-speed position-sensorless control with a combination of low-speed and high-speed 

methods. 

1.3 Outline of the Thesis 

This thesis develops universal position-sensorless control schemes for SRMs in the full-

speed range. Several position estimation strategies are proposed to estimate the rotor posi-

tion without offline measurement or FEA.  

Chapter 2 introduces the fundamentals of SRM drives and a literature review of exist-

ing SRM position-sensorless control methods. The test bench of a 5.5-kW 12/8 SRM is 

first introduced. The SRM modeling including mathematical equations, flux linkage char-

acteristic measurement, and derivation of the nonlinear torque profile are then discussed. 

After that, the state-of-art research of low-speed and high-speed sensorless control methods 

are compared and analyzed in the literature review. 

Chapter 3 introduces a universal low-speed position estimation scheme based on pulse-

voltage injection for SRM drives. In conventional low-speed sensorless control methods, 

magnetic characteristics are often used for position estimation, but it requires offline meas-

urement and reduces the generality of sensorless control algorithms. To solve the issues, a 

new position estimator based on an RPLL is designed. The approach utilizes a self-com-

missioning process to capture the unsaturated inductance adaptively at the initial stage. The 

RPLL is then adopted to estimate the full-cycle rotor position from the idle-phase induct-

ance during sensorless operation. The speed-reversible sensorless control capability is also 

realized by a simple heterodyne design. Furthermore, stability analyses and parameter 
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design are given to prove the robust local stability and convergence. Finally, comparative 

experimental validation is conducted on a 5.5-kW 12/8 SRM setup to verify the proposed 

method's effectiveness under both no-load and load conditions. 

Chapter 4 is an extended work of Chapter 3, where the pulse injection scheme is im-

proved to reduce torque ripples and copper losses caused by high-frequency injection 

voltages. The high-frequency injection is necessary for low-speed position estimation, but 

due to the nonlinear inductance profile, the amplitude of induced current increases signifi-

cantly around the unaligned position. It results in large copper losses and torque ripples in 

idle phases. To mitigate this problem, this chapters introduces a new pulse injection scheme 

with magnitude regulation based on terminal sliding-mode control. The amplitude of pulse 

voltages is adjusted online through a nonlinear control law, and the induced current can be 

maintained at a minimal level over the whole idle-phase period. Moreover, the adverse 

impacts of motor parameter uncertainties are eliminated. The position estimation is then 

realized by the RPLL-based position estimator designed in Chapter 3. As a result, the pro-

posed scheme is able to reduce the torque ripple and power loss significantly without the 

need of magnetic characteristics. The effectiveness is experimentally validated with com-

parisons of the conventional method. 

Chapter 5 is focused on medium- and high-speed position estimation of SRM drives. 

The chapter proposes an NSO for robust position-sensorless control of SRM drives over 

medium- and high-speed range. A classical reference flux linkage method is adopted to 

capture a feature position of the SRM, which avoids the use of three-dimensional magnetic 

characteristics and has better universality. However, the estimation accuracy of this method 
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would be easily deteriorated due to flux linkage errors. To ease the problem, the NSO is 

developed to enhance the robustness against flux linkage distortions for a more accurate 

position and speed estimation. This observer can reconstruct complete position information 

from a low-resolution feature position. The adverse impact of flux linkage errors is inves-

tigated through a novel small-signal approximation analysis and then suppressed by an 

augmented state estimator. A parameter design scheme is also given to ensure the stability 

of the observer and improve the capability in distortion suppression. To baseline the per-

formance, comparative experimental validation between the NSO and a widely used linear 

prediction method is conducted. The results show that the proposed strategy can improve 

the overall position-sensorless control performance in both the steady and transient states. 

In Chapter 6, the high-speed sensorless control method is further improved, which can 

estimate the rotor position at high speed without using any magnetic characteristics of 

SRMs. Although the method proposed in Chapter 5 only uses a simple self-commissioning 

process to capture feature flux linkage information, the developed strategy in the chapter 

does not require any offline or online parameter measurement/learning process. Hence, the 

implementation of the high-speed position-sensorless control would be further simplified. 

This improvement is achieved by using a novel quadrature flux estimator (QFE) that can 

extract the fundamental flux and its quadrature from the real-time flux linkage. DC com-

ponents and flux harmonics caused by the magnetic saturation effect can also be suppressed 

due to the QFE’s adaptive bandpass capability. Therefore, the proposed method can reduce 

the nonlinearity in SRM flux linkage and derive simple sine-cos position signals. After-

ward, the rotor position and speed can be estimated from the fundamental flux signals using 
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a three-phase phase-locked loop (PLL). To baseline the advantages, comparative experi-

mental validation with the conventional method is conducted. The proposed scheme can 

achieve the same estimation accuracy as the conventional method even though no magnetic 

characteristics are used. 

In Chapter 7, a wide-speed range position-sensorless control design by combining the 

proposed low-speed methods and high-speed methods is introduced. A speed-related 

switching function is proposed to determine the operating range of both the low-speed and 

high-speed position observers. Experimental results are provided to prove the robust and 

smooth transition in the wide-speed range position-sensorless control. 

In the end, Chapter 8 concludes the research contributions in this thesis and discusses 

future 
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Chapter 2 

Fundamentals of SRM Drives and 

Literature Review of Position-Sensorless 

Control 

2.1 Fundamentals of SRM Drives 

The SRM has a doubly salient structure in rotors and stators, with concentrated windings 

fully pitched across the stator poles. The torque production of the SRM requires sequential 

energization on each phase towards a minimum reluctance path, requiring independent 

phase control capability in an SRM drive [5]. Current regulation is often realized by hyste-

resis control or pulse-width modulation (PWM), with real-time rotor position feedback to 

determine the phase commutation instants [2].  In this thesis, a 5.5 kW SRM-induction 

machine (IM) test bench is built, as shown in Figure 2.1. The parameters of the SRM-IM 

test bench are given in Table 2.1. 
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Figure 2.1  Three-phase SRM-IM setup. 

 

Table 2.1  Parameters of the SRM-IM Test Bench 
 

Parameter Value Parameter Value 

Number of stator poles 12 Number of rotor poles 8 

Rated Power 5.5 kW Rated Speed 1000 r/min 

Rated Voltage 72 V Phase resistance 18.3 mΩ 

Rated Speed (IM) 3530 r/min Rated Load (IM) 30 N·m 

Rated Power (IM) 11 kW Rated Voltage (IM) 230 V 

 

2.1.1 Configuration of the Three-Phase SRM Drive 

The three-phase 12/8 SRM drive is illustrated in Figure 2.2, composed of a three-phase 

asymmetric half-bridge converter, current sensors, a microcontroller, gate drives, position 

estimation algorithms, and DC power supplies. Unlike the conventional three-phase full-

bridge AC inverter, the asymmetric half-bridge inverter adopts two IGBTs and two fast 

recovery isolated diodes to configure an asymmetric half-bridge. The converter modulates 

bipolar phase voltages to generate unipolar phase current as the electromagnetic torque of 
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the SRM is independent of current directions. Each phase in the asymmetric converter can 

be controlled separately, offering fault-tolerant control capability and flexibility in phase 

torque control. The gate signals for semiconductor switches are given by gate drives, of 

which commands are generated in the controller board according to the speed, current or 

torque reference. The rotor position and speed feedbacks are needed for accurate speed and 

current control, which are often measured by a position sensor. In position-sensorless 

drives, the position and speed information are obtained by the position estimation algo-

rithm. 

Current 

sensors

IGBT gate 

drivers

Speed/current 

controller

Position & speed 

estimation

iabc
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SRM Asymmetric half-bridge converter
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Figure 2.2  The schematic of the position-sensorless 12/8 SRM drive. 

 

The asymmetric half-bridge converter has three switching patterns for one phase, as 

shown in Figure 2.3. The first switching state happens when the two switches are turned 

on, as presented in Figure 2.3(a). The DC-link voltage +Udc is added to the stator and in-

creases the stator current, which is a magnetization process. When both the two switches 

are turned-off, as shown in Figure 2.3(b), the winding is demagnetized under a negative 
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phase voltage of -Udc, forcing the energy stored in the phase windings flows back to the 

DC bus. The third pattern is freewheeling as shown in Figure 2.3(c), in which one switch 

is turned off and another one is turned on. In this case, the phase current only flows inter-

nally under a zero-phase voltage.  

Udc

i

Udc

i

Udc

i

(a) (b) (c)  

Figure 2.3  Switching patterns of the asymmetrical half-bridge converter. (a) 

Magnetization. (b) Demagnetization. (c) Freewheeling. 

 

A three-phase asymmetric converter is designed for the 5.5 kW 12/8 SRM test bench. 

The power converter is rated for 300V/50A. The Infineon 600V/100A IGW10060H3 high-

speed IGBT and IDW100E60 fast switching emitter-controlled diode are selected for the 

SRM inverter. Six isolated 12V to 15V/-9V DC-DC converters are used to supply the six 

IGBT gate drives (FOD8316). LEM LAH-50P (50-A RMS current sensor) and LEM LV-

25P (500-V voltage sensor) are used for the SRM inverter. To guarantee accurate voltage 

and current measurement, another isolated 12V to ±12V DC-DC converter (PQDE6W-

Q24-D12-D) is used to power the sensors and measurement circuits. The isolated power 

supply can avoid the switching noises from the IGBT, offering accurate current and voltage 

samplings. By using a 14-bit external analog-digital converter (AD7357) with a differential 

input structure (by AD8138), the sampling error is less than 5/8192 = 0.06%. In terms of 
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the control board, the DSP TMS320F28335 is employed as the microcontroller, the switch-

ing and control frequencies are both set as 20 kHz. 

In addition to the inverter, the three-phase 12/8 SRM-IM setup is built. The SRM is 

served as the test machine, which is powered by the designed three-phase asymmetric-

bridge inverter, and an IM is connected as the load, as shown in Figure 2.1. The IM is 

powered and controlled by a commercial AC motor drive, YASKAWA AC Drive-A1000. 

Since the rated voltages of the SRM and IM are different, the SRM-IM test bench is not 

connected in back-to-back. To realize generating operation of either the IM or SRM, a pro-

gramming load, NHR Model 4700 LXI DC Load, is connected to the DC-link voltage for 

absorbing the regenerative energy. 

2.1.2 Modeling of the SRM 

Due to the double saliency, the magnetic characteristic of the SRM is highly nonlinear and 

presented as a function of phase current and rotor position. The magnetic characteristic can 

be obtained from the FEA with known parameters of the machine prototype. Alternatively, 

offline measurement can be performed to derive magnetic characteristics for a commercial 

SRM. l.  

In this thesis, the flux-linkage characteristic is measured experimentally and used to 

calculate the torque characteristic. The measurement procedure is that by injecting a short-

period pulse voltage at different rotor positions, the induced pulse current is measured, and 

the flux-linkage at a specific position can be calculated by its voltage equation as follows 

[4]: 
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 ( )( , )i u Ri  = −   (2.1) 

where λ(θ, i) is the flux-linkage, θ is the rotor position, i is the phase current, u is the phase 

voltage, and R is the stator resistance.  

The measurement result at one rotor position is shown in Figure 2.4. As can be seen, 

with the short-period voltage pulse, the phase current can reach 160 A. By using the equa-

tion (2.1), the flux linkage at the position θ with respect to the current ranging from 0 to 

160 A can be obtained. Afterward, by repeating the tests for all positions from 0 to 22.5 

mechanical degrees (0 to 180 electrical degrees), the flux-linkage characteristic of the SRM 

can be derived, as shown in Figure 2.5. The other characteristic from 22.5 degrees to 45 

degrees can be obtained due to the symmetry. Without specific mention, the rotor position 

is expressed in mechanical in the thesis. It is worth noting that the rotor of the SRM should 

be clamped by clamping tools during the tests to avoid the rotor rotating caused by the 

pulse injection. 
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Figure 2.4  Phase voltage and current in the voltage-pulse test. 
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Figure 2.5  Flux-linkage characteristic of the SRM. 

 

After obtaining the flux-linkage characteristic, the torque characteristic can be calcu-

lated by the rate of change in magnetic co-energy W with the rotor position θ [6]. The co-

energy of the SRM at different rotor positions are illustrated in Figure 2.6. The instantane-

ous torque derivation at a given phase i0 is expressed in (2.2). 

i0

B
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i
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B
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WB

 

                                           (a)                                                                              (b) 

Figure 2.6  Co-energy of the SRM at different rotor positions. (a) θA. (b) θB. 
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As long as the position interval between θA and θB is small enough, the electromagnetic 

torque at each rotor position and each phase current can be derived accurately based on 

(2.2). As a result, the derived torque characteristic is shown in Figure 2.7.  
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Figure 2.7  Torque characteristic of the SRM. 

 

The mathematic model of the SRM can be formulated using the measured magnetic 

characteristics. The voltage equation given in (2.3) can be expanded by taking the magnetic 

saturation and back electromotive force (back-EMF) into account.  

 
( ),d i

u Ri
dt

 
= +  (2.3) 

Substituting the relationship between the flux linkage λ and the self-stator inductance 

L, expressed by 

 ( ) ( ), ,i L i i  =  , (2.4) 

into the voltage equation gives: 
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the Linc is the incremental inductance, emf is the back-EMF, and ω is the rotor speed. 

With neglection of magnetic saturation, stator inductance is independent of the phase 

current. Thus, the electromagnetic torque of the SRM can be expressed analytically by 

 
2

e

1 ( )
( , )
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dL
T i i

d





= . (2.8) 

Considering the magnetic saturation, analytical torque expression is challenging. In-

stead, the torque characteristic lookup table can be used for torque calculation. 

2.2 Literature Review of Position-Sensorless Control of 

SRM Drives 

Position-sensorless control of the SRM drive is a hot spot in academia and industry due to 

its advantages of low costs and sensor fault-tolerance control capability. The doubly salient 

structure makes the flux linkage and stator inductance of the SRM being position-related 

functions. The rotor position can be estimated from the magnetic quantities calculated by 

terminal voltage and current measurements. In the last decades, tremendous position-sen-

sorless control schemes for SRM drives were proposed, covering standstill operation to  



Ph.D. Thesis - Dianxun Xiao                   McMaster - Electrical & Computer Engineering 
 

17 

 

high speeds.  

According to the available speed region, major position-sensorless control techniques 

can be roughly categorized into high-speed estimation schemes and low-speed estimation 

schemes, as presented in Figure 1. High-speed sensorless control is realized by monitoring 

the motor states during phase excitation periods. Flux linkage or inductance can be obtained 

from the SRM model during phase conduction periods. The acquisition of magnetic char-

acteristics possesses a high signal-to-noise ratio (SNR) due to the large back 

electromagnetic force (back-EMF) at high speed, thereby ensuring accurate position esti-

mation. With a decreasing rotor speed, the low back-EMF is not able to guarantee precise 

flux linkage and inductance calculation in a noisy environment. Alternatively, by means of 

additional high-frequency pulse voltage injection into idle phases, the magnetic quantities 

are observable, making the sensorless control feasible at zero and low speeds. 

This section aims to present a comprehensive review of the state-of-the-art solutions for 

position-sensorless control of SRM drives. A schematic overview, performance evaluation, 

and existing challenges will be analyzed. 

2.2.1 Low-Speed Position-Sensorless Control 

Low-speed position-sensorless control is realized by injecting high-frequency pulse voltages 

into the idle-phase stator. Figure 2.9 present a general control diagram of low-speed 

sensorless control methods of an N-phase SRM. A speed regulator works as an outer loop 

controller and generates torque reference. A torque control scheme can be adopted to 

maximize toque output, reduce torque ripples, and give current commands. The torque 
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Figure 2.8  Classification of position-sensorless control of SRM drives. (a) Low-speed 

position-sensorless control. (b) High-speed position-sensorless control. 
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Figure 2.9  Overall block diagram of a low-speed position-sensorless SRM drive. 

 

control is optional but often required for high-performance SRM drives. The reference 

current is then tracked by the current controllers in all phases. The pulse voltage with 

adjustable magnitudes and duty cycles is injected into idle phases by modifying the gate 

command g* and induces high-frequency currents. The current vibration can be measured for 

inductance or flux linkage calculation at low speed, including the standstill. The estimated 

magnetic information can be used for position and speed estimation or predicting the phase 

commutation instants. With a short period of pulse injection, the induced currents in idle 

phases is low and can keep the magnetic field unsaturated. Thus, the stator inductance in idle 

phases are unsaturated and independent of load conditions, facilitating position estimation 

via inductance detection. 

Given the superiority, many research works on low-speed sensorless control have been 

conducted in literature. This section classifies the low-speed techniques into direct sensorless 

driving methods, magnetic-parameter-free position estimation methods, and magnetic-

parameter-based position estimation methods. 
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2.2.1.1 Direct Sensorless Driving Methods 

For high-speed SRM drive systems, such as compressors and fans, starting stage sensorless 

control is temporary and does not require high dynamic performance. Direct sensorless 

driving methods are straightforward for sensorless starting control [7]–[10]. These techniques 

do not estimate the exact rotor position; instead, the low-speed operation is achieved by 

selecting the optimal driving phase for torque production and the injection phase for position 

estimation. 

A representative method proposed in [7] injects high-frequency voltage pulses into all 

phases, and the magnitudes of induced currents are compared. According to the current 

magnitude order, the phase inductance over one electrical cycle is divided into several 

sectors. The phase located at the inductance rising region, which gives a positive torque, is 

selected as the initial driving phase at the standstill. This scheme is feasible for all 

conventional SRMs, but it cannot support sensorless control in rotating conditions. In [8], a 

double-current-thresholds solution based on idle-phase pulse injection was analyzed to 

control the SRM at zero and low speed. As illustrated in Figure 2.10, a low current threshold, 

located around the aligned position θa, is used to determine the idle phases for position 

sensing, and a high current threshold around the unaligned position θu works for conduction 

phase selection. The approach does not need all-phase pulse injection during normal 

operation and is able to control the SRM at both zero and low speeds. An alternative direct 

driving method using one current threshold for the four-quadrant operation was proposed in 

[9]. The current threshold is predefined by Hall position sensors and is used to determine the 

phase commutation instant. Furthermore, the threshold-based method was extended to 
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enhance the phase fault-tolerant control capability in [10], adopting a current threshold in 

idle-phase periods and a flux linkage threshold for conduction phases in phase-fault driving 

conditions. 

High threshold

Low threshold

θu θa θu

i

θ
 

Figure 2.10  Induced current under pulse voltage injection with varying positions. 

 

The direct sensorless control methods are simple for implementation and are motor-

parameter-independent, but a common drawback is that these schemes cannot estimate the 

rotor position. The phase commutation is fixed in various operating conditions. Accurate 

current and torque control, which requires real-time rotor position feedback, would be 

infeasible.  

2.2.1.2 Magnetic-Parameter-Free Position Estimation 

Accurate position estimation is indispensable in high-performance SRM drives to regulate 

the rotor speed, phase current, and output torque optimally. Stator inductance calculated from 

the high-frequency induced current carries rotor position information, which can be used for 

position estimation. With the same advantage as the direct driving methods that do not need 

machine magnetic characteristics, magnetic-characteristic-free position estimation schemes 

are potential solutions for low-speed sensorless operation [11]–[18]. 



Ph.D. Thesis - Dianxun Xiao                   McMaster - Electrical & Computer Engineering 
 

22 

 

A. Single Position Estimation 

The first category of model-free position estimation methods was adopted to estimate a single 

rotor position of the SRM. Initial rotor position estimation belongs to the single position 

estimation as it is enabled at the starting stage only. Linear regression position estimation 

methods using quadratic polynomial and Type-V exponent were proposed in [11] and [12] 

for initial position estimation, respectively. The schemes adopt general inductance models to 

identify an approximated inductance-position relationship. Injecting voltage pulses in all 

phases is able to obtain the regression coefficients. In [13], another initial position estimation 

method using bootstrap circuits was proposed. The inductance is calculated by monitoring 

the charging time to the peak current value in the bootstrap circuit, and the rotor position can 

be estimated through a linear inductance model. Note that the linear regression and bootstrap 

approaches can only estimate an initial position and are unavailable for sensorless control in 

driving conditions. 

To realize position estimation during low-speed operation, the aligned position, 

reflecting a critical position at which the stator pole and the rotor pole overlap, can be detected 

with the independence of magnetic characteristics. One approach is to estimate the phase 

inductance intersection point [14], [15]. The two-phase intersection corresponds to the 

aligned position or the unaligned position in the remaining phase. Repeating the intersection 

detection for all phases in sequence, the detected feature positions could be used to estimate 

full-cycle rotor position over an electrical cycle. Compared to the conventional pulse 

injection that only calculates the phase inductance in idle phases, the approaches need full-

cycle inductance information, which can be obtained from both the idle phase and the 
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conduction phase. A typical way to calculate the conduction-phase inductance is to measure 

the current ripples caused by the current hysteresis control [14]. However, it causes a 

limitation that the inductance acquisition is affected by magnetic saturation, which may lead 

to deviation in aligned position detection under load conditions. Moreover, since the rotor 

position detection is only available at a critical position, the instants of position estimation 

are discontinuous. Thus, the inductance intersection detection methods are unavailable at the 

standstill and require initial position estimation discussed early.  

B.  Full-Cycle Position Estimation 

Different from the single position estimation that obtains limited position information, 

continuous position estimation methods without SRM magnetic parameters are capable of 

offering higher estimation accuracy [16]–[18]. A general diagram of the full-cycle position 

estimation at low speed is presented in Figure 2.11. The core idea of the full-cycle position 

estimation is to assume a sinusoidal inductance characteristic of the SRM. All-phase 

inductances calculated from the current variation are transformed by Clark transformation. 

This coordinate transformation can project the inductor vectors onto an orthogonal coordinate 

system, which derives sin-cos functions with the rotor position. Afterward, the rotor position 

can be estimated by arctangent calculation. The idea simplifies the modeling of the SRM, 

and the position estimation process is as simple as well-known AC machines, i.e., PMSMs. 
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Figure 2.11  General diagram of full-cycle position estimation methods at low speed. 
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The first attempt of the phase inductance vector method was to estimate the initial 

position as analyzed in [16]. Same as the aforementioned current magnitude comparison 

scheme for direct sensorless driving [7], three idle phases are injected by voltage pulses 

simultaneously to calculate the phase inductance at the standstill. The initial rotor position 

can then be calculated by coordinate transformation and arctangent functions. Modified 

research was proposed in [18] for initial position estimation with reduced interference caused 

by modeling errors. In [17], the phase inductance vector scheme was extended to running 

conditions. The full-cycle phase inductance derived from both the idle and conduction phases 

is used for position estimation. Notably, although existing research is focused on a three-

phase machine, the phase inductance vector method can be extended to multiphase SRM. 

Moreover, the inductance calculation methods proposed in [17] and [18] utilize the 

current variations under positive and negative injection periods as expressed by (2.9). It 

cancels the ohmic resistance drop and back-EMF in incremental inductance calculation. A 

potential benefit is that the available speed range for pulse injection methods can be expanded, 

facilitating more accessible transition design with high-speed position estimation methods 

for full-speed sensorless control.  

 
inj

inc

P N

2
( )

u
L

di dt di dt
 =

−
 (2.9) 

where the subscript ‘P’ and ‘N’ denote the positive and negative voltage injection, and uinj is 

amplitude of injection voltages. 

Although the phase inductance vector methods show advantages in continuous position 

estimation and parameter independence, their accuracy suffers from the magnetic saturation 
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effect since the inductance is assumed to be current independent in these approaches. 

Therefore, the phase inductance vector schemes in [16]–[18] are suitable for applications 

with no loads or light loads. Improvements on such schemes can be achieved by involving 

some a priori magnetic characteristic information, which are categorized in the following 

sections. 

2.2.1.3 Magnetic-Parameter-Based Position Estimation 

Magnetic-characteristic-based position estimation methods are superior in estimation 

accuracy at low speeds, which estimate the rotor position based on a priori knowledge of the 

SRM inductance or flux linkage characteristic. Among the existing methods, the usage of 

magnetic characteristics could be the complete magnetizing data, partial regions, or several 

feature points. Regardless of the approaches, the magnetic characteristics need to be obtained 

from either offline/online measurement or the FEA. 

A. Lookup Table-Searching Methods 

Searching prestored lookup tables of phase inductance is straightforward for position 

estimation [19]–[24]. A general control diagram is presented in Figure 2.12. The injection 

phase can be first determined by comparing the magnitude orders of all phases, and then the 

rotor position is estimated through the inductance-position-current lookup table [19], [20]. 

The position estimation accuracy is directly associated with the inductance calculation. For 

more accurate inductance acquisition, the measurement of high-frequency induced current 

can be improved using a multiple current sampling method with online least-square fitting 

[21]. In [22], the authors proposed a numerical method to solve the initial position from an 

optimization problem based on the FEA inductance characteristic. The numerical technique 
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shows robustness to inductance parameter mismatch and thus enhances the estimation 

accuracy.  
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Figure 2.12  Control diagram of the lookup table-searching method. 

 

In aforementioned works, only the motoring conditions and standstill states are 

considered. According to the defined operating quadrant, two inductance lookup tables in the 

inductance increasing and decreasing regions can be used for position estimation [23]. 

Furthermore, an interesting high-frequency voltage injection method inspired by AC machine 

sensorless control was analyzed in [24]. Instead of injecting voltage pulses into idle phases 

only as conventional approaches, a pulsating voltage is superimposed on the voltage 

command uninterruptedly. The resultant high-frequency current is extracted by highpass 

filters, of which positive or negative current sequences contain rotor position information. 

The prestored magnetic characteristics are used to adjust the injection amplitude according 

to load conditions for accurate position estimation. The method in [24] is an attempt to 

employ mature sensorless control techniques in AC machines for SRM drives. Still, the 

adverse effect of injected signals on torque ripples would be aggravated. 

B. Inductance Model 

For a concise sensorless SRM drive, storing complicated magnetic characteristics is not 

attractive since it occupies large memory and requires more offline effort in parameter 
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measurement. Some research works adopt inductance models for position estimation to save 

the storage memory [25]–[27]. Since the phase inductance is distributed periodically with 

respect to the rotor position, a general inductance model can be presented by a Fourier series 

form, as expressed by: 

 0 1 r 1 k r kk 2
( , ) ( ) ( )sin( ) ( )sin( ))L i L i L i N L i kN    



=
= + + + +  (2.10) 

where L0(i), L1(i) and Lk(i) represent the DC inductance, the first inductance harmonic’s 

amplitude (also known as the fundamental inductance), and k-th inductance harmonic’s 

amplitude, respectively. φk denotes the phase. Nr is the number of rotor poles. The Fourier 

analysis of phase inductance of a three-phase SRM at a given current is illustrated in Figure 

2.13. 
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Figure 2.13  Fourier analysis of phase inductance at a given current. 

 

On this basis, a simple inductance Fourier model considering the DC inductance and its 

first harmonic was used in [25] to estimate the rotor position through an arccosine function. 

This model ignores other harmonic components and may result in a modeling mismatch. As 
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an upgrade, the second inductance harmonics can be considered in the inductance model, as 

proposed in [26], of which model coefficients are fitted by polynomial current functions. In 

[27], the second inductance harmonic model was also employed, while the optimal 

inductance region was selected for more accurate position estimation. In existing studies of 

inductance Fourier models, the model with maximum secondary inductance harmonic can 

offer good estimation accuracy. 

C. Linear Inductance Region 

Model-based position estimation at low speed can be simplified by using linear inductance 

characteristics [28]–[32]. The middle region of the phase inductance has a linear relationship 

with the rotor position in a constant current condition, as illustrated in Figure 2.14.  
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Figure 2.14  Linear regions in phase inductance profiles of a 12/8 SRM at a given current. 

 

Simple offline testing can identify the linear inductance region of a tested machine, and 

the position estimation is realized via a linear fitting [28]. An improved work proposed in 

[29] extends the linear region method to a nonideal case with three-phase unbalance 

inductance, facilitating the method’s availability in a more general case. The conventional 

linear inductance region schemes are more suitable for no-load and light-load conditions, but 
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the position estimation accuracy is distorted when the SRM operates with a heavy load due 

to the ignorance of magnetic saturation. The literature [30] proposed a modified approach to 

ease the issue considering the inductance variation with magnetic saturation. The slope of the 

linear inductance-position relationship changes with the phase current, and the rotor position 

estimation can be adjusted under various load levels. In [31], the authors analyzed an 

unsaturated inductance reconstruction method to obtain the unsaturated inductance from the 

saturated incremental inductance under load conditions. The mapping between the two 

inductances utilizes the second-order polynomial, which can be manually identified in a 

commissioning process. The above methods [28]–[31] require full-cycle inductance 

information in both the idle-phase and the conduction phase. A simplified linear region 

approach proposed in [32] only considers the idle-phase inductance. The linear region in idle 

phases can cover the full-cycle rotor position estimation at low speed, simplifying the offline 

testing effort. The work also analyzes a variable pulse injection scheme to reduce the copper 

losses and the torque ripples caused by induced currents.  

D. Feature Position Estimation  

Feature position estimation methods are concise for low-speed position estimation as only 

partial inductance characteristics at one or several unique positions are used for sensorless 

control [33]–[37]. These approaches do not require the complete magnetic profiles and large 

storage memory, suitable for low-cost microcontrollers. A group of special position 

estimation schemes adopts the same idea as the previous threshold-based direct driving 

methods, which use several current thresholds to judge the phase commutation instants. In 

contrast, the rotor position can be estimated simultaneously.  
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In [33], the high-frequency induced current is extracted using lowpass filters from the 

sampled currents, and three current thresholds, located at the lower inductance intersection 

points, are given. When the idle-phase current reaches the preset thresholds, the phase 

commutation happens, and the rotor position at the intersection point can be recorded. 

Different from the model-free inductance intersection detection approaches [14], [15], the 

method in [33] estimates the rotor position only in idle phases, which is possible for 

sensorless control with the load. In [34], a modified double-current-threshold method, 

upgraded from the previous work in [8], was proposed. The approach determines phase 

commutation instants by the two thresholds as the method in [8] and simultaneously estimates 

the rotor position according to the inductance characteristic at the selected current thresholds. 

Similar ideas were adopted in single-current-threshold schemes in [35], [36], which can 

estimate the rotor position and obtain the phase commutation signals by comparing the 

current threshold and the induced high-frequency current. In addition to the threshold 

techniques, the research work in [37] utilizes feature flux linkage characteristics at 7.5° and 

15°, dividing one electrical cycle into several sectors. The injection phase and the driving 

phase can be determined by comparing the induced high-frequency flux linkage with the 

prestored feature flux data. The two feature positions can then be recorded for estimation. 

In these feature position estimation methods, only limited position points are detected 

over one electrical cycle. It causes difficulty in initial position estimation and may require 

additional motor starting strategies. Another potential problem is the reduced estimation 

accuracy at an ultra-low speed, in which the undetected rotor position between two feature 

positions is hard to predict. Whereas, when the rotor speed increases, the speed variation 
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during the short detection interval could be ignored, and a simple linear fitting method is 

available for continuous position estimation. 

2.2.1.4 Comparison of the Low-Speed Position-Sensorless Control Methods 

In short, an intuitive review and comparison of existing low-speed position-sensorless control 

schemes of SRM drives are summarized in Table 2.2. 

Table 2.2  Summary and Comparison of Low-Speed SRM Position-Sensorless Control 

Strategies 
 

Categories 
Sensorless 

methods 

Initial 

sensorless 

control 

Low-speed 

sensorless 

control 

Advantages Disadvantages 

Direct 

sensorless 

driving 

Current 

magnitude 

comparison [7] 

Yes No 

General-purpose 

initial driving 

phase detection 

No position 

estimation & 

unavailability in 

driving conditions 

Thresholds 

based methods 

[8]–[10] 

Yes Yes 
Robustness in 

driving conditions 

No position 

estimation 

Magnetic-

parameter-

free position 

estimation 

Single position 

estimation 

[11]–[15] 

Yes 

[11]–[13] 

No 

[11]–[13] Computational 

efficiency 

Discontinuous 

estimation & 

unavailability 

with load 
No 

[14], [15] 

Yes 

[14], [15] 

Full-cycle 

position 

estimation 

[16]–[18] 

Yes Yes 
Continuous 

estimation 

Unavailability 

with load  

Magnetic-

parameter-

based 

position 

estimation 

Lookup table-

searching 

[19]–[24] 

Yes Yes 
Straightforward 

solution 

Large storage 

memory 

Inductance 

model [25]–[27] 
Yes Yes 

Less storage 

memory 

Reduced 

estimation 

accuracy  

Linear 

inductance 

region 

[28]–[32] 

Yes Yes 
Less offline 

measurement  

Increased 

complexity in 

saturation cases 

Feature position 

estimation 

[33]–[37] 

No Yes 
Computational 

efficiency 

Discontinuous 

estimation 
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Direct sensorless driving methods have more advantages in terms of generality and 

simplicity. These schemes do not require magnetic parameters, and the sensorless control is 

achieved by comparing the current magnitude orders or thresholds. The technique has been 

the commonly adopted initial driving phase selection method for sensorless starting control. 

However, the exact position estimation is unavailable in the approaches, thereby no able to 

adjust the phase commutation instants and realize accurate torque control. Therefore, direct 

sensorless driving is more suitable for applications not requiring a high-performance low-

speed operation. 

For low-speed position estimation, magnetic-parameter-free methods are attractive since 

they are potentially feasible for various SRMs with different ratings and configurations. This 

advantage is achieved by the general inductance models or feature position detection of the 

stator pole and the rotor pole. These methods, however, rely on an assumption of magnetic 

unsaturation. Position estimation accuracy is degraded at load conditions, and even resulting 

in an unstable sensorless control system. Despite these disadvantages, these solutions are still 

available for low-power SRM drives with light loads due to the simplicity. 

Magnetic-parameter-based position estimation can offer more accurate position 

estimation during various operating conditions. The rotor position is estimated from the 

calculated inductance or flux linkage according to the prestored magnetic characteristics. The 

methods are able to achieve high dynamic performance in sensorless control and combine 

with other advanced torque control schemes. Although a priori knowledge of magnetic 

profiles is required, which leads to additional offline measurement effort or FEA simulation, 

this category has good application prospects in commercial products. 
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2.2.2 High-Speed Position-Sensorless Control 

Pulse injection methods for low-speed sensorless control are often infeasible in high-speed 

operation. The narrower idle-phase period would shorten the injection duration at a higher 

speed, which leads to inaccurate position estimation in most pulse injection methods. 

Moreover, the pulse injection causes additional power losses, torque ripples, and acoustic 

noises, thus not attractive for full-speed sensorless operation. To this end, high-speed 

position-sensorless control is of interest for SRM drives. A general control diagram of high-

speed position-sensorless SRM drive is presented in Figure 2.15. 
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Figure 2.15  Overall block diagram of a high-speed position-sensorless SRM drive. 

 

Through the literature, position estimation at high speed gains more attention than low-

speed estimation in the research community. It is due to the fact that the electrical quantities, 

including flux linkage and stator inductance, become observable under fundamental 

excitation conditions (i.e., in conduction phases) at high speed. Compared to the low-speed 

method estimating the position from pulse injection only, more options are available for high-

speed position estimation, and direct sensorless driving methods at high speed are not 
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received much attention. This section categories major high-speed position estimation 

schemes in the literature into magnetic-parameter-free methods and magnetic-parameter-

based methods.  

2.2.2.1 Magnetic-Parameter-Free Position Estimation Methods 

High-speed position estimation independent of magnetic characteristics facilitates a more 

general-purpose SRM drive. In existing research, gradient-based methods attract much 

attention. Other approaches proposed recently are also discussed. 

A. Gradient Detection 

Gradient-based methods utilize geometric features of SRMs for high-speed position-

sensorless control. The motoring operation of the SRM overlaps the rotor pole and the stator 

pole from the unaligned position to the aligned position. The tendency of inductance variation 

relates to the geometric change and is identical for regular SRMs. Thus, monitoring the 

geometric location can identify the real-time rotor position. On this basis, two magnetic-

characteristic-free methods are proposed, which are current-gradient-based methods [35], 

[38]–[42] and inductance-gradient-based methods [43]–[47]. 

Current-gradient detection was proposed in [38] for high-speed sensorless control. The 

method is suitable for single pulse control, which regulates the phase current by adjusting 

phase commutation angles under a constant phase voltage. The phase current varies 

nonlinearly with the relative position between the stator pole and the rotor pole, as shown in 

Figure 2.16. The current-gradient approach detects the peak phase current over a stroke, and 

the zero-gradient instant represents the stator pole and the rotor pole starting to overlap [38]. 

The zero current-gradient instant also denotes the beginning of the positive inductance region, 
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in which a positive torque is generated. Therefore, the current-gradient detection can 

determine phase commutation for direct sensorless control, as mentioned in [39]. Moreover, 

the rotor position is estimated by recording the critical position at the zero-current gradient. 

The stator and rotor pole arcs can be used to calculate the position value without using 

complicated magnetic characteristics. However, the current gradient detection is inaccurate 

at the standstill and low speed due to the noisy current differential calculation. In [35], [40], 

additional low-speed position estimation schemes were combined with the current-gradient-

based method for full-speed sensorless operation. Furthermore, another concern of the 

current gradient detection was raised in [41] that the zero-gradient position varies with the 

magnetic saturation. Altering the turn-on angle and the rotor speed in single pulse control 

changes the critical position value at high speed, thereby causing position estimation errors. 

A solution is to use a prestored compensation lookup table to correct the estimated position 

[42]. Nevertheless, it involves additional offline measurement. 

L, i

θ

Inductance

Current
Current peak

Aligned position

θaθovθu θu

Stator pole

Rotor pole

 

Figure 2.16  Principle of gradient detection methods. 
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In addition to the current-gradient-based methods, an alternative scheme is to detect the 

inductance gradient for position estimation [43]–[47], as shown in Figure 2.16. The 

maximum inductance occurs when the stator pole and the rotor pole are fully aligned, which 

indicates a feature position at 180° electrical. In [43], the phase inductance was calculated 

from the flux linkage, and the inductance slope zero-crossing instant was detected for phase 

commutation. A possible limitation is the fixed commutation angles, thus not able to achieve 

satisfactory speed and current control performance. The authors in [44] modified the 

inductance-gradient-based scheme by estimating the rotor position from the aligned position 

using a linear fitting method. The improved approach can estimate the real-time rotor position 

and adjust the turn-on and turn-off angles freely. The proposal in [45] further analyzed the 

erroneous gradient detection at the phase turn-on instant. A joint detection scheme by 

combining the transformer EMF and the motional EMF was proposed for robust aligned 

position estimation. Compared with the current-gradient-based method, the modified 

inductance-gradient technique can reduce the sensitivity to current noises to some extent. 

Due to the simple implementation and magnetic-characteristic independence, the inductance 

gradient scheme was applied to other purposes, such as fault-tolerance control [46] and direct 

torque control [47].  

In general, gradient detection-based strategies are excellent in their good universality and 

are potential candidates for commercial SRM drives. The gradient calculation, however, 

raises sensitivity issues to current noises. Although improved research has been proposed to 

mitigate the problem, the current noise issue still needs to be considered seriously. For this 

reason, gradient detection schemes are more suitable for the single pulse control that regulates 
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smooth phase current. Other current regulation methods, such as pulse-width modulation, 

current hysteresis control, and model predictive control, cause large current ripples and 

challenge the position estimation accuracy in variable operating conditions. In addition, 

gradient-based methods estimate one feature position only, which may reduce the estimation 

accuracy in speed transient states.  

B. Other Solutions 

Besides the gradient-based sensorless control, several magnetic-characteristic-free position 

estimation methods at high speed were proposed in the literature.  

In [48], the authors estimated the rotor position by detecting the intersection point of 

phase inductances in conduction phases. The upper inductance intersection indicates the rotor 

position at 120° electrical, which can be used for feature position estimation and speed 

calculation. For an advanced turn-off angle, the upper inductance intersection would 

disappear. Thus, a direct sensorless driving scheme based on a three-phase inductance 

comparison can be adopted in this case. The measure is similar to low-speed methods 

proposed in [14], [15], but the inductance is calculated in conduction phases instead of idle 

phases. However, they suffer from the same drawback that the estimation accuracy reduces 

under magnetic saturation conditions.  

The above issue can be mitigated using a phase overlapped region method proposed in 

[49]. The approach assumes a first-order Fourier inductance model composed of a DC bias 

and a fundamental-frequency inductance. Unknown inductance coefficients, including the 

DC value and the inductance magnitude, are solved online via two independent inductance 

equations when two phases overlap. Rotor position information can then be extracted without 
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prestored inductance characteristics. As an improvement, the technique does not require 

gradient calculation and the assumption of magnetic unsaturation, thereby robust to current 

ripples and load changes. The analyses on parameter uncertainty validate that the method has 

less sensitivity to resistance mismatch and uncertain semiconductor conduction voltages. 

Still, since inductance harmonics are neglected in the proposed inductance model, the 

remaining impacts on position estimation need to be investigated. Like the previous methods, 

the sensorless control scheme in [49] also estimates one rotor position in a stroke. Additional 

assumption of a constant rotor speed over one electrical cycle is required for continuous 

position estimation by linear polynomial fitting. 

2.2.2.2 Magnetic-Parameter-Based Position Estimation Methods 

High-speed position-sensorless control based on magnetic characteristics is more 

straightforward since flux linkage and stator inductance are directly position-related 

functions. The type of techniques requires a priori knowledge of the SRM. In literature, many 

research works have been conducted in magnetic-parameter-based position estimation due to 

its excellent control performance. 

A. Lookup Table-Searching Methods 

Searching prestored magnetic lookup tables is a straightforward solution for position 

estimation when flux linkage or inductance is known. 

A representative work proposed in [50] utilized the calculated flux linkage for position 

estimation via a prestored three-dimensional position-current-flux lookup table. The rotor 

position can be found in a one-to-one relationship between the flux linkage and the rotor 

position at a given current. Since the rate of flux variation with respect to the position change 
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is lower around the unaligned position and the aligned position, searching lookup tables 

cannot ensure accurate rotor position in these regions. A typical way to guarantee high 

accuracy over one electrical period is to combine all phases for estimation [51]. The one with 

the largest slope of the flux linkage is selected as the sensing phase. However, as reported in 

[50], the flux linkage integration is sensitive to measurement offsets and parameter mismatch. 

Thus, a new flux linkage calculation method based on the first-switching-harmonic currents 

and voltages was proposed [52]. The approach avoids pure integration and parameter 

sensitivity issues, thereby improving the position estimation precision. Besides searching 

prestored three-dimensional data, the data size can be reduced using an approximate 

inductance model in which the dimension is reduced to two [53]. The simple implementation 

of such techniques also facilitates a high-performance sensorless drive system using 

advanced torque control schemes [54]. 

In lookup-table-based position estimation methods, mutual couplings between adjacent 

phases are often neglected. However, when the two phases are excited simultaneously, the 

mutual quantities are nonnegligible and result in position estimation errors when searching 

prestored lookup tables, especially in load conditions. Several works were conducted to 

mitigate the mutual coupling issue in high-speed position estimation. A general block 

diagram is presented in Figure 2.17. 

Early research on mutual couplings in sensorless drives was proposed in [55] and [56]. 

The methods measure the mutual flux linkage characteristic offline and store it as a 

compensation block to correct the self-flux linkage calculation. In [57], the proposal 

calculated the mutual inductance from the induced voltage in an adjacent phase and then  
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Figure 2.17  General block diagram of the lookup table-searching method with mutual 

coupling mitigation. 

 

estimated the rotor position from a mutual inductance-position-current lookup table. 

Although these approaches in [55]–[57] can effectively solve the mutual coupling impact, 

the additional offline measurement for mutual couplings is required, increasing workload and 

aggravating parameter sensitivity. To simplify the estimation procedure, improved research 

has been proposed for position estimation without a priori knowledge of mutual couplings 

[58]–[60]. The literature in [58] analyzed the self-inductance calculation error when two 

phase conducts. This method divides three operating modes in the current hysteresis control, 

dependent on current variation polarities in two overlapped phases. The mutual coupling 

influence does not exist in a particular working mode. On this basis, a variable bandwidth 

current hysteresis control scheme is proposed to ensure the same working mode during the 

phase inductance calculation. Follow up [58], a modified solution further considering 

magnetic saturation was proposed in [59]. Another scheme without using mutual-inductance-

information depends on the inductance difference between two overlapped phases for 

sensorless control [60].  
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It is worth noting that although mutual coupling characteristics are not required in the 

schemes [58]–[60], self-inductance or self-flux linkage characteristics are still needed for 

position estimation. 

B. Position Observers 

Position observers are turned out to be excellent approaches for sensorless control of AC 

motor drives [61]–[70] and also attract increasing attention in SRM position estimation. 

Although the traditional lookup-table-based methods deliver a direct measure for position 

estimation, several nonideal distortions, such as the current and voltage sampling noises, 

parameter uncertainty, and eddy current, would harm the estimation accuracy. Being 

different, state observers estimate the rotor position and speed indirectly and provide 

desirable filtering capability.  

A typical control diagram of position observers is illustrated in Figure 2.18. Most 

position observers adopt a standard prediction-correction structure. Given a general high-

order dynamic system: 
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Figure 2.18  Control diagram of SRM position observers. 
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 ( ) ( )f b= + +x x x u d  (2.11) 

where x=[x1, x2,…, xn] represents the n-th order system state vector, f(x) and b(x) are two 

smooth nonlinear functions of the system state, d denotes uncertain disturbance, and u is 

the control input.  

The state observer can be designed as 

 n 1

Prediction Correction

ˆ ˆ ˆ( ) ( ) ( )f b u G x= + + x x x  (2.12) 

where 1 1 1̂x x x = −  is the prediction error, and Gn(·) is a series of nonlinear estimators. 

The state observer estimates the system states x̂  by converging a prediction error 1x  

between a measurable state 1x  and its prediction 1̂x . In SRM position estimation, the state 

1x  is often selected as the phase current 1x i= . The nonlinear function f(x) and b(x), as well 

as control input u, can be determined by SRM models. As shown in Figure 2.18, the position 

observer adopts an SRM current model to predict the current î , and the estimator converges 

the current prediction error i . Other system states, such as the rotor position θ̂ , the rotor 

speed ω̂ , and disturbance d̂ , can then be estimated. For a reduced order estimator, the 

disturbance estimation can be removed, and only the rotor position and speed are estimated. 

The estimator selection determines the observer performance, including filtering capability, 

parameter adaptation, and dynamics. Existing position observers can be categorized 

according to the estimator types. 

Sliding-mode control is the most popular variable-structure scheme in SRM observer 

design [71]–[79] due to the remarkable dynamic performance. The sliding-mode observer 

(SMO) utilizes high-gain nonlinear controllers, often selected as sign functions, to force the 
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estimation error to reach a predefined sliding-mode surface. Finite-time convergence and low 

steady-state errors of the SMO guarantee accurate position and speed estimation. A typical 

design of a second-order SMO was analyzed in [71]. The observer adopts a secondary Fourier 

inverse inductance model as the current predictor. Two correctors using nonlinear sign 

functions estimate the rotor position and speed based on the mechanical dynamic model. 

Stability and parameter design conditions are obtained through the Lyapunov stabilization 

theorem. The parameter tuning of the SMO is a trade-off between filtering capability and 

transient performance, thereby more robust for sensorless operation in a noisy environment 

compared with lookup table-based methods. This type of SMO observers was recently 

applied in broad applications, such as switched reluctance generators [72] and photovoltaic-

powered SRM pump systems [73]. In other developed SMOs, the basic structures keep the 

same, but the selection of the SRM model is various, such as using an analytic nonlinear flux 

model proposed by Spong in [74] for current prediction [75], [76], or direct searching an 

inverse inductance lookup table [77]. As a well-known drawback, the SMO leads to 

chattering problems in estimation due to the nonlinear switching function. Lowpass filters 

are often required for smooth estimation, but the introduced phase delay limits the dynamic 

performance significantly. A solution for chattering reduction is to select a smoother 

switching controller, such as hyperbolic tangent functions in [78]. However, the convergence 

rate and steady-state errors would be deteriorated and need to be investigated. Notably, 

although the SMO is robust to noises, the method is still limited to ultra-low speed control 

since the trade-off parameter design becomes infeasible with significant errors in flux 

linkage/inductance calculation, as presented in [79]. 
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Linear position observers are alternatives for high-speed position estimation, using linear 

gains in observer correction [80]–[82]. The linear observer sacrifices the dynamic 

performance in exchange for a simple structure and easily adjustable parameters. Unless the 

SMO of which parameter tuning is dependent on operating conditions, the linear observers 

often adopt a universal parameter design scheme, facilitating a more straightforward 

implementation. An example linear position observer was discussed in [80]. The observer 

frame is similar to the SMO, but the tunable linear observer gains replace the nonlinear 

switching functions. The absence of discontinuous controllers ensures a smoother 

convergence process, thereby not suffering from the chattering problem. In [81], a linear-gain 

observer was designed, which obtains the position error signal from the relative change of 

the phase current with respect to the flux linkage. The linear gains are no longer tunable but 

calculated from the magnetic characteristics. This approach simplifies the parameter design 

process, but the fixed gain results in a fixed bandwidth, thus losing the flexibility to adapt to 

variation in working conditions. Another effective solution of the linear position observer is 

based on a third-order PLL [82]. The PLL was initially used in grid-connected applications 

for grid synchronization, but its phase estimation capability coincides with the position 

estimation. Figure 2.19 presents the control diagram of the PLL-based position observer. The 

estimation error between the calculated flux linkage and the estimated flux linkage can be 

converted into a position error signal based on the magnetic characteristics. A third-order 

PLL then converges the position error and calculates the rotor speed and position. Over other 

position observers, the PLL-based solution avoids complicated calculation and has a simple 

parameter design based on pole placement. Many advanced PLL schemes have been 
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proposed in PMSM drives [61]–[63], while the research on the SRM is still limited and has 

spaces to explore.   
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Figure 2.19  Structure of the PLL-based position observer. 

 

Other position observer structures, such as model reference adaptive systems (MRAS) 

and Kalman filters (KF), were also discussed in the literature [83]–[87]. The MRAS adopts 

mathematical models of the SRM to compare the existing system. The difference between 

the measured value and the reference quantity, often set as phase currents, can force the 

position and speed estimation to converge. MRAS-based position estimators often employ 

proportional-integral (PI) controllers for error convergence, and successful applications were 

proposed in [83] and [84] for vector-controlled SRM drives with speed sensorless capability. 

The convergence performance of the MRAS highly relies on the PI controller design. Due to 

the presence of SRM modeling nonlinearity, analytical parameter tuning is troublesome in 

the MRAS schemes. As another dominant observer design tool, KF and its nonlinear version 

extended Kalman filters (EKF) are known as optimal estimators to eliminate uncertain 

Gaussian noises. It offers remarkable filtering capability of measurement noises and 

modeling uncertainties in position estimation. An example of a KF was presented in [85], in 



Ph.D. Thesis - Dianxun Xiao                   McMaster - Electrical & Computer Engineering 
 

46 

 

which the KF was directly used as a cascaded filter for position and speed estimation. The 

applications of EKFs can be found in [86] and [87], which adopted the nonlinear voltage 

model and the mechanical model to construct an EKF estimator for rotor position and speed. 

The first-order Taylor approximation handles the nonlinearity in mathematic modeling in the 

EKF. Still, shortcomings of the EKF need to be overcome in practical applications, including 

the high computational burden, reduced linearization accuracy at ultra-high speeds, and 

complicated parameter testing. 

C. Intelligent Schemes 

Magnetic-characteristic-based position estimation methods, such as lookup-table-based 

methods and position observers, require prestored magnetizing data in the microcontroller. 

However, a large size of three-dimensional data occupies significant memory storage. 

Therefore, intelligent fitting algorithms are proposed to redefine the nonlinear magnetic 

characteristics of the SRM by an input-output relationship. Magnetic characteristic profiles 

are replaced by the intelligent mechanisms with reduced consumptions of memory resources. 

Although magnetic data is no longer needed in real-time position estimation, it is usually 

used as a training data set generator in offline mechanism design. For online mechanism 

training, a specific SRM needs to be tested multiple times to obtain operational status data. 

The data acquisition for the intelligent schemes still needs additional measurement effort for 

a tested machine, which is similar to the offline magnetizing property measurement process 

for magnetic-characteristic-based techniques. Consequently, this review article categorizes 

the intelligent schemes as magnetic-parameter-based methods as well. The major intelligent 

schemes can be divided into fuzzy logic [88]–[90] and neural networks (NN) [91]–[97]. The  
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block diagrams are given in Figure 2.20. 
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Figure 2.20  Position estimation using intelligent algorithms. (a) Fuzzy logic. (b) NN. 

 

An early fuzzy logic-based position estimation method was proposed in [88], aiming to 

reduce storage memory usage and enhance the robustness to disturbances. Fuzzy rules are 

trained by static flux linkage curves reflecting the magnetizing characteristics and dynamic 

terminal voltage and current measurements containing real-time operating conditions. The 

defined fuzzy logic is adopted to replace the complicated magnetizing profiles, facilitating a 

compact control system with less storage requirement. The fuzzification is also feasible to 

simplify a nonlinear flux linkage model since it does not require analytical equations and 

interpolations [89]. As reported in [90], the fuzzy logic can offer better filtering capability to 

nonideal distortions, including measurement errors and noises, parameter variation, and 

integration deviation, over the lookup-table-based methods. Although the fuzzy logic-based 

approaches achieve several advantages, the main challenge is the complicated design of fuzzy 
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rules in which numerous fuzzy sectors need to be determined for satisfactory estimation 

performance. 

With reduced complexity, NNs have become the mainstream in intelligent algorithm-

based position-sensorless control. A back-propagation NN-based estimation method was 

proposed in [91] to construct an efficient mapping between the electrical input quantities, 

such as flux linkage and current, and the output mechanical rotor position. The NN was 

trained by the data set generated from the complete magnetic characteristics offline, but fewer 

computational resources are required. The research in [92] utilized back-propagation learning 

rules in a neuro-fuzzy mechanism, validating that the NN is able to simplify the logic design 

of conventional fuzzification methods. In comparative research [93], Paramasivam et al. 

compared the two position estimators using an adaptive neuro-fuzzy inference system 

(ANFIS) and NNs. The results validate that the NN consumes less computational resources 

than the ANFIS. To further simplify the algorithm implementation, more research was 

focused on the complexity reduction of NNs [94]–[97]. The literature [94] established an 

NN-based mapping between the saturated inductance and the unsaturated inductance to 

commutate a switched reluctance generator. A least-mean-square method was embedded in 

inductance acquisition to reduce the number of neurons and the processing time. In [97], an 

improved back-propagation-based NN combining a pretreated third input with inductance 

curve fitting was put forward. Validations show that the method can achieve approximately 

one-quarter processing reduction compared to conventional NN structures. In [95], a minimal 

NN without neurons in the hidden layer was analyzed to reduce the computational burden for 

a specific two-phase SRM. The technique is able to operate in a low-cost microcontroller, 
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but the reduction of hidden layers would affect the estimation accuracy. The research 

proposed in [96] compared two NNs, back-propagation NN and radial basis function NN, as 

well as numerical solver selections, in terms of convergence rate and storage memory. The 

optimal choice of NN structures and numerical solvers can facilitate an accurate estimation 

system with lower computational burden. 

In these studies, intelligent algorithms effectively relieve storage spaces in position 

estimation and are potential solutions for commercial SRM drives. The estimation accuracy 

can also be improved due to the robustness of sampling noises and parameter uncertainties. 

However, intelligent schemes require numerous training sets, including static magnetic 

characteristics and data acquisition from real-time testing. Consequently, a predesign 

procedure is inevitable. 

D. Feature Position Estimation Methods 

Different from the previous position estimation methods that estimate full-cycle rotor 

position, the feature position estimation method is an alternative solution [98]–[104]. The 

technique only estimates partial positions in one electrical cycle but requires less flux linkage 

or inductance profiles. Hence, the feature position estimation has advantages in reducing 

storage space and offline measurement effort. 

The first feature position estimation concept was proposed in [98]. As presented in 

Figure 2.21, the method sets a flux linkage-current curve at a critical position as the reference. 

When the real-time calculated flux linkage intersects the reference curve, the particular 

position can be recorded as a position estimate. Compared with other magnetic-parameter-

based methods, this approach only needs the flux linkage information at one position. The 
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research in [99] proposed a similar idea to estimate the critical position by measuring the 

difference between actual flux and reference flux. Instead of monitoring the curve 

intersection, the flux linkage difference is converted into a position error and then added to 

the reference position as a correction term. Recent sensorless control methods discussed in 

[100] and [101] utilized more feature flux curves at different positions, such as the unaligned 

position, the aligned position, and the central position. These special flux linkage 

characteristics can be obtained through an online torque-balancing measurement method 

proposed in [102] without clamping tools and offline testing. The flux linkage characteristic 

at arbitrary positions can be deduced with a secondary Fourier model to determine the phase 

commutation instants. In [103], the feature position estimation method was further developed 

in a switched reluctance generator. The critical position can be estimated by comparing the 

current raising time in a chopping period with its reference value. Another method using a 

linear flux linkage region was proposed in [104], which can be featured by two flux values 

at endpoints. This method also requires less flux linkage knowledge, and the rotor position 

can be estimated by linear regression.  
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Figure 2.21  Position estimation using feature flux linkage. 
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Although the above feature position estimation methods do not require complete 

magnetic characteristics, the position estimation is discontinuous since only one or partial 

position can be detected in every electrical cycle. The feature position estimation works a 

discrete Hall position sensor that has limited position detection resolution. The situation is 

the same as gradient-based methods. The estimation accuracy may be aggravated under fast 

speed variations or at a lower speed. 

2.2.2.3 Comparison of the High-Speed Position-Sensorless Control Methods 

For intuitive review, the major high-speed position estimation methods are compared and 

summarized in Table 2.3.  

From the view of universality, magnetic-characteristic-independent methods are 

preferable since no offline measurement and FEA are needed. Due to the advantage, a 

potential application is the general-purpose SRM drive in which position-sensorless control 

is indispensable, as is the case with other commercialized AC motor drives. Among the 

existing research, gradient detection methods are gained much attention due to the simple 

implementation. However, the sensitivity to current noises and ripples challenge the 

method’s robustness in industrial applications, which need to be investigated and improved. 

The inductance intersection detection and the phase overlapped region-based techniques are 

less sensitive to noises. Notably, the latter one further considers modeling uncertainties in 

inductance calculation, achieving higher estimation accuracy. As a common drawback, 

existing magnetic-parameter-free techniques estimate the rotor position discontinuously. One 

rotor position information is obtained over one electrical cycle. The estimation accuracy may 

decrease when the rotor speed is low and changes suddenly. 
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Table 2.3  Summary and Comparison of High-Speed SRM Position-Sensorless Control 

Strategies 
 

Categories 
Sensorless 

methods 

Noise 

sensitivity  

Computational 

burden 
Advantages Disadvantages 

Magnetic-

parameter-

free 

position 

estimation 

Gradient detection 

[29], [32]-[41]  
High Low 

Simple 

implementation 

Sensitivity to 

noises & 

discontinuous 

estimation 

Inductance 

intersection [48] 
Medium Low 

Simple 

implementation 

Unavailability 

with load & 

discontinuous 

estimation 

Phase overlapped 

region [49] 
Low Medium 

Robustness to 

modeling 

uncertainties 

Discontinuous 

estimation 

Magnetic-

parameter-

based 

position 

estimation 

Lookup table-

searching [50]–[54] 
Medium Low 

Straightforward 

solution 

Large storage 

memory 

Lookup table-

searching with mutual 

coupling elimination 

[55]–[60] 

Medium Medium 

Mutual 

coupling 

mitigation 

Large storage 

memory 

Position observers  
[71]-[87] 

Low Medium 
Robustness to 

noises 

Parameter 

tuning 

Intelligent schemes 

[88]–[97] 
Low High 

Reduced stored 

data size 

Numerous 

training sets 

Feature position 

estimation [98]–[104] 
Medium Low 

Less storage 

memory 

Discontinuous 

estimation 

 

High-speed position estimation can be simplified by magnetic characteristics, the same 

case as the low-speed schemes. Searching prestored magnetizing lookup tables for position 

estimation is the most straightforward. It also facilitates extended research in eliminating 

mutual coupling effects on estimation, which are ignored in most methods but cause 

estimation errors. However, these approaches do not offer the filtering capability. It may 

challenge the robustness in practical applications, in which the external interference is 

uncertain. Position observers are good candidates for robust sensorless SRM drives. 

Feedback control in position observers provide additional trade-off opportunity between 
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noise suppression and dynamic performance, and thus sensorless control can operate in a 

noisy condition.  

The main concern of lookup table techniques and position observers is the demand for 

large storage memory for magnetizing data, which may limit the implementation in a low-

cost microcontroller. In shrinking data usage, intelligent algorithms map the nonlinear 

characteristics into learning mechanisms with less memory requirement. The methods are 

also potentially adaptive for various SRMs due to the learning capability, but the training set 

acquisitions are difficult for industrial SRM drives. Currently, intelligent schemes are limited 

to a specific machine. The other strategies estimating feature positions are more feasible 

solutions at high speed. The limitation is the same as magnetic-parameter-free methods, 

which is the discontinuous position estimation and has reduced accuracy at transient states 

and lower speeds. 

2.2.3 Wide-Speed Range Position-Sensorless Control  

Position-sensorless control methods discussed early are feasible for a specific speed region, 

either low speed or high speed. For wide-speed range sensorless control, several techniques 

were proposed in the literature by combining both the low-speed method and the high-speed 

method. A general control diagram is presented in Figure 2.22.  
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Figure 2.22  General control diagram of wide-speed range position-sensorless control. 
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A solution for wide-speed range operation is to adopt direct sensorless driving schemes 

at full speeds, where the phase commutation instants are determined by predefined current 

threshold and gradient detection [47]. However, the approach does not obtain the rotor 

position. For full-speed position estimation, the authors in [25] adopted two position 

estimators in each speed region and designed a hysteresis controller to switch the two 

schemes. The switching area is selected around a medium speed in which both position 

estimators offer good accuracy. Since the two approaches estimate the position in different 

manners, the algorithm fusion of low-speed methods and high-speed methods is easy to 

realize.  

The main challenge of wide-speed range sensorless control is the four-quadrant 

operation capability. Existing schemes often consider position estimation in the first 

quadrant, namely in the motoring mode with a positive speed. Under the quadrant change, 

position estimation logic needs to be modified to adapt the variable phase commutation 

angles and speed directions [105]. Several techniques were found in the literature regarding 

the four-quadrant position estimation. The proposal in [79] adjusted the sign of sliding-mode 

gains in motoring and generating modes to guarantee stability. In [9], a speed reversible 

operation was achieved using a predefined current threshold. These methods [9], [79] need 

specific designs for ultra-low operation, but the presented estimation accuracy is limited. 

Lookup table-based methods are capable of low-speed operation and can be modified in four-

quadrant control [23]. The prestored lookup tables need to be adjusted according to the 

quadrant detection. However, the quadrant determination is challenging around zero speed 

due to the presence of speed estimation errors. Instability may occur with wrong quadrant 
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detection when the rotor speed changes across zero. For smooth four-quadrant operation, a 

recent work proposed in [27] considered more criteria based on preset inductance and flux 

linkage thresholds for quadrant transitions in a wide-speed range. With improved estimation 

accuracy, the sacrifice of such technique is the increased complexity due to extra auxiliary 

current chopping control and region adjudgments. 

2.2.4 Discussion 

Throughout the literature, position-sensorless control of SRM drives has been studied for two 

decades and can cover a wide-speed range operation. Still, various improvements should be 

performed in existing methods.  

Generally speaking, position estimation of SRMs is more challenging than conventional 

AC machines due to their nonlinearity caused by doubly salient structures. Existing position-

sensorless control strategies often rely on magnetic characteristics for accurate estimation. 

However, the usage of magnetic parameters requires additional offline measurement or FEA 

simulation, limiting the algorithm’s universality. Although many studies are conducted to 

realize magnetic-parameter independence, the position-sensorless control still has some 

limitations, such as reduced estimation accuracy, weak load-carrying capability, and 

increased complexity. Therefore, it is necessary to develop general position estimation 

schemes, which can avoid offline measurement, provide higher estimation accuracy, and at 

the same time have higher calculation efficiency. 

Developing new pulse injection methods with fewer side effects on SRM drives is 

preferable. Conventional pulse injection schemes utilize high-frequency voltage pulses on 
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idle phases for position estimation. However, additional excitation currents cause copper 

losses and thus challenge the cooling design of both machines and converters. Torque ripples 

are also generated by pulse signals, degrading the control performance and accelerating 

mechanical aging. In addition, high-frequency induced currents result in acoustic noises, 

which should be considered seriously in the applications, such as home appliances and 

electric vehicles. Consequently, a crucial research direction on low-speed sensorless control 

is to mitigate these negative influences. 

Four-quadrant operation is essential in electric vehicles and needs to be realized in 

sensorless control. In different speed and torque directions, the SRM working sector changes 

between the positive torque region and the negative torque region by adjusting phase 

commutation angles. Most existing methods are only available in a specific quadrant and 

become unstable when the operating quadrant varies. Several improved works discussed 

early can realize four-quadrant sensorless operation, but the algorithm complexity increases 

significantly due to the quadrant determination and switching logic. Moreover, the smooth 

and fast transition across zero speed is still a challenge. In consequence, it is suggested to 

develop improved sensorless control schemes for robust and straightforward four-quadrant 

operation. 

To this end, this thesis aims to propose a universal position-sensorless control scheme 

covering wide-speed range operation and does not require offline magnetic characteristic 

measurement. It can improve the algorithm’s adaptation capability to various SRM types and 

facilitate broad applications of position-sensorless control in a commercially general-purpose 

SRM drive. 
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2.3 Conclusion 

This chapter introduces the fundamentals of the SRM drive, with testing setup design and 

magnetic characteristic measurement. An overview of major position-sensorless control 

strategies of SRM drives is also presented. In the literature review, existing sensorless control 

strategies are categorized into low-speed methods and high-speed methods. First, low-speed 

sensorless control methods using pulse injection are discussed. Direct driving methods, 

magnetic-perimeter-free methods, and magnetic-parameter-based methods are summarized 

with highlighting the merits and shortcomings. Then, high-speed position estimation schemes 

are categorized according to the usage of magnetic characteristics, and a comparison among 

the main features of existing research is given. Full-speed sensorless control schemes 

combing both low-speed methods and high-speed methods are also analyzed. Finally, the 

chapter discusses the current challenges in SRM sensorless control.
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Chapter 3 

A Regional Phase-Locked Loop Based 

Low-Speed Position-Sensorless Control 

Scheme 

3.1 Introduction 

Low-speed position-sensorless control of the SRM drive can be realized by injecting high-

frequency pulse voltages into the idle phase. The magnitude of the induced high-frequency 

current is measured to obtain the stator inductance, which is then used for position estima-

tion. However, obtaining the stator inductance characteristics is not an easy task, and time-

consuming offline measurement is required. Although some advanced schemes can esti-

mate the rotor position without using the prestored magnetic characteristics [11]–[18], as 

mentioned in the literature review, the methods ignore the magnetic saturation effect, thus 

not able to support sensorless operation at heavy load conditions. 
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To realize position estimation under load conditions without using a priori knowledge 

of magnetic parameters, this chapter proposes a new position estimator with a novel RPLL 

(regional phase-locked loop) for SRM drives. Firstly, a self-commissioning process is de-

signed to self-learn the parameters of an idle-phase inductance model at the initial stage 

without manual involvement. Then, the idle-phase inductance is normalized by the self-

acquired parameters and used for position estimation. Since the derived inductance in each 

idle phase is discontinuous over one electrical cycle, all idle-phase inductances are consid-

ered simultaneously, and a new heterodyne approach in different inductance regions is 

proposed in the RPLL to obtain the rotor position in the whole electrical cycle. 

 Compared to existing low-speed position estimation methods, the proposed position 

estimation approach has several advantages:  

1) It does not require time-consuming offline measurement of magnetic characteristics. 

Instead, a simple self-commissioning method is proposed to improve the generality of 

the sensorless control scheme.  

2) The proposed approach can guarantee accurate position estimation under both no-load 

and load conditions due to the eliminated magnetic saturation effect. 

3) The RPLL can achieve smooth speed reversal in sensorless operation without using 

complicated quadrant judgments.  

4) The position estimator offers filtering capability to noises and model uncertainties, thus 

improving the robustness and enhancing the stability. 

Finally, experimental validation is carried out on a 12/8 SRM setup to verify the pro-

posed position estimation strategy. 



Ph.D. Thesis - Dianxun Xiao                   McMaster - Electrical & Computer Engineering 
 

60 

 

3.2 Discussion on Conventional Low-Speed Position Esti-

mation Methods 

Figure 3.1(a) illustrates the implementation of high-frequency pulse voltage for low-speed 

position estimation, where the phase current and phase inductance of the SRM are pre-

sented. The current hysteresis control with the soft chopping mode [2] is used to regulate 

the current when the phase conducts, and the zoom-in current is presented in Figure 3.1(b). 

The soft chopping involves a magnetization process with the positive DC-linkage voltage 

Udc, and a slow demagnetization process with zero voltage. The high-frequency injection 

containing a pair of positive (P) and negative (N) voltage pulses, as shown in Figure 3.1(c), 

is enabled during the idle-phase period. The injection amplitude is set as the DC-link volt-

age Udc. The current sampling period is defined as Ts. To assure the induced current i 

decaying to zero before the next positive voltage pulse starts, additional period for a nega-

tive voltage pulse is added. 

In the idle phase, magnetic saturation can be neglected due to the low induced current 

when the injection period is short. The SRM model with the positive injection can be writ-

ten as: 

 
dc

P

( , )
( , )

di L i
U Ri L i i

dt


 




= + +


 (3.1) 

The subscript ‘P’ denotes the positive injection. The voltage drops of switches and diodes 

in the asymmetric half-bridge converter are ignored in the SRM model in comparison with 

the large DC-link voltage. 
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Figure 3.1  Pulse-injection-based position estimation methods. (a) Phase current and 

phase inductance. (b) Current derivative calculation in the conduction period. (c) Current 

derivative calculation in the idle-phase (injection) period. 

 

Similarly, the SRM model with the negative injection can be expressed as 

 
dc

N

( , )
( , )

di L i
U Ri L i i

dt


 




− = + +


 (3.2) 

where the subscript ‘N’ denotes the negative injection.

 
The changes of the ohmic voltage drop and back-EMF are small during the short in-

jection periods at low speed. According to Figure 3.1(c), the phase inductance can then be 

calculated by combining (3.1) and (3.2): 

  dc dc s

idle
E D FP N

2 2
( , )

2

U U T
L i

di dt di dt i i i
 = =

− − −
. (3.3) 
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Some injection-based methods also use the inductance in the phase conduction period 

for position estimation. When the phase conducts, current ripples caused by the hysteresis 

control can be used to calculate the phase inductance by detecting the current changing rate. 

According to Figure 3.1(b), the phase inductance in hysteresis control is calculated by 

 dc dc s

conduction
B A Con off

( , ) =
2

U U T
L i

di dt di dt i i i
 =

− − −
. (3.4) 

where the subscripts “on” and “off” represent the on-state and off-state in the soft chopping 

hysteresis control mode, and the phase voltages are Udc and zero, respectively. 

As shown in Figure 3.1, when the phase current increases due to the load, the conduc-

tion-phase inductance decreases nonlinearly with the increased current. Hence, the 

conventional methods [11]–[18] cannot ensure accurate position estimation under load con-

ditions unless using prestored nonlinear magnetic lookup tables. Since the approach needs 

offline measurement of SRM’s magnetic characteristics, the control algorithm’s generality 

would be limited due to the increasing complexity and additional manual workload. 

To make the low-speed position estimation simpler, this chapter aims to design a new 

scheme that does not need offline testing while achieving good robustness to load variation. 

3.3 Proposed Low-Speed Position Estimation Scheme 

3.3.1 Overview of the Proposed Method 

As analyzed before, the magnetic saturation in conduction phases makes the position esti-

mation complicated under load conditions. To avoid using magnetic characteristics, the 
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rotor position can be estimated from the idle-phase inductance only. Since the idle-phase 

inductance is unsaturated and load independent, the same estimation accuracy can be en-

sured under both no-load and load conditions. 

Figure 3.2 shows the overall control structure of the proposed low-speed sensorless 

control scheme. The outer loop consists of a speed PI controller, and the current hysteresis 

controller is used to regulate the phase current in the inner loop. The high-frequency pulse 

voltage is injected in idle phases by modifying the gate signal, and the induced high-fre-

quency current is used for position estimation. In sensorless operation, the estimated 

position and speed are used as feedbacks for speed and current control. A simple online 

self-commissioning scheme is also designed in the proposed position estimation scheme, 

which avoids the offline measurement used in conventional methods. 
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Figure 3.2  Schematic diagram of the proposed position-sensorless control scheme. 

 

In this section, the self-commissioning will be introduced first. Then, a new RPLL-

based position estimator will be proposed to estimate the full-cycle position. 
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3.3.2 Idle-Phase Inductance Analysis and Self-Commissioning 

With a short injection period, the induced current in the idle phase is low, and thus the 

calculated inductance through the pulse injection is the unsaturated inductance. The induct-

ance model of the unsaturated inductance can be approximately expressed by the DC 

inductance L0 and the fundamental component L1:  

 

( )

( )

( )

A 0 1 r

B 0 1 r

C 0 1 r

cos

cos 2π 3

cos 2π 3

L L L N

L L L N

L L L N







= −


= − −


= − +

 (3.5) 

where the high-order inductance harmonics are ignored in the approximated model. The 

effects of the approximation are limited on position estimation, which will be discussed 

later. 

As can be observed from (3.5), the idle-phase inductance is a function of the rotor po-

sition. If the two parameters, L0 and L1, are known, the rotor position can be estimated. On 

this basis, a simple self-commissioning process is introduced in this chapter to obtain the 

L0 and L1. 

As illustrated previously in the overall diagram shown in Figure 3.2, by disabling the 

current controller during the self-commissioning, three phases of the SRM are turned off 

simultaneously. In this case, the SRM is not controlled and does not rotate, and all phases 

are idle. Then, injecting high-frequency pulse voltages into the three phases, and the three-

phase inductances (3.5) can be calculated by detecting the current variation as expressed in 

(3.3). To reduce the noise and improve the steady-state accuracy of inductance 
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identification, lowpass filters (LPFs) can be added in the inductance calculation, as shown 

in Figure 3.3. It is notable that the LPF is only used for the self-commissioning process. 

LPF

iA

iB

iC

Idle inductance 

calculation 

(3.3)

LABC

L0 identification 

(3.6)

L1 identification 

(3.8)

L0

L1

 

Figure 3.3  Self-commissioning process for parameter identification of L0 and L1. 

 

Afterward, the DC inductance value L0 can be calculated by summing the three-phase 

inductance, as follows: 

 ( )0 A B C 3L L L L= + + . (3.6) 

To obtain the amplitude of the fundamental inductance, the inductance (3.5) in the abc-

frame is transformed into the αβ-frame, which derives 

 

( )

( ) ( )1

A 1B C r

B

α

rβ C

2 1 1

n

3 2 2

3

3

cos

si

NL L L L

L L N

L

L L


−





−


 
= − − = 

 

= − =






. (3.7) 

Then, the estimated magnitude L1 can be derived by normalization calculation, as: 

 2 2

1 α βL L L= + . (3.8) 

Since the idle-phase inductance is independent of the load level, the L0 and L1 are un-

changed during operation. Therefore, the proposed self-commissioning process only needs 

to be run once for the same SRM, and the L0 and L1 obtained by (3.6) and (3.8) can be 

stored as constant values for position estimation. Compared to the offline measurement in 
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conventional methods, the self-commissioning is simpler since it does not require any man-

ual operation and can run automatically. 

Afterward, the self-commissioning is disabled, and the speed and current controllers 

are enabled to control the SRM under rotating conditions. The uncertain parameters in the 

derived idle-phase inductance can be eliminated by using the stored parameters from the 

self-commissioning, which results in 

  

( ) ( )

( ) ( )

( ) ( )

An A 0 1 r

Bn B 0 1 r

Cn C 0 1 r

cos

cos 2π 3

cos 2π 3

L L L L N

L L L L N

L L L L N

= − = −


= − = − −


= − = − +







 (3.9) 

where LAn, LBn, and LCn, denote the normalized idle-phase inductance.  

Therefore, the normalized idle-phase inductance is only a position function, which can 

be used for position estimation.  

3.3.3 Position Estimation from the Idle-Phase Inductance Through an 

RPLL 

Based on the normalized inductance in (3.9), a conventional solution to estimate the rotor 

position is using inverse trigonometric calculation [16]–[18]. However, this method cannot 

distinguish the quadrants of the rotor position. For example, if an anti-cosine calculation is 

used for (3.9), it can only calculate the position ranging from 0 to π, i.e., in the first and 

second quadrants. Additional quadrant judgment strategies are required to derive the full-

cycle rotor position, such as adding a position offset by comparing phase inductance values 

[17]. Whereas the compensation logic would be more complicated for solving the position 
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from (3.9) when considering the speed reversal (i.e., four-quadrant) operation of an SRM. 

Also, the anti-trigonometric calculation does not offer noise suppression capability. 

To address the problems, this section proposes a new position estimator based on an 

RPLL, of which schematic diagram is shown in Figure 3.4. The normalized idle-phase in-

ductance is derived through (3.9) from the idle-phase inductance. A regional heterodyne 

operator is then adopted to extract the position error information ε from the normalized 

three idle-phase inductances. Afterward, a PLL is used to converge the position error ε to 

zero and estimate the mechanical speed and the mechanical position. The proposed scheme 

does not need to distinguish the quadrants and is robust to inductance calculation noises. 
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Figure 3.4  Block diagram of the proposed RPLL-based low-speed position estimation 

scheme for SRM drives. 

 

 

3.3.3.1 Regional Heterodyne Operator in One Phase 

The design of a one-phase regional heterodyne operator for position information extraction 

is introduced first. Figure 3.5 shows the idle-phase inductance in three phases of a 12/8 

SRM. For the sake of brevity, the inductance is set as zero when the phase conducts. Due 

to the rotating operation of the three-phase SRM conducting at most two phases simultane-

ously, at least one-phase inductance can be detected through the idle-phase high-frequency 

injection. Thus, the full-cycle position estimation from idle-phase inductance is available.  
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Figure 3.5  Idle-phase inductance in three phases of a 12/8 SRM. (a) θoff-θon>15°. (b) θoff-

θon=15°. (c) θoff-θon<15°. 

 

To analyze comprehensively, three operating cases with different turn-on and turn-off 

angles are considered. Figure 3.5(a) shows the idle-phase inductance when the turn-on an-

gle and turn-off angle satisfies off-on>15°. In region-I, the phase-A and phase-C 

inductances are obtained, both of which can be used to extract the position information 

through a double-phase heterodyne calculation. According to (3.9), the input signal εI of 

the PLL in region-I can be derived by 

 
( ) ( )

( ) ( )

I An r Cn r

r r r r

2 ˆ ˆcos 2π 3 cos
3

ˆ ˆ   sin

L N L N

N N N N

  

    

 = − + +
 

= −  − = 

 (3.10) 
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where the position estimation error Δ is defined as the difference between the actual and 

the estimated positions. 

As observed from (3.10), the heterodyne calculation derives a position error infor-

mation. If the position error εI ≈ NrΔ is controlled to zero, the estimated position will 

converge to the actual position. This convergence can be guaranteed by adopting a PLL 

after the heterodyne operator, which will be discussed later.  

Different from region-I, there is only one idle-phase inductance in region-II, as shown 

in Figure 3.5(a). For the 12/8 SRM, region-II is located at the range of [on+30°, off+15°], 

and the conduction range satisfies off-on>15°. To obtain the position error signal Δ like 

(3.10), a single-phase heterodyne method is designed for the phase-A inductance as 

 
( )

( )
r

r
II II-amp II-amp r

r

ˆcos
= 2sin

ˆ 2sin

AnL N N
N

N

+ 
=    

 
   


 (3.11) 

where εII-amp is the amplitude of the εII, given as 

 
( )

( )
r

II-amp

r

sin 2
=

sin

N

N

−   

−   

 


 
. (3.12) 

As shown, the amplitude εII-amp is unity when the Δ is equal to zero. With εII-amp=1, 

the expression of (3.11) will be the same as (3.10), i.e., εII ≈ NrΔ. 

Besides the case shown in Figure 3.5(a), there may be other combinations of turn-on 

and turn-off angles in SRM control. The conduction range of the SRM could be off-on=15° 

or off-on<15°, as shown in Figure 3.5(b) and Figure 3.5(c), respectively. In Figure 3.5(b), 

there is no overlap among all phases, and two-phase inductance can always be detected. 
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Therefore, the position estimation in this case is simple as only the double-phase hetero-

dyne calculation of (3.10) is used. If the conduction range is narrower as shown in Figure 

3.5(c), either the double-phase inductance or the three-phase inductance (marked as region-

III) can be detected in the idle phases. For the sake of simplicity, the double-phase hetero-

dyne method can still be used for region-III, which utilizes two of three idle-phase 

inductances to obtain the position information., namely: 

 
III I=  . (3.13) 

Notably, the cases in Figure 3.5(b) and 3.5(c) are seldomly used in the SRM control 

since the conduction range is often set to be larger than 15° to reduce the torque ripple. 

As a result, the heterodyne operators in the three regions are designed to extract the 

position error information from the idle-phase inductance.  

3.3.3.2 PLL Design and Stability Analysis 

After the regional heterodyne operator, a classic PLL [106] is modified in the proposed 

RPLL to converge the position estimation error Δ and then estimate the rotor speed and 

position. Being different, since the heterodyne calculation is nonlinear, the stability of the 

RPLL is further analyzed. 

According to (3.10) and (3.11), a linearization model of the proposed RPLL can be 

derived and shown in Figure 3.6. Due to the presence of εII-amp in (3.11), a nonlinear gain ζ 

is introduced in the feedforward path, which can be expressed as (3.14). 

 ( )

( )
r

r
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sin 2
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N

N




−  =   
 −   
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 (3.14) 
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Figure 3.6  Linearization model of the proposed RPLL. 

 

The transfer function of the proposed RPLL can be written according to its lineariza-

tion model, as 

 
( )

( )
r p i

2

r p i

ˆ( )
( )=

( )

N k s ks
G s

s s N k s k

+
=

+ +



 
 (3.15) 

where the nonlinear gain ζ is regarded as a constant coefficient for the sake of simplifica-

tion. 

The prerequisite for convergence of the position error Δ is to ensure the RPLL’s sta-

bility. Through the transfer function, the stability criteria can be derived based on the 

Routh–Hurwitz stability criterion: 

 
r p

r i

0

0

N k

N k









. (3.16) 

If the PI parameters, kp and ki, are designed as positive values, the stability criterion 

becomes: 

 0  . (3.17) 

Obviously, the stability criterion is satisfied in region-I and region-III where ζ=1. How-

ever, the stability condition is unclear in region-II due to the nonlinear gain, as expressed 

in (3.14).  
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Figure 3.7  Nonlinear gain ζ in (3.14) with respect to the position and position error. 

 

To analyze the stability of the RPLL in region-II, the nonlinear gain in (3.14) with 

respect to the rotor position and position error is drawn in Figure 3.7. As observed, the 

nonlinear gain is positive in most regions, in which the local stability can be guaranteed. 

However, negative gains can be found around =0° and =22.5° and would result in insta-

bility according to the criteria condition given in (3.17). To better illustrate the stability 

conditions, two example points are given in the figure. For an equilibrated point A(35, 0), 

where the position is 35° and the position error is zero, it is in the positive-gain region and 

far away from the unstable area. Therefore, point A would have a considerable stability 

margin against position error variation, which ensures the robust local stability of the 

RPLL. For point B(22.5,0), although the positive gain can be satisfied within a neighbor-

hood, as shown in the zoom-in figure, the stability margin is significantly narrower than 

point A. Hence, even though the position error at point B is zero, the RPLL is sensitive to 

a small perturbance and may diverge to an unstable point when the position error varies. In 
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consequence, the local stability of the RPLL with the nonlinear gain will be robust if the 

operating point of the SRM is within the positive-gain region and away from the unstable 

area. 

According to the local stability analysis, the single-phase heterodyne operator with a 

nonlinear gain cannot be used for the whole position range. However, it is suitable for po-

sition estimation of the proposed RPLL. As analyzed earlier, the single-phase heterodyne 

calculation is only used for region-II within [on+30°, off+15°]. The turn-on angle on is 

often around the unaligned position (0°) to improve the current tracking rate of the SRM, 

and the turn-off angle off is set advanced to the aligned position (22.5°) to avoid negative 

torque. Therefore, the nonlinear gain used in the proposed RPLL is only located in a narrow 

region. To illustrate clearly, region-II [on+30°, off+15°] with on=0° and off=20° is drawn 

in Figure 3.7 as an example. As can be seen, region-II is encompassed by the positive-gain 

region. The local stability against robust against large position error variation can be en-

sured in the proposed RPLL. 

Based on the robust stability in all the three regions, the convergence of position esti-

mation can be guaranteed. As can be found from the transfer function (3.15), the proposed 

RPLL is a type-II system that has a zero-tracking error of a step or ramp signal, such as the 

rotor position  (s)=ω0/s2 that is a ramp signal at a constant speed ω0 in the steady state. 

Therefore, the steady-state position error Δss is zero according to the final value theorem, 

expressed as follows: 

  
( )
0

ss 20 0
r p i

lim ( ) 1 ( ) lim 0
s s

s
s s G s

s N k s k→ →
 =   − = =

+ +


 


. (3.18) 
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Accordingly, the RPLL can converge the position error derived by the proposed re-

gional heterodyne operator. Then, the rotor speed and position can be estimated. 

To configure the RPLL’s parameters, the characteristic equation of the transfer func-

tion is written with a double pole: 

 ( ) ( )
22

r p is N k s k s+ + = +   (3.19) 

which gives the parameter design scheme: 

 2

p r i r2 and k N k N= =   (3.20) 

where ρ is the absolute value of the RPLL’s double pole, and the nonlinear gain ζ is re-

garded as unity due to the convergence.  

The tuning of the double pole ρ is a trade-off between the response rate and noise 

suppression capability. Figure 3.8 shows the Bode diagram of the proposed observer with 

different pole values. The RPLL has a lowpass-frequency characteristic, which can sup-

press the measurement noises and harmonic disturbance.  
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Figure 3.8  Bode diagram of the proposed RPLL. 
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3.3.3.3 Overall Design of the Regional Heterodyne Operator 

In the previous analysis, the design of the phase-A regional heterodyne operator is intro-

duced as an example. Other phases’ design is similar by considering the 2π/3 phase shift. 

The overall design scheme is summarized in Table 3.1.  

Table 3.1  Overall Design of the Proposed Regional Heterodyne Operator. 
 

Idle phases ε = 

Phase-A ( ) ( )An r r
ˆ ˆcos sinL N N  +

 
 

Phase-B ( ) ( )Bn r r
ˆ ˆcos 2π 3 sin 2π 3L N N  + − −

 
 

Phase-C ( ) ( )Cn r r
ˆ ˆcos 2π 3 sin 2π 3L N N  + + +

 
 

Phase-A and -C ( ) ( )An r Cn r

2 ˆ ˆcos 2π 3 cos
3

L N L N  − + +
 

 

Phase-A and -B ( ) ( )An r Bn r

2 ˆ ˆcos 2π 3 cos
3

L N L N  − −
 

 

Phase-B and -C ( ) ( )Bn r Cn r

2 ˆ ˆcos 2π 3 cos 2π 3
3

L N L N  + − −
 

 

Phase-A, -B and -C ( ) ( )An r Cn r

2 ˆ ˆcos 2π 3 cos
3

L N L N  − + +
 

 

 

3.3.4 Analysis of the Approximated Inductance Model  

This chapter adopts an approximate inductance model in (3.5) that ignores other inductance 

harmonics, while it would result in modeling errors. In this subsection, the effects of the 

modeling error on the self-commissioning and position estimation are analyzed. 
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For a more accurate inductance model of the SRM, the inductance harmonics need to 

be considered. Particularly, the second harmonic is most dominant among other high-order 

harmonic components. Thus, a modified inductance model can be established by consider-

ing the second harmonic: 

 

( ) ( )

( ) ( )

( ) ( )

r r

r1 r

r r

A 0 1 2

B 0 2

C 0 1 2

cos cos 2

cos 2π 3 cos 2 4π 3

cos 2π 3 cos 2 4π 3

L L L N L N

L L L N L N

L L L N L N

 = − −


 = − − − −


 = − + − +

 

 

 

 (3.21) 

where L2 is the magnitude of second inductance harmonic. For the sake of distinction, the 

superscript ՛ represents the variable when considering the inductance harmonic. The modi-

fied model in (3.21) is accurate to the SRM inductance characteristic, of which accuracy is 

proved in the literature [101]. 

The self-commissioning process expressed in (3.6)-(3.8) can be rewritten by consider-

ing the effect of second inductance harmonics, as follows: 

  ( )0 A B C 0
ˆ 3L L L L L  = + + =  (3.22) 

 

( )

α A B C

β B C

2 1 1

3 2 2

3

3

L L L L

L L L

  
   = − − 

  

   = −


 (3.23) 

 
2 2 2 2

1 α β 1 2 1 2 1r
ˆ 2 cos(3 )L L L L L L L N L = + = + +  . (3.24) 

As can be seen from (3.22) and (3.24), the inductance harmonic does not affect the 

estimation accuracy of L0, but the L1 estimation contains additional bias and varies with 

different initial positions. Hence, the approximation inductance model (3.5) used for the 

self-commissioning results in inaccurate estimation of the magnitude L1. 
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Then, the L0 and L1 estimation obtained in (3.22) and (3.24) are used to normalize the 

idle-phase inductance: 

 

( ) ( )

( ) ( )
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An A 0 1 err A
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 (3.25) 

where 

 
err 1 1

ˆk L L=  (3.26) 

is the gain error due to the inaccurate L1 estimation, and 
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 = −
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 (3.27) 

are the second inductance harmonics after normalization. 

Afterward, the proposed regional heterodyne operator is used to obtain the input error 

signal ε of the PLL. Here, the effect of the inductance harmonic is analyzed in the region-I 

as an example. Other regions can be analyzed in the same way.  

According to (3.10), the input error signal in the region-I can be expressed as (3.28) 

when considering the inductance harmonic: 

 
( ) ( )

( )

I An Cn r

err 2 r 1

r

r r

2 ˆ ˆcos 2π 3 cos
3

ˆ   sin 3

L N L N

k N L N N L

  

  

   = − + +
 

  − − 

. (3.28) 

Compared to the case (3.10) ignoring the inductance harmonic, the actual input signal 

I   of the PLL has a gain error and a third harmonic distortion.  
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The third harmonic distortion caused by the modeling error is smaller since 
1L̂  is larger 

than L2. Besides, the harmonic distortion can be further mitigated by the RPLL due to the 

lowpass-frequency characteristic, as shown in Figure 3.8. 

For the gain error, the transfer function of the RPLL in the region-I can be modified as 

(3.29) when considering the gain error: 
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err p i
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e r i
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( )=
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k N k s ks
G s

s s k N k s k





+
=

+ +
 (3.29) 

To analyze the effect of on position estimation, the convergence of the position esti-

mation error can be derived from the transfer function (3.29) according to the final value 

theorem: 

  
( )

err 0
ss 20 0

err r p i

lim ( ) 1 ( ) lim 0
s s

k s
s s G s

s k N k s k→ →
 =   − = =

+ +


  . (3.30) 

It can be found that the gain error kerr caused by the inaccurate L1 estimation does not 

affect the proposed method since the estimation error ∆θss can still converge to zero. The 

estimated rotor position can track the actual rotor position when the L1 estimation contains 

errors. The analysis will be validated experimentally. 

In summary, although the approximation inductance model contains modeling errors, 

the adverse impact is mitigated in the proposed method. A more accurate model can im-

prove the estimation accuracy theoretically, but the enhancement may be limited in 

practical applications. Due to the presence of current sampling errors, mutual couplings, 

and external disturbances, the ignored high-order harmonics are not the primary error 
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sources. Moreover, the approximation model can offer simpler implementation since no 

time-consuming offline measurement is needed.  

3.4 Experimental Verification 

In this section, the proposed position estimation method is validated by experiments on a 

5.5-kW three-phase 12/8 SRM test bench. Since the rated torque of the IM is 30 N·m, the 

maximum load that can be applied is 30 N·m in the setup. A torque transducer (NCTE 

Series 3000) is installed to measure the shaft torque, and the sampling rate of the torque 

transducer is 100 Hz. The DC-link voltage and injection voltage are set as 72 V. The injec-

tion frequency could be selected higher to avoid much delay in inductance calculation of 

(3.3), and the injection duty can be set as high as possible to increase the SNR of the in-

duced current measurement. According to Figure 3.1, the injection frequency is 6.67 kHz, 

and the duty cycle is full. The cut-off frequency of the LPF in the parameter self-commis-

sioning process is 5 Hz to ensure accurate initial parameter estimation. Note that the LPF 

is not used during SRM sensorless control, and thus it does not affect the control perfor-

mance.  The tunable parameter of the proposed RPLL is set as ρ=320. Experimental results 

are recorded in a Tektronix® MDO3024 oscilloscope and plotted in MATLAB. The actual 

position is measured by a resolver to calculate estimation errors. 

The experimental result given in Figure 3.9 shows the proposed self-commissioning 

process for learning the DC inductance and the magnitude of the idle-phase inductance. 

The current controller is disabled in the self-commissioning, and pulse voltages are injected 

into the three phases to calculate the inductance value by (3.3). Since the injection period 
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is short, the torque caused by the injection voltages is negligible, and the SRM can keep 

standstill during the three-phase injection. From the self-learning result, after injecting 

pulse voltages in all phases, the three-phase inductance values are obtained, which are 

around LA=2.054 mH, LB=2.728 mH, and LC=0.361 mH. Therefore, the DC bias L0 and the 

magnitude of the phase inductance L1 can be calculated based on (3.6) and (3.8), which are 

L0=1.714 mH and L1=1.408 mH. The two idle-phase inductance parameters will be used 

for position estimation during the SRM operation. Compared to conventional sensorless 

control methods that need the offline measurement of magnetic characteristics, the pro-

posed self-commissioning is automatic and more straightforward. The self-commissioning 

algorithm is just adopted once for the same motor. 
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Figure 3.9  Self-commissioning for the proposed scheme. 

 

After the self-commissioning, the speed and current controllers are enabled for the 

normal operation of the SRM. Figure 3.10 shows the idle-phase inductance, phase current, 

and position estimation results. The SRM is operated at 100 r/min and no load. Without 
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losing generality, three cases with different turn-on/off angles are given. As depicted in 

Figure 3.10(a), in which the turn-on and turn-off angles are on=0° and off=20°, high-fre-

quency pulse voltages are injected into the idle-phase to calculate the phase inductance, 

while the inductance values are set to zero when the phase is turned on. Due to the low 

inductance around the unsaturated position (0°), the phase current has larger ripples when 

the hysteresis control is used during the phase turns on. Still, it does not affect the position 

estimation because only the idle-phase inductance is used in the proposed sensorless control 

scheme. Since the LPFs for inductance calculation are not used when the motor rotates, the 

derived inductance contains spikes. According to the analysis in Figure 3.5, two-phase in-

ductance is obtained simultaneously in region-I, and the proposed RPLL can estimate the 

rotor position with the double-phase heterodyne calculation. When only one-phase induct-

ance is detected by the injection signal, i.e., in region-II, the proposed single-phase 

heterodyne method can be used according to Table 3.1. As shown from the experimental 

result in Figure 3.10(a), the estimated rotor position can match the actual position by the 

proposed RPLL even though no magnetic characteristics are used for estimation. Although 

region-I and region-II employ different heterodyne calculation, the position estimation be-

tween the regions is smooth and stable. Afterward, Figure 3.10(b) and Figure 3.10(c) show 

the results in narrower conduction ranges of [on=0°, off=15°] and [on=0°, off=12°] at 100 

r/min. Only the double-phase heterodyne calculation is used in the two cases since either 

double-phase or three-phase inductance is obtained during the operation. As shown, the 

proposed approach can still estimate the rotor position accurately, which proves the 

method’s effectiveness with different turn-on and turn-off angles.  
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Figure 3.10  Idle-phase inductance, phase current, and position estimation at 100 r/min 

without load. (a) on=0° and off=20°. (b) on=0° and off=15°. (c) on=0° and off=12°. 
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The position estimation results at other operating speeds with no load are given in Fig-

ure 3.11. It is notable that since the phase conduction range of a 12/8 SRM often lags behind 

15° to reduce the torque ripple, the control angles used in the rest of the chapter are kept as 

on=0° and off=20° for brevity. The actual position and estimated position under 200 r/min 

and 400 r/min are given in Figure 3.11(a) and Figure 3.11(b), respectively. Similar to the 

estimation result at 100 r/min, the proposed method can achieve accurate position estima-

tion at a medium speed. It benefits combining the proposed low-speed method with other 

high-speed position estimation schemes for full-speed sensorless control.  
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Figure 3.11  Position estimation at other speeds without load. (a) 200 r/min. (b) 400 

r/min. 

 

To verify the improvement compared to the conventional method, the proposed posi-

tion estimation scheme is compared with the phase-inductance vector method proposed in 

[17]. In the traditional method, it estimates the full-cycle position from the inductance de-

tected in both the idle-phase period (3.3) and the conduction period (3.4). This scheme does 

not require any offline measurement of magnetic characteristics, but it cannot support 
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accurate estimation under load conditions. To illustrate the limitation in the conventional 

scheme, Figure 3.12 compares the position estimation results with a 30 N·m load (100% 

torque that the IM can apply) at 150 r/min. As shown, when the SRM runs under no-load 

conditions, both the proposed method (Figure 3.12(a)) and the conventional scheme (Figure 

3.12(c)) can achieve accurate position estimation. When the load increases to 30 N·m, the 

SRM becomes saturated. From Figure 3.12(b), the proposed scheme is not affected by the 

saturation effect since only the idle-phase inductance is used, and therefore, the rotor posi-

tion can still be estimated well under the load condition. However, the conventional method 

has distorted position estimation in Figure 3.12(d) since it does not consider the saturation 

effect on position estimation. The large position error cannot support sensorless control, so 

the comparative tests are implemented using the actual position feedback for clear illustra-

tion. In consequence, the proposed scheme inherits the advantage of the conventional 

method [17] that does not require any offline measurement effort for magnetic characteris-

tics and further realizes the accurate estimation under load conditions. 

Due to the improved operation capability under load conditions, the proposed scheme 

can achieve good estimation accuracy with the load variation. Figure 3.13 depicts experi-

mental results under a load disturbance given by the IM where the actual speed, the 

estimated speed, the position estimation error, and the shaft torque measured by torque 

transducer are shown. The SRM first runs at the no-load condition at 200 r/min, and then a 

30 N·m load is added on the motor shaft. Since the speed is controlled by SRM, the rotor 

speed decreases at the load-added instant while can fast converge to 200 r/min. After the 

load is removed, the motor speed temporally increases and then comes back to 200 r/min. 
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Figure 3.12  Experimental position estimation results (in sensor-based control) between 

the proposed scheme and the conventional phase-inductance vector method at 150 r/min. 

(a) Proposed scheme under the no-load condition. (b) Proposed scheme under the 30 N·m 

load condition. (c) Conventional method under the no-load condition. (d) Conventional 

method under the 30 N·m load condition. 
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Figure 3.13  Position-sensorless control at 200 r/min under load changes. 

 

During the load change, the speed estimation from the proposed RPLL can track the 

speed variation. The transient position estimation errors at the load disturbance instant is 
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3.8°. Hence, the experimental test validates that the robust sensorless control under load 

conditions can be achieved without using any offline obtained magnetic characteristics. It 

is notable that since the sampling rate of the torque transducer is only 100 Hz, so high-

frequency torque ripples may not be captured by this torque transducer. 

The position and speed estimation accuracy are also validated at standstill (zero speed) 

with 30 N·m load, as shown in Figure 3.14. As can be found, the estimated rotor speed can 

track the actual speed around zero, and the maximum position error is 1.7° under the 30 

N·m load. Besides, the rotor speed of the SRM can be well controlled under the zero-speed 

condition with load by using the proposed position-sensorless control scheme.  
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Figure 3.14  Position-sensorless control at standstill condition with load. 

 

Furthermore, the speed transient performance of the proposed method is verified by 

experiments. Figure 3.15 shows the position and speed estimation under a ramp speed re-

sponse and a step speed response, respectively. The rotor speed is controlled in the 
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sensorless model from 150 r/min to 250 r/min. As can be found, the SRM can well track 

both the slowly varying and fast varying speed responses. The overall position estimation 

error is around zero, and the maximum transient position error is 2.4° in the ramp speed 

test and 2.3° in the step speed test. 
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Figure 3.15  Position-sensorless control under speed variation from 150 r/min to 250 

r/min. (a) Ramp speed response. (b) Step speed response. 

 

As another improvement, the proposed position-sensorless control can achieve speed 

reversal operation without additional quadrant judgment. In Figure 3.16, position and speed 

estimation results under a speed reversal test between 150 r/min and -150 r/min are shown. 
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During the speed reversal, the negative torque will be required when the rotor speed de-

creases or is negative. The negative torque is realized by changing the turn-on angle and 

turn-off angle from (0° and 20°) to (25° and 45°) in this test. As can be observed from the 

results, the estimated speed has a good agreement to the actual value when the rotor speed 

changes in opposite directions. The maximum position estimation error during the speed 

transition is around 3°, and the average position error is almost around zero. Therefore, the 

proposed sensorless control scheme can easily realize the speed reversal operation without 

using additional judgement scheme. 
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Figure 3.16  Validation of the speed reversal operation of the proposed sensorless control 

scheme. 

 

It is also notable that the proposed approach cannot support very high speed sensorless 

control since the large back-EMF would narrow the idle-phase region for pulse injection. 

Figure 3.17 shows the experimental result under a speed rise starting from 150 r/min (15% 

rated speed). At low speed, the speed and position can be well estimated. However, when 

the speed raises, the position estimation error gradually increases. The rotor speed even 

starts decreasing around 750 r/min (75% rated speed) since negative torque is generated 
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when the position estimation error is too large. Afterward, the sensorless control becomes 

unstable, and the inverter is shut down. Note that, this is the common feature of the pulse-

injection-based methods. High-speed sensorless control can be done by combining a 

model-based method. 
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Figure 3.17  Position-sensorless control performance under increasing speed from 150 

r/min (15% rated speed) to high speed. 

 

The chapter adopts a simplified inductance model (3.5) for position estimation, and the 

effects of modeling errors are discussed early. To validate the analysis, experimental results 

of position estimation by using different L1 values in the proposed method are shown in 

Figure 3.18. The motor runs at 200 r/min in sensorless control, and the L1 value is changed 

from 1.408 mH (obtained from the self-commissioning) to 2.112 mH (adding a 50% error). 

As shown, the position errors are the same before and after increasing the L1 value, which 

validates that the accuracy of L1 does not affect the proposed RPLL. Even though the ap-

proximate inductance model would cause inaccurate estimation of L1 since the second 

inductance harmonic is nonnegligible, accurate position estimation can still be guaranteed 

by the RPLL. 
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Figure 3.18  Position estimation results of the proposed RPLL when using different L1 

values. 

3.5 Conclusion 

This chapter proposes a general-purpose low-speed position-sensorless control scheme for 

SRM drives with enhanced generality. The approach adopts a new position estimator based 

on an RPLL with a self-commissioning process to estimate the rotor position without using 

a priori knowledge of magnetic characteristics. Compared to existing low-speed position 

estimation methods, the proposed scheme is independent of motor parameters and does not 

require offline measurement. Hence, it improves the position estimation algorithm's uni-

versality and facilitates practical implementation. Moreover, the proposed approach can 

support robust sensorless operation at both no-load and load conditions due to the elimi-

nated saturation effect. Speed reversal sensorless control can also be realized by the 

proposed RPLL through a simple heterodyne design. Experimental results validate that the 
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proposed position estimator has good estimation accuracy in different operating conditions 

even though not using the offline measured magnetic characteristics.
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Chapter 4 

Induced Current Reduction Scheme for 

Low-Speed Position-Sensorless Control  

4.1 Introduction 

Pulse injection methods are effective for low-speed position estimation of SRM drives. The 

RPLL proposed in the previous chapter can realize stable position-sensorless control with-

out using prestored magnetic characteristics. However, additional copper losses and torque 

ripples are common issues for pulse-injection-based schemes, including the RPLL-based 

approach. Typically, the magnitude of injected pulse voltages is constant and set as the DC-

link voltage. Since the stator inductance varies with the rotor position, induced current is 

distributed nonlinearly in the idle phase, which has a lowest magnitude at the aligned posi-

tion and has a largest magnitude at the unaligned position. Lower induced current leads to 

low SNR in inductance calculation, while the larger induced current causes significantly 
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copper losses and torque ripples. The trade-off makes the implementation complicated and 

cannot achieve satisfactory performance in the sensorless SRM drive. 

This chapter aims to mitigate the issue by proposing a new pulse injection scheme for 

low-speed position estimation with the reduced induced current, whilst keeping the same 

estimation accuracy. The injection amplitude of pulse voltages is no longer constant; in-

stead, it can be adjusted online through a terminal sliding-mode controller (TSMC) to keep 

a minimal induced current’s magnitude in the whole idle-phase period. The minimal in-

duced current is able to guarantee sufficient SNR for accurate position estimation, while 

torque ripples and copper losses can be reduced a lot compared to the previous pulse injec-

tion method. Besides, due to the insensitivity to model errors and system parameter 

variations, the proposed TSMC is independent of the exact magnetic characteristics of an 

SRM and does not require offline measurement effort. The controller design and perfor-

mance analyses are discussed in detail in the chapter. Experimental results on a three-phase 

12/8 SRM setup validate the proposed method’s effectiveness. 

4.2 Discussion on Conventional Pulse Injection Methods 

The conventional pulse injection method for low-speed position-sensorless control is illus-

trated in Figure 4.1. Figure 4.1(a) shows the phase current and phase inductance of the 

SRM. The hysteresis control with the soft chopping mode is used to regulate the current 

when the phase conducts. The high-frequency pulse voltages are injected into the idle phase 

for position estimation. The injection amplitude is set as the DC-link voltage Udc, which is 

the maximum voltage that can apply on the phase, as shown in Figure 4.1 (b) and (c).  
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Figure 4.1  Illustration of pulse-injection-based position estimation methods. (a) Phase 

current and phase inductance. (b) Single-period pulse injection method. (c) Double-period 

pulse injection method. 

 

As discussed in Chapter 3, the pulse injection method often adopts a pair of positive 

(P) and negative (N) voltage pulses during the idle-phase period, as presented in Figure 

4.1(b). To assure the induced current i decaying to zero before the next positive voltage 

pulse starts, additional one-period negative voltage pulse is added. This injection scheme 

is named as the single-period pulse injection method. Since the phase inductance around 

the aligned position is largest and becomes lowest around the unaligned position, the mag-

nitude of the induced current in the idle phase varies with the rotor position. For example, 

the induced current has lower magnitude around the aligned position, while it increases 
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when approaching the unaligned position. This uneven distribution of the induced current 

raises some issues: 

1) The SNR of position estimation is related to the current measurement accuracy around 

the aligned position due to the lowest current magnitude. 

2) Large copper losses and torque ripples are caused due to the significant induced current 

when the inductance is lower. 

In position-sensorless control, position estimation accuracy should be guaranteed for 

reliable operation. The magnitude of induced current can be increased by either using a 

larger injection magnitude (maximum equal to the DC-link voltage) or adopting a lower-

frequency pulse injection, as presented in Figure 4.1(c). The two ways can increase the 

SNR of current measurement, thus improving the inductance calculation accuracy for po-

sition estimation. However, the current around the unaligned position increases 

dramatically with the larger injection amplitude or lower injection frequency. The im-

proved accuracy of position estimation also aggravates power losses and torque ripples. 

To reduce the negative impact of pulse injection and keep the same position estimation 

accuracy, the induced current around the unaligned position needs to be reduced. 

4.3 Proposed Pulse Injection Scheme 

4.3.1 Design of the Terminal Sliding-Mode Voltage Controller 

The proposed pulse injection approach adopts a TSMC to reduce the idle-phase induced 

current by adaptively adjusting the injection amplitude. The terminal sliding-mode control 
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is chattering-free and superior in global convergence rate and parameter insensitivity [107]. 

It is feasible for handling a nonlinear control problem, such as the above issue of large 

induced current caused by the nonlinear inductance. 

To avoid time-consuming offline measurement of the phase inductance, the proposed 

scheme does not use the SRM inductance characteristics for induced current regulation. 

Regarding all parameter uncertainties as a voltage disturbance ∆u, the voltage equation in 

the idle phase can be expressed as 

 c hu L i u= +   (4.1) 

where Lc is a constant inductance value, which is an approximation of the phase inductance. 

ih represents the high-frequency induced current in the idle phase. 

The voltage disturbance ∆u consists of the ohmic voltage drop Rih, the back-EMF 

ihω·(∂L/∂θ), and the dominant disturbance caused by the inductance parameter mismatch 

cL L L= − : 

 ( )h h hu Li Ri i L  = + +    . (4.2) 

The proposed TSMC aims to regulate the induced current to a minimal level. The high-

frequency current peak can be detected at the Point B or Point E in each injection period, 

as illustrated in Figure 4.2. In this chapter, the double-period pulse injection is used as an 

example to analyze the proposed method. Other injection frequency is also available.  

The current peak is related to the injection voltage uinj, so the high-frequency current 

can be minimized by adjusting the injection voltage in the idle-phase period. Define the 

high-frequency current at the Point B as the high-frequency current peak ipeak, the voltage 

equation at this instant can be expressed as 
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Figure 4.2  Injected voltage and induced current of the pulse-injection-based position 

estimation method. 

 

 inj c peaku L i u= +  . (4.3) 

A reference current magnitude of the high-frequency induced current is given as a con-

stant value iHFref. The voltage equation can be rewritten as: 

 ( )inj c peak HFrefu L i i u= − +  . (4.4) 

Define the current tracking error as e=ipeak-iHFref, which gives 

 inj cu L e u= +  . (4.5) 

Then, we can obtain the dynamic model of the induced current tracking error, as fol-

lows: 

 inj c ce u L u L= − . (4.6)  

According to the terminal sliding-mode theory [107], a terminal sliding-mode surface 

can be selected as 

 
0.5

sgn( )s e e e= +  (4.7) 
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where α>0 is a constant. 

Theorem: For the system error dynamics (4.6), it will reach and converge along with 

the terminal sliding-mode surface s=0 in a finite time, if the control low (i.e., injection 

amplitude) uinj is designed as  

 

( )inj c a b

0.5

a

b b

sgn( )

sgn( )

u L u u

u e e

u u m s





= +


= −


+ = − 


 (4.8) 

with a parameter design scheme: 

  
b cm u L = +  (4.9) 

where β>0 and ζ>0 are constants. 

As s=0 reaches, e=0 will be satisfied, and the peak of the induced current can be main-

tained and minimized as the reference value ipeak=iHFref in the idle phase. 

4.3.2 Stability Analysis of the Proposed TSMC  

4.3.2.1 Neglecting Modeling Errors 

The stability of the proposed voltage control low expressed in (4.8) is first proved in this 

section by neglecting modeling errors in (4.1). In this case, the stator inductance used in 

the voltage control is assumed to be accurate Lc=L, and the ohmic voltage drop and back-

EMF are ignored. The voltage equation is therefore simplified to an ideal model as 

 u Li= . (4.10) 

Considering a Lyapunov function candidate V=s2/2, its time-derivative can be ex-

pressed as 
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 V ss=  (4.11) 

The terminal sliding-mode surface can be rewritten by substituting (4.6) into (4.7) with 

Lc=L and ∆u=0: 

 
0.5

inj sgn( )s u L e e= + . (4.12) 

Further substituting uinj of (4.8) into (4.12) gives 

 
bs u= . (4.13) 

Then, the time-derivative of s can be obtained by using 
bu  expressed in (4.8), as fol-

lows: 

 
b b sgn( )s u u m s= = − −  . (4.14) 

Hence, we can obtain V  via substituting (4.14) into (4.11): 

 
b

b

sgn( )

.  

V ss s u sm s

s u m s





= = − − 

= − − 
 (4.15) 

Given the parameter design scheme in (4.9), V  can be rewritten as 

 
b b( )

0  

V s L u s u s

s L

  



= − + −  − 

 − 
 (4.16) 

According to the Lyapunov stability criterion, the system can reach the terminal slid-

ing-mode surface in a finite time.  

4.3.2.2 Considering the Modeling Errors 

The TSMC-based injection voltage control is asymptotically stable when neglecting the 

modeling errors, as proved before. However, the exact stator inductance needs to be meas-

ured offline, and in the disturbance u , the back-EMF term often causes additional 
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modeling errors when the rotor speed increases. To avoid time-consuming offline meas-

urement and improve the robustness at varies operating conditions, the stability conditions 

of the proposed scheme need to be reconsidered when the modeling errors are neglected. 

Using the same Lyapunov function candidate as defined above, the terminal sliding-

mode surface can be expressed by substituting (4.6) into (4.7), in which the stator induct-

ance is a constant and the disturbance is unknown but considered: 

 
0.5

inj c c sgn( )s u L u L e e= −  + . (4.17) 

Substituting uinj of (4.8) into (4.17) results in 

 
c bs u L u= − + . (4.18) 

Then, the time-derivative of s can be obtained as: 

 c b c b sgn( )s u L u u L u m s= − + = − − −  . (4.19) 

The derivative of the Lyapunov function candidate V  can be expressed via substitut-

ing (4.19) into (4.11): 

 
c b

c b

sgn( )

.  

V ss s u L s u sm s

s u L s u m s





= = −  − − 

= −  − − 
 (4.20) 

Using the parameter design scheme given in (4.9), V  can be expressed by 

 
( )

( )
c b b

c

( )

.  

V s u s L u s u s

s u s L

  



= −  − + −  − 

 −  −
 (4.21) 

Compared to the previous result neglecting the modeling errors in (4.16), the dynamics 

of the disturbance ∆u has influence on the stability of the proposed TSMC. To ensure the 

condition 0V   being always held, the tunable parameter should satisfy  
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 u   , (4.22) 

namely ζ being larger than the bounded value of the parameter uncertainty variation. 

The proof is completed.  

Remark: According to (4.21), the proposed scheme is insensitive to the parameter un-

certainty since the resultant disturbance ∆u, which are caused by the inductance 

uncertainty, ohmic voltage drop, and the back-EMF, has no effects on convergence to the 

surface s=0, if the tunable parameter ζ is selected to be a large value as (4.22). 

This benefits that although a constant inductance value Lc is preset in the controller, its 

exact value does not need to be known. For example, suppose the induced current is not 

well regulated to the reference due to the parameter mismatch between the preset value Lc 

and the actual inductance. In that case, the desired control performance can be achieved by 

increasing ζ. Moreover, the robustness against the resistance changes and speed variation 

can also be enhanced by mitigating the effects of the overall disturbance ∆u. Consequently, 

the proposed method does not require exact magnetic characteristics and parameters of the 

SRM, which simplifies the practical implementation since no extra offline measurement 

effort is needed, thereby improving the algorithm’s generality. 

4.3.3 Performance Analysis  

4.3.3.1 Convergence Analysis 

The Lyapunov stability theorem is satisfied by proper parameter design in (4.22), and there-

fore the system dynamics can converge to the terminal sliding-mode surface s=0. According 
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to the system dynamic designed in (4.7), the time-domain dynamic function of the proposed 

controller can be expressed by 

 
0.5

sgn( ) 0s e e e= + = . (4.23) 

The convergence rate can be solved from the dynamic equation. When the initial error 

condition is positive e(0)>0, the dynamic error e keeps positive before reaching the terminal 

sliding-mode surface. Therefore, the dynamic function can be expressed as 

 0.5 0e e+ = . (4.24) 

Rewriting it in time-derivative form gives 

 
0.5de

e
dt

= − . (4.25) 

Separating the variables and integrating both sides gives 

 ( )0.5

de
dt

e
= −  . (4.26) 

Then the solve of the error dynamic function can be deduced as 

 
21

2 (0)
4

e t e = − +
 

. (4.27) 

Therefore, the convergence time of the system error can be solved as 

 s 0

2 (0)e
t


= = . (4.28) 

Similarly, the convergence time when the initial error condition is negative e(0)<0 can 

be obtained as 

 s 0

2 (0)e
t


=

−
= . (4.29) 



Ph.D. Thesis - Dianxun Xiao                   McMaster - Electrical & Computer Engineering 
 

104 

 

Thus, the convergence time of the proposed method is summarized as follows: 

 
s 0

2 (0)e
t


= = . (4.30) 

As can be observed, the proposed controller can converge the system error, namely the 

error between the reference current peak iHFref and the actual high-frequency current peak 

ipeak within a finite time. The convergence rate can be accelerated when selecting a large 

tunable parameter α or reducing the initial current magnitude error. 

4.3.3.2 Chattering Analysis 

The common drawback of sliding-mode control is the chattering problem. This issue can 

be suppressed by the proposed TSMC.  

To analyze the chattering phenomenon, the designed voltage control law in (4.8) is 

repeated here and submitting the s derived from (4.7): 

 

( )inj c a b

0.5

a

0.5

b b

sgn( )

sgn( ) sgn sgn( )

u L u u

u e e

u u m s m e e e



 

 = +



= −


 + = −  = −  +  

. (4.31) 

Two chattering sources exist in the proposed control law, which are ua and ub that con-

tain the switching functions. Comparing the two chattering sources, the switching function 

in ub has dominant chattering around the sliding-mode surface due to the derivative of the 

system error e . For the ua, the |e|0.5 in ua can suppress the chattering problem when the 

sliding-mode surface is approaching. Thus, if the tunable parameter α is not sufficient large, 

the chattering in ua could be neglected. 
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For the sub-control law ub, although the switching function -m·sgn(s) contains large 

chattering, the transfer function between the sub-control law ub and -m·sgn(s) presents a 

lowpass frequency characteristic: 

  b

L

1
sgn( )u m s

s 
=  − 

+
 (4.32) 

where sL represents the Laplace operator in this transfer function, and β is the cutoff fre-

quency. As observed, the chattering problem from the switching function can be filtered 

out by the LPF, and a smooth control law ub can be derived. 

In consequence, the proposed TSMC does not suffer from the conventional sliding 

chattering problem. 

4.3.4 Parameter Design  

In the proposed TSMC-based controller, the reference current iHFref needs to be first deter-

mined for copper loss and torque ripple reduction. The constant inductance approximation 

Lc used in the control law can also be set together with iHFref. Three control parameters α, 

β, and ζ will be designed to achieve satisfactory control performance. 

4.3.4.1 Selection of the Reference Current Magnitude and Lc 

The reference magnitude iHFref of the induced current determines the torque ripple and the 

copper loss of the pulse injection method. For accurate position sensing, the selection of 

the reference magnitude should ensure sufficient SNR for inductance calculation. In SRM 

drives, various nonideal factors would distort the inductance calculation from the induced 

current. First, the mutual inductance would cause self-inductance calculation errors when 
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two phases overlap. Second, the DC-link voltage ripples lead to additional inductance cal-

culation error when the phase commutates since the DC-link voltage udc is often assumed 

to be constant in estimation (3.3). These errors often occur around the aligned position at 

which the induced current is the lowest, thereby resulting large estimation errors. To miti-

gate the problem, the magnitude of the induced current needs to be set as larger as possible. 

Since the stator inductance reaches the maximum at the aligned position, as shown in 

Figure 4.1, the maximum appliable value of a constant current magnitude iHFref is 

 dc s dc
HFref (max)

aligned aligned

2T U T U
i

L L

  
= =  (4.33) 

where Laligned is the aligned inductance of the SRM.  

Then, through the proposed TSMC, the magnitude induced current can be controlled 

as the reference value given in (4.33) in the whole idle phase. 

It is notable that the calculation of the reference current does not require the prestored 

magnetic characteristic. According to the minimum reluctance principle of the SRM, when 

only one phase is excited and other phases are turned off, the rotor will move to the aligned 

position where the reluctance is minimum. After that, by injecting the pulse voltage, the 

magnitude of the induced current at the aligned position is the selected reference magnitude 

given in (4.33). 

The constant inductance approximation value Lc used in the control law can also be set 

as the aligned inductance obtained by the above self-testing, namely Lc=Laligned for simplic-

ity. This approximation does not affect the estimation accuracy according to the Lyapunov-

based proof given in (4.22). 
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4.3.4.2 Design of α 

The parameter design of α relates to the convergence rate of the proposed method. From 

(4.30), the convergence time is inverse to α for a certain initial error e(0). For faster con-

vergence performance, a large α is suggested. However, the parameter has some influence 

on chattering of the sub-control law ua as expressed in (4.31). Although the adverse impact 

is suppressed by the error term |e|0.5, the selection of α is still considerable.  

To simplify the parameter design of α, the convergence performance can be first im-

proved by reducing the initial tracking error e=ipeak-iHFref, according to (4.30). For normal 

SRM control, the idle phase starts around the aligned position, at which the stator induct-

ance approaches the maximum, and then ends around the unaligned position, at which the 

stator inductance reaches the minimum. Hence, to keep a minimal induced current in the 

whole idle-phase period, the injection amplitude uinj needs to be higher around the aligned 

position and then gradually decrease when approaching the unaligned position. Therefore, 

the initial values of the control law in each injection cycle could be preset to the largest 

values, such as Udc, to accelerate the convergence process: 

 
a

b dc c

0u

u U L

=


=
 (4.34) 

which gives 

 ( )inj c a b dcu L u u U= + = . (4.35) 

With the initial voltage value given to the TSMC, the initial tracking error e can be 

minimized, and the convergence time can be reduced. The parameter α can be therefore 

selected more flexibly in a wide range due to the simpler trade-off between the convergence 
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rate and the chattering level. In this chapter, α is selected to be 2000, which gives the con-

vergence time of 1 ms when the initial error e(0) is equal to 1. When the reference 

magnitude is selected as (4.33), the initial error is almost zero, and thus the convergence 

time could reduce to microsecond, which is fast enough for the proposed control. 

4.3.4.3 Design of β 

As analyzed in (4.32), the parameter β determines the cutoff frequency of the LPF in the 

control law for chattering reduction. Since the convergence rate is enhanced by presetting 

the initial values to be Udc, as expressed in (4.35), the cutoff frequency can be given to a 

lower value to suppress the chattering phenomenon. In this method, the cutoff frequency is 

chosen as the maximum rotor frequency at which the pulse injection method is enabled for 

low-speed sensorless control. Here β=251.2 rad/s (40 Hz, 300 r/min). 

4.3.4.4 Design of ζ 

The tunable parameter ζ is crucial for the proposed scheme to guarantee the asymptotic 

stability and robustness to parameter mismatch. According to the stability condition derived 

in (4.22), the parameter needs to larger than the bounded value of the disturbance variation 

during SRM operation. As expressed in (4.2), the disturbance variation is fast due to the 

high-frequency induced current. Therefore, a larger ζ =12000 is selected in the chapter to 

ensure the stability of the proposed method. 

4.3.5 Overall Structure of the Proposed Scheme  

According to the design, the control diagram of the TSMC to adjust the injection voltage 

for current reduction is summarized in Figure 4.3.  
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Figure 4.3  The control diagram of the proposed TSMC-based pulse injection. 

 

The proposed sensorless control scheme with reduced induced current is illustrated in 

Figure 4.4. The sensorless SRM drive is controlled in speed-current dual loops. The low-

speed position estimation scheme is the same as the previous RPLL-based estimator, which 

can estimate the rotor position and speed from the calculated inductance without using of-

fline measured magnetic characteristics. As an improvement, the proposed TSMC can 

control the induced current to be a minimal level for copper loss and torque ripple reduction 

by adjusting the injection voltage uinj. The injection voltage is regulated according to the 

reference high-frequency current iHFref.  
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Figure 4.4  Schematic diagram of the proposed position-sensorless control scheme. 
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4.4 Experimental Results 

The proposed pulse injection approach based on the TSMC for induced current reduction 

is verified on the 5.5 kW SRM test bench. The control parameters of the position estimator 

RPLL, speed and current controllers, and sampling frequencies are the same as the ones 

mentioned in Chapter 3. All experimental results are measured in the position-sensorless 

control mode. 

Figure 4.5 shows the injection amplitude, phase-A current, and position estimation re-

sults of the pulse injection method proposed in Chapter 3 with the fixed injection amplitude 

at 200 r/min at 10 N·m. In this method, the injection voltage is set as a constant value of 

the DC-link voltage, and the induced current in the idle phase is nonlinearly distributed due 

to the stator inductance variation. The current is much lower when the injection starts 

(around the aligned position 22.5°) and then becomes significant at the end of injection 

(unaligned position 0°). Although the rotor position can be accurately estimated, the large 

induced current around the unaligned position would cause additional copper losses and 

torque ripples. 

In comparison, the proposed scheme in this chapter can reduce the idle-phase induced 

current, as presented in Figure 4.6. The injection amplitude uinj is adjusted online by the 

proposed TSMC to keep the current’s magnitude constant and track the reference value 

iHFref=2 A. The injection amplitude of the proposed scheme is gradually decreased when the 

rotor position approaches the unaligned position 0° to reduce the induced current. In addi-

tion, the proposed scheme can achieve a similar position estimation accuracy to the fixed-

injection-amplitude method, while generating much less current in the idle phase.  
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Figure 4.5  Experimental results of the fixed-amplitude pulse injection method at 200 

r/min with 10 N·m load. (a) Injection voltage and phase current. (b) Position estimation. 
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Figure 4.6  Experimental results of the proposed pulse injection method at 200 r/min with 

10 N·m load. (a) Injection voltage and phase current. (b) Position estimation. 

 

The position estimation accuracy of the proposed method is also validated at other rotor 

speeds of 100 r/min and 300 r/min with a 10 N·m load, as shown in Figure 4.7. Due to the 

robustness to the disturbance including the back-EMF, the position estimation accuracy and 

current control performance can be maintained at different speeds. As observed from the 

results, both the rotor position at 100 r/min and 300 r/min can be estimated well.  
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(b) 

Figure 4.7  Position estimation results of the proposed pulse injection method at other low 

speeds with 10 N·m load. (a) 100 r/min. (b) 300 r/min. 
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Figure 4.8  The parameter sensitivity test of the proposed scheme at 200 r/min and 10 

N·m load. 
 

 



Ph.D. Thesis - Dianxun Xiao                   McMaster - Electrical & Computer Engineering 
 

114 

 

As analyzed before, the proposed TSMC-based pulse injection method is insensitive 

to the parameter mismatch. This feature is validated experimentally at 200 r/min and 10 

N·m load, as demonstrated in Figure 4.8. The preset inductance value used in the TSMC is 

Lc=3 mH, which is obtained by injecting a pair of pulse voltages at the standstill and at the 

aligned position. The preset constant inductance is apparently inaccurate since the actual 

inductance varies with the rotor position nonlinearly. Still, the proposed method can 

achieve desirable control performance with the inductance mismatch. Furthermore, by dra-

matically increasing the inductance to 5Lc, the induced current can also be regulated as a 

constant well, and there is almost no difference in position estimation accuracy. It verifies 

the good robustness to parameter uncertainties of the proposed scheme. Therefore, no in-

ductance characteristic measured offline is needed for induced current reduction. 

Due to the reduced idle-phase current, torque ripples and copper losses caused by pulse 

voltages in the whole idle phase can be reduced, as indicated in Figure 4.9. The torque is 

calculated using the torque characteristic for better accuracy, instead of torque transducer 

measurement. The peak negative torque ripple is reduced from -1.3 N·m to -0.1 N·m 

(92.3% reduction), which could be neglected for the SRM torque control. For the copper 

loss reduction, it is related to the resistance value of the SRM, so this experimental test 

shows the percentage copper loss reduction for a general illustration. The RMS current in 

the idle phase is reduced from 5.47 A to 1.11 A by the proposed scheme. Since the copper 

loss is proportional to the square of the RMS current, the percentage of the copper loss 

reduction is 95.9% in the idle phase. As a consequence, the adverse impact of the conven-

tional pulse injection method on the SRM drive can be mitigated by the proposed approach. 
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Figure 4.9  Comparison of negative torque ripples and copper losses in the idle phase. (a) 

Fixed-injection-amplitude method. (b) Proposed method. 

 

After that, the dynamic performance of the proposed pulse injection scheme is also 

validated. Figure 4.10 shows the speed transient performance of the proposed scheme from 

150 r/min to 250 r/min at no load conditions. The actual speed, estimated speed, and the 

position estimation error are presented. In Figure 4.10(a), the rotor speed command is a 

ramp signal, and the SRM can operate well in sensorless control, and the estimated speed 

can track the actual one in the transient state. Figure 4.10(b) presents the estimation results 
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when a step speed command is given. As observed, accurate position estimation can also 

be achieved by the proposed scheme, in which the maximum transient position error is 2.6°. 
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Figure 4.10  Position-sensorless control under speed variation from 150 r/min to 250 

r/min. (a) Ramp speed response. (b) Step speed response. 

4.5 Conclusions 

This chapter presents a new pulse injection method for SRM position-sensorless control 

with the reduced induced current. The induced current’s magnitude is regulated to a selected 

minimal level by adjusting the injection amplitude online. A TSMC with a nonlinear control 

law is designed to achieve the desired current regulation performance. Convergence and 
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robustness to parameter uncertainties are theoretically proved. Experimental results of a 

three-phase 12/8 SRM validate that the induced current can be significantly reduced. 92.3% 

torque ripple reduction and 95.9% copper loss reduction in the idle phase are achieved by 

the proposed approach compared to the constant-amplitude pulse injection method, while 

keeping the similar position estimation accuracy.



 

118 

 

 

Chapter 5 

Nonlinear State Position Observer for 

Position-Sensorless Control at Medium 

and High Speed 

5.1 Introduction 

Pulse injection for low-speed position estimation is infeasible for high-speed operation 

since the idle-phase duration becomes narrow and cannot support full-cycle position esti-

mation by the RPLL. Due to the large back-EMF, flux linkage calculation in conduction 

phases possesses good accuracy and can be used for high-speed position estimation. There-

fore, pulse injection is not necessary and can be removed when the speed raises. A typical 

approach for position estimation is to search a prestored flux linkage lookup table. However, 

the measurement process is time-consuming and not available for a general-purpose SRM 

inverter.  
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In this chapter, a feature-position-based position estimation strategy with an NSO (non-

linear state observer) is proposed for SRM medium- and high-speed sensorless operation. 

A feature position at 15 degree is captured by a reference flux linkage curve. The feature 

flux linkage can be obtained online through a self-commissioning process, avoiding offline 

measurement. Since the derived feature position is discontinuous, the NSO is designed to 

estimate the full-cycle position. In detail, the proposed observer adopts an effective Fourier 

series method [108], which is used for Hall signals, to acquire the inherent frequency char-

acteristic of the discrete feature position. Then, two online Fourier estimators are proposed 

to eliminate primary position harmonics and derive a continuous rotor position. Besides, 

this chapter further develops the conventional Fourier series method by revealing the ad-

verse effect of flux linkage errors on position estimation through a novel small-signal 

linearization approach. The derived small-signal model indicates that the flux linkage error 

can result in high-order position harmonics in the feedforward path of the position observer. 

On this basis, an augmented state estimator considering the nonideal flux distortion is dis-

cussed. A parameter design scheme based on the small-signal analysis is also given to 

achieve better distortion rejection capability and guarantee the observer’s stability. To base-

line the advantage of the proposed method over conventional SRM position estimation 

methods, the contributions of the proposed observer over existing schemes are summarized 

as follows: 

1) Compared to existing feature-position-based methods [98]–[104], the proposed ob-

server abandons the conventional linear prediction method. Higher estimation 

accuracy can be achieved by enhancing the robustness against flux linkage errors. 
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2) Compared to conventional state observers [71]-[87], the proposed observer does not 

require three-dimensional magnetic characteristics. Thus, the technique has simpler 

implementation and is potential for broader applications. 

Finally, the effectiveness of the proposed control strategy is validated on a 12/8 SRM 

setup with comparative experimental tests with existing methods. 

5.2 Conventional Feature-Flux-Linkage-Based Position 

Estimation Method 

5.2.1 Feature Flux Linkage of the SRM 

Instead of using the full flux linkage characteristic, the feature flux linkage at a specific 

position, for example 15°, can be easily measured in the self-commissioning process by a 

phase torque balancing method proposed in [102]. Figure 5.1 shows the three-phase torque 

of the SRM.  
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Figure 5.1  Three-phase torque of the SRM. 
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The torque relationship among the three phases can be expressed by (5.1): 

 

A A B

A C C

A A

( ) ( 15 )= ( 30 )

( ) ( 30 )= ( 15 )

( ) (45 )

T T T

T T T

T T

  

  

 

= +  − 


= +  − 
 = −  −

 (5.1) 

Similarly, the flux linkage relationship among the three phases can be expressed as: 

 

A A B

A C C

A A

( ) ( 15 )= ( 30 )

( ) ( 30 )= ( 15 )

( ) (45 )

     

     

   

= +  − 


= +  − 
 =  −

 (5.2) 

To measure the flux linkage at 15°, phase B should be excited first. When only phase 

B is turned on, the rotor will rotate at the aligned position of phase B, namely 37.5°. As 

shown in Figure 5.1, the electromagnetic torques of phase B and phase C are illustrated. 

Since the phase B is at the aligned position, the torque 
B (37.5 )T   is zero, and the 

C (37.5 )T   

is positive. Then, if phase B and phase C are simultaneously excited by the same voltage, 

due to the 
C B(37.5 ) (37.5 )T T   , the overall torque is positive, and the rotor will continue 

rotating until reach the position at 0°. At 0°, the total torque can be calculated based on 

(5.1) as: 

 

B A

C A

A A

(0 ) (30 )

(0 ) (15 )

(30 ) (15 )

T T

T T

T T

 = 


 = 
  = − 

. (5.3) 

As can be seen, the 
B C(0 ) (0 )T T = −  , and hence the rotor will keep at 0°. 

Afterward, according to (5.2), the three-phase flux linkage can be obtained as 

 

B A

C A

A A

(0 ) (30 )

(0 ) (15 )

(15 ) (30 )

 

 

 

 = 


 = 
  = 

. (5.4) 
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From (5.4), the flux linkage at 15° is the same as the phase-B and phase-C flux linkage 

at 0°. By injecting a low-frequency and low-amplitude pulse into phase B and phase C 

together, the total torque still remains at zero, and the flux linkage at 15° 

A B C(15 ) (0 ) (0 )   =  =   can then be calculated based on the voltage equation (2.1). 

The derived feature flux linkage at 15° is shown in Figure 5.2. Compared to the offline 

measurement, the feature flux linkage can be measured online, so that it can be used in the 

general-purpose SRM inverter. 
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Figure 5.2  Feature flux linkage of the SRM at 15°. 

5.2.2 Position Estimation Based on Feature Flux Linkage: Conventional 

Method 

The rotor position can be estimated using one feature flux linkage curve, instead of the 

complete magnetic characteristic, as shown in Figure 5.3. The real-time flux linkage is cal-

culated by the voltage equation (2.1), and the reference flux linkage is the feature curve 

measured in the self-commissioning stage. When the intersection between the calculated 

flux linkage and the reference flux linkage is detected, the rotor position stepping by 15° 
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can be measured. As can be seen from Figure 5.3, there are only three position points over 

one electrical cycle; therefore, the position estimation resolution is limited. It is notable that 

regardless of the current control methods, such as current hysteresis control, PWM control 

or single pulse control, the intersection point of two flux linkage exists, and the feature 

position can be estimated. 
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Figure 5.3  Feature position detection: calculated flux linkage, reference flux linkage at 

15°, and the estimated feature position. 

 

To estimate the continuous rotor position and speed, the linear prediction method is 

often applied in the literature [2]-[4], which can be expressed as 

 

2 1

2

15

ˆ

t t

t

 


  

− 
= =

 
 = + 

 (5.5) 
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where θ1 and θ2 are two successive feature positions,   is the average rotor speed between 

θ1 and θ2, and Δt is the time interval between two feature positions. As observed, by as-

suming the rotor speed keeping constant over 15°, the unknown position between θ2 and θ3 

can be predicted by the average speed  . When the feature position at θ3 is detected, the 

rotor speed will be updated by (5.5) again and then used to predict the unknown position in 

the next interval.  

However, the conventional linear prediction is sensitive to the flux-linkage errors and 

often has low estimation accuracy. As illustrated in (5.6), voltage and current sampling 

errors, stator resistance mismatch, and mutual couplings are inevitable in the SRM drive, 

which can cause the flux-linkage error Δλ: 

 ( ) ( ) mutual

( , )

( , )

i

i u Ri dt u R i dt

  

  



 = − +  −   +   (5.6) 

where the superscript   denotes the variables considering the non-ideal errors, the subscript 

“0” represents the ideal flux linkage without any distortions, and λmutual is the mutual flux 

linkage caused by the overlap of two conduction phases. When monitoring the intersection 

of the reference and calculated flux linkage curves, the Δλ would lead to a detection error 

Δf in the feature position and reduce the speed estimation accuracy, expressed as: 

 

2 1

2

15
=

ˆ ˆ

f f

t t

t t

 
  

    

− +   + 
 = = + 

 
  = +  = +  

. (5.7) 

Compared with the ideal case in (5.5), the speed ripple Δω is introduced, and its ad-

verse effect will be further amplified in the estimated rotor position due to the presence of 

the integrator Δω·t. To illustrate clearly, Figure 5.4 shows the estimated position from the 
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conventional linear prediction method. As shown, the detected feature position often has 

deviations compared to the actual position due to the flux-linkage error. However, a more 

significant position error can be found in the estimated position, which still leads to discon-

tinuous position estimation. As a result, the robustness to flux linkage errors should be 

enhanced to improve the estimation accuracy. 

deviation

actual

̂

feature



t
 

Figure 5.4  Limitation of the conventional linear prediction method.  

 

5.3 Proposed Position-Sensorless Control Algorithm 

5.3.1 Fourier Series of the Feature Position 

As the detected feature position is discontinuous, it is necessary to investigate its inherent 

frequency characteristic. The rotor position of the SRM is repeated every 360°, so it can be 

rewritten into a vector form for Fourier analysis: 

 ( ) ( )feature featurecos sinj = +F  (5.8) 

where F denotes the feature position vector and j is the imaginary index.  
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To derive complete rotor position information from θfeature, Fourier series is adopted to 

analyze the frequency characteristic of F [108]. The Fourier series expansion of a function 

F(θ) can be expressed by  

 ( ) k

jk

k

a e 


=−

= F  (5.9) 

 ( )
π

k
π

1

2π

jka e d −

−
=  F  (5.10) 

By applying the Fourier series to (5.8), F can be decomposed into a fundamental vector 

Ff and a set of harmonic vectors Fh, as follows: 

 
f h= +F F F  (5.11) 

where  

( )
f

j
e

 −
=F , 

( ) ( )1 1

h

1

1 1

1 1

j kN j kN

k

e e
kN kN

   


− − + + −      

=

 
= − + − + 
F . 

In (5.11), N is the number of “steps” in the step-manner feature position over one me-

chanical cycle, and φ=π/N is the phase of the fundamental vector. For a 12/8 SRM, N and 

φ are equal to 24 and π/24, respectively. 

As shown in (5.11), the fundamental vector Ff contains the rotor position θ with a phase 

shift φ, while high-order harmonics exist in Fh. To illustrate clearly, the diagram of the 

three vectors F, Ff, and Fh are drawn in Figure 5.5. Since the feature position is detected 

by every 15°, the vector graph of F is a polygon with twenty-four sides. The polygon can 

be decomposed by the Fourier series into a unit circle Ff and harmonic vector Fh. If the 

harmonics in Fh can be eliminated, an accurate rotor position will be obtained from Ff. 
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Figure 5.5  Vector graphs of the feature position. 
 

5.3.2 Design of the Proposed NSO 

As the harmonic vector Fh in (5.11) is presented as a function of rotor position θ, a position 

observer has to be designed to eliminate the Fh. Figure 5.6 shows the overall block diagram 

of the proposed NSO.  

l2

l3

l1

Harmonic Fourier

Estimator

Fundamental 

Fourier Estimator

Harmonic 

elimination
Phase 

elimination

Feature Position Detection

Feature 

position 

vector

cos(  

sin(  

Phase-A

Phase-B

Phase-C t

t

t

Augmented state estimator

Nonlinear Fourier 

estimators



1

s

1

T

z −−

1

s

1

T

z −− 1

s

1

T

z −−

̂̂

â
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Figure 5.6  Block diagram of the NSO for the SRM sensorless control. 

 

The feature position detected from the flux-linkage comparison method is mechanical 

position and ranges from 0° to 360°. This discontinuous position is set as the observer input 

and rewritten as a vector F through (5.8). Two nonlinear Fourier estimators are designed 
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to estimate the fundamental and harmonic vectors. An augmented state estimator is then 

employed to estimate the rotor position and speed. Here, the structure of the proposed ob-

server is expressed in the discrete form in order for digital implementation.  

As the core of the NSO, the design of the nonlinear Fourier estimators and the aug-

mented state estimator will be concentrated in this section. 

5.3.2.1 Nonlinear Fourier Estimators 

The nonlinear Fourier estimators in the observer feedback path are expected to estimate the 

fundamental vector Ff and harmonic vector Fh based on the estimated rotor position. Ac-

cording to the Fourier expansion, the fundamental and harmonic vectors can be obtained if 

the rotor position is estimated, as 

 
( )ˆ

f
ˆ j

e
 −

=F , (5.12) 

 
( ) ( )ˆ ˆ1 1

h

1

1 1ˆ
1 1

j kN j kN

k

e e
kN kN

   


   − − + + −
   

=

 
= − + − + 
F  (5.13) 

where the circumflex ^ denotes the estimated value. 

To obtain the Ff that contains accurate position information, the harmonic vector 
hF̂  

has to be eliminated from the feature position vector F. According to (5.11), the Ff can be 

derived by subtracting 
hF̂  from F:  

 
f h h

ˆ= −  −F F F F F  (5.14) 

where the 
h

ˆ F F  is satisfied when the estimated position converges to the actual position. 

In that case, all harmonic components in the vector F can be removed. 
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Afterward, a heterodyne method is applied to the actual and estimated fundamental 

vectors, namely 
fF  and 

fF̂ , to cancel out the phase shift φ. An equivalent position estima-

tion error ε can then be obtained as 

 ( )f f
ˆˆ= sin    = −  F F  (5.15) 

where ˆ   = −  is the position estimation error. If the error is small enough, the approx-

imation in (5.15) holds. 

Therefore, the harmonics in the feature position vector F are eliminated by adopting 

the proposed nonlinear Fourier estimators, thereby deriving the fundamental vector Ff that 

contains complete position information. The equivalent position estimation error ε in (5.15) 

can be generated without any distortions. If     converges to zero, a continuous and 

accurate rotor position will be estimated even though only the feature position is detected.  

5.3.2.2 Augmented State Estimator 

As the previous nonlinear Fourier estimators obtain the equivalent position estimation error 

only, a state estimator can be used for position and speed estimation. In this section, an 

augmented state estimator is adopted and assembled in the NSO to estimate the rotor speed 

and position by converging the position error derived in (5.15). Its capability in suppressing 

the flux linkage errors on estimation is analyzed as well, and the parameter design scheme 

will be given. 

Due to the rotor speed and position both representing the dynamic states of the SRM, 

the state estimator can be designed based on the mechanical dynamic equation of the SRM, 

as follows: 
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a f T T J B f

a f

 

 



 = + 


= +  = − − +    


= + 

 (5.16) 

where Te is the electromagnetic torque, TL is the load, J is the inertia, B is the viscous 

friction coefficient, and a is the motor acceleration, and δ is a constant. The time derivative 

of the acceleration a exists and is bounded by δ, but unknown. Δf1, Δf2, and Δf3 denote the 

disturbance and noise. In the SRM sensorless control, these disturbances are caused by the 

flux-linkage error, such as mutual coupling, parameter mismatch, etc. 

The rotor position error is the only known variable after adopting the nonlinear Fourier 

estimators, but the electromagnetic torque Te, the load torque TL, parameters J and B, 

boundary value δ, and disturbance Δf1,2,3 cannot be directly obtained unless using the three-

dimensional torque-current-position characteristic, external torque transducers, or offline 

measurement. However, the additional effort would complicate the control algorithm and 

reduces the generality. The large memory for magnetizing data storage is not available for 

a low-cost SRM drive. It is the main difference in observer design compared with AC motor 

drives [108], [109], of which electromagnetic toque can be easily obtained analytically, and 

the load torque can be estimated with the known electromagnetic torque through an ob-

server. 

In order to estimate the rotor speed and position of the SRM with robustness against 

the distortions, as well as not using any motor-specific parameters, an augmented state es-

timator is adopted based on the position estimation error derived in (5.15) and also 

considering the motor dynamics, as follows:  
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l

a l

a l

   

  

 

 = + −



= + −

 = −


 (5.17) 

where lk (k=1,2,3) are the observer gains.  

Compared to (5.16), all disturbances from the flux-linkage error and uncertainties can 

be estimated by the linear controllers. Although the electromagnetic torque information, 

the load value, and inertia are unknown, taking these uncertainties as a unified acceleration 

can simplify the observer design, since it does not require time-consuming measurement of 

torque characteristic and inertia. Also, no motor-specific parameters are used in the pro-

posed estimator, which avoids the parameter sensitivity issue and enhances its robustness. 

Hence, it would be practical for the low-cost SRM sensorless drive. 

When the position estimation error in (5.17) converges, all the unknown perturbations 

in the estimation will eventually be zero. The undesired disturbances Δf1,2,3 caused by the 

flux-linkage error can be therefore suppressed by the state estimator.  

Besides the rotor position and speed required for SRM control, the state estimator ex-

tends the estimation to the motor acceleration by a linear controller with a gain l3. This 

augmented design can help the sensorless control fast track the speed variation of the SRM 

and enhance the transient estimation accuracy, even though the torque information is not 

used. 

To illustrate the advantage of the proposed observer, the dynamic transfer function of 

position and speed estimation errors can be derived from (5.17): 
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As shown in the error transfer function, the proposed position estimation and speed 

estimation are the type-III and type-II systems, respectively. Giving the final value theorem 

of the linear control system, as expressed in (5.20): 

  ss err
0

lim ( ) ( )
s

err sG s u s
→

=  (5.20) 

where errss is the steady-state error, Gerr is the error transfer function, and u is the input.  

The steady-state position and speed estimation errors, Δθss and Δωss, under a step speed 

response ( ( )=1s s  & 
2

( )=1s s ) and a ramp speed response (
2

( )=1s s  & 
3

( )=1s s ), 

can be obtained as: 
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s l s l s l s s


→

 
 = = 

+ + +  
. (5.22) 

Therefore, the proposed observer can estimate the rotor speed and position of the SRM 

with zero steady-state errors during the step and ramp speed responses.  

Compared to the conventional linear prediction method for position estimation that is 

sensitive to flux linkage errors, the proposed observer considers the non-ideal influence of 

the flux-linkage error and establishes an augmented state estimator to improve the transient 

performance. Higher accuracy of the rotor position and speed estimation can be achieved. 
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5.4 Small-Signal Modeling and Parameter Design of the 

Proposed Observer 

5.4.1 Small-Signal Modeling 

In the proposed NSO, three control gains lk (k=1,2,3) determine the estimation performance 

and should be specified designed. However, the high nonlinearity of the observer makes 

the parameter design complicated. In this section, a novel small-signal linearization model 

of the nonlinear observer is proposed for optimal parameter design. 

Due to the presence of flux-linkage errors, the feature position contains deviations 

compared to the actual position, leading to perturbations Δf1,2,3 in all estimation. Hence, the 

small-signal model is established by considering the estimation error in the proposed ob-

server. The fundamental vector extracted by (5.14) can be rewritten as 

 

h

f h f h h
ˆ ˆ



 = − = + −

F

F F F F F F  (5.23) 

where the error term ΔFh in (5.23) represents the estimation error of the harmonic vector. 

It can be expressed according to the Fourier series, which gives  
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F

. (5.24) 

Under a quasi-locked condition ˆ( 0) − → , (5.24) can be simplified to an approxi-

mation model as 
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Accordingly, the fundamental vector derived by (5.23) can be expressed by 

 ( ) ( ) ( )

f f h
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F = F F

 (5.26) 

It reveals that the fundamental vector extracted by the nonlinear estimators contains 

the undesired harmonics ΔFh. These distortions are presented in high orders, i.e., (kN±1)th, 

and proportional to the position estimation error Δθ. 

By adopting the heterodyne method presented in (5.15), the equivalent position error 

ε, which is the input of the augmented state estimator, can be obtained as: 

 ( )f f

1

ˆ= 2cos
k

kN   


=

   +     F F . (5.27) 

As observed, the (kN±1)th harmonics in the 
f
F  can generate the (kN)th position error in ε. 

According to Figure 5.6 and (5.27), the overall small-signal model of the proposed 

observer is drawn in Figure 5.7. The approximate model shows the inherent relationship 

between the actual and estimated rotor positions. The nonlinear feedback path is eliminated 

and replaced by the unit feedback path. Position harmonics are expressed by a compact 

form given in (5.27). The augmented state estimator, which can converge the position error 

ε, is still embedded in the model since it has been expressed in a linear form. As shown, the 

proposed small-signal model presents a more straightforward structure than the exact 

model. The linear approximated model can be used to further analyze the observer stability 

and design the parameters. 
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Figure 5.7  The small-signal model of the proposed NSO. 

 

5.4.2 Parameter Design and Stability 

Due to the nonlinear estimators in the feedback path, most harmonics in the feature position 

can be physically eliminated before entering the augmented state estimator. Therefore, it 

offers the possibility to design a high-bandwidth observer. Whereas, from the view of the 

small-signal model, there are still several high-order position harmonics in the feedforward 

path, as shown in Figure 5.7. The extra harmonics indicate how the perturbations Δf1,2,3 

from the flux-linkage error increase the estimation error. Still, these distortions can be elim-

inated by optimizing the parameter design of the augmented state estimator.  

According to the transfer function given in (5.18), the proposed observer is a third-

order system, and an effective way to configure all linear gains is to set a triple-negative 

pole on the real axis. On this basis, the characteristic equation of the transfer function (5.18) 

can be transferred to the form with a triple root: 

 ( )
33 2

1 2 3 0s l s l s l s p+ + + = + =  (5.28) 

where  p + , and the triple poles of the observer are 1,2,3s p= − . This pole placement 

gives a critically damped observer, which is always stable since all poles are in the negative 
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real axis. The stability can therefore guarantee the convergence of all state estimation er-

rors.  

The observer’s stability can be analyzed through the characteristic equation given in 

(5.28). According to the Routh stability criterion, a system is stable when all coefficients 

in the characteristic equation are positive, which gives the stability criterion of the proposed 

observer as 

 1 2 30,  0,  0l l l   . (5.29) 

The above criterion should be always satisfied in order to estimate the accurate rotor 

position without perturbance caused by the flux linkage error. 

Comparing both sides in equation (5.28) gives a design scheme of the linear gains: 

 
2 3

1 2 33 ,  3 ,  l p l p l p= = = . (5.30) 

According to the stability criterion (5.29), it is easy to find that when the observer’s 

triple pole -p is located in the negative real axis, i.e., p>0, the proposed observer will be 

stable. By selecting different p values, the Bode diagram of the position estimation is shown 

in Figure 5.8. Intuitively, the position estimation possesses as a lowpass position observer, 

and its phase margin is always positive, which ensures the stability. The lowpass charac-

teristic can reject high-order position harmonics and distortions caused by the flux linkage 

error, thereby improving the estimation accuracy. With a large p, the bandwidth of the po-

sition estimation increases, which gives a faster response rate but reduces the harmonic-

filtering capability. Therefore, the tuning of the observer parameter can be done by consid-

ering the frequency of the primary harmonic in the estimated position. 
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As analyzed earlier in the small-signal model in (5.27), the position harmonic exists in 

the equivalent position error ε and needs to be eliminated by selecting a proper observer 

bandwidth. The observer bandwidth can be defined as the frequency when the magnitude 

is -3 dB, which yields: 

 
bandwidth 3.9 p  . (5.31) 
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Figure 5.8  Bode diagram of the position estimation with different pole values. 

 

Since the harmonic components in the model are in high-order, i.e., kNth, k=1, 2, …, 

the observer bandwidth can be set higher to achieve fast-dynamic performance as long as 

the dominant position harmonics can be filtered. Therefore, the optimal bandwidth of the 

proposed observer is set to be smaller than the dominant harmonic frequency when k=1, 

namely: 

 bandwidth h_dominant m_enable3.9 p N    =  (5.32) 
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where ωm_enable is the lowest rotor frequency (in mechanical) when the proposed position 

estimation method is enabled. Below that frequency, the model-based estimation is well-

known disabled, and pulse-injection-based techniques can be used for starting stage and 

low-speed sensorless operation. 

5.5 Experimental Results 

The proposed position estimation scheme based on NSO is verified on the 12/8 SRM setup. 

Figure 5.9 shows the schematic diagram of the proposed SRM sensorless control.  
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Figure 5.9  Schematic diagram of the proposed position-sensorless control. 

 

The high-speed controller uses the same structure as the low speed. A speed PI con-

troller is used to track the reference speed ωref and generate the reference phase current iref. 

The current hysteresis controller is used in the current loop, in which the upper current 

reference iupper and lower current reference ilower are calculated according to a preset band-

width Δi. Afterward, the commutation of each phase is controlled according to the 

comparison between the estimated rotor position and turn-on and turn-off angles, on and 
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off. Without specific mention, the commutation angles are set as on =0° and off =20°. For 

position-sensorless control, the rotor speed and position used in the speed and current con-

trollers are estimated from the proposed observer, instead of the position sensor. 

Since the proposed scheme is based on the flux linkage estimation, it is used for me-

dium- and high-speed position estimation. The speed threshold to enable the proposed 

observer is set to around 300 r/min (the rated speed of the SRM is 1000 r/min). According 

to the parameter design in (5.32), the observer bandwidth is set to be 120 rad/s and the p is 

equal to 30. When the rotor speed is lower than 300 r/min, high-frequency pulse injection 

can be used for position estimation. The following experimental tests validate the advantage 

of the proposed observer compared to the conventional linear prediction method. All ex-

perimental results are recorded in the position-sensorless control mode by using the 

proposed method.  

The feature position at 15° is first detected by the flux-linkage estimation method. Fig-

ure 5.10 shows the experimental results of the flux estimation in three phases at 500 r/min. 

The real-time stator flux linkage is calculated through the SRM voltage equation. The ref-

erence flux-linkage curve at 15° is learned by self-commissioning process as analyzed 

before, which does not require the offline measurement and FEA simulation. As shown in 

Figure 5.10(a), when the intersection of the real-time calculated flux linkage and the refer-

ence curve is detected in the three phases, the rotor position stepped by 15° is recorded as 

the feature position. It is worth noting that the feature position shown in Figure 5.10(a) is 

used for controlling the phase A, and the feature position for other phases can be obtained 

by shifting the phase-A position by 15°. Compared to the actual position derived by a  



Ph.D. Thesis - Dianxun Xiao                   McMaster - Electrical & Computer Engineering 
 

140 

 

 

Time (25ms/div)

(a)

(b)
Time (25ms/div)

Feature position in mechanical cycles

Phase-A

Time (3ms/div)

λ a
 (

0
.0

5
 W

b
/d

iv
)

λ b
 (

0
.0

5
 W

b
/d

iv
)

λ c
 (

0
.0

5
 W

b
/d

iv
)

P
o

si
ti

o
n

 (
1
5

°/
d
iv

)
 P

o
si

ti
o
n

 (
1
5

°/
d
iv

)
P

o
si

ti
o
n

 (
9
0

°/
d
iv

)

Actual position

Feature position

Calculated flux linkage

Reference flux linkage

Calculated flux linkage

Reference flux linkage

Calculated flux linkage

Reference flux linkage

Phase-B

Phase-C

Actual position

Feature position

 

Figure 5.10  Feature position detection by flux-linkage estimation at 500 r/min. (a) 

Calculated flux linkage, reference flux linkage at 15°, and the estimated feature position. 

(b) Estimated feature position in the mechanical cycle. 
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resolver, the feature position is step-manner and inaccurate, which cannot be used for SRM 

control. In order to improve the estimation accuracy by using the proposed NSO, the feature 

position ranges from 0° to 45° is transferred to a complete mechanical cycle, i.e., being 

scaled by 360° as shown in Figure 5.10(b). Thereby, the feature position can be further 

written in the vector form of the proposed observer, as indicated in (5.8). 

To illustrate the effectiveness of the proposed scheme, the intermediate variables of 

the NSO are shown in Figure 5.11. The feature position shown in Figure 5.11(b) is rewritten 

in the vector form by (5.8), where the waveform of the orthogonal vector F is depicted in 

Figure 5.11(a). Due to the limited resolution of the feature position, the feature position 

vector F is discrete and contains large harmonics. To eliminate the harmonic vectors in F, 

the harmonic Fourier estimator is built based on Fourier series expansion to estimate the 

harmonic vector 
hF̂ , as depicted in Figure 5.11(b). By subtracting the harmonic vector 

hF̂  

from the discontinuous vector F, the fundamental vector Ff that is more continuous can be 

extracted, as shown in Figure 5.11(c). It should be noted that the harmonics cannot be en-

tirely eliminated in Ff, since high-order position harmonics are still in presence in the 

forward path, which has been analyzed in the small-signal model. Whereas, the higher-

order harmonics can be further reduced by the proposed observer by selecting the optimal 

linear gains by (5.30). Thus, these harmonic disturbance in Ff would not affect the position 

estimation accuracy. As a result, the estimated fundamental vector 
fF̂ , which is calculated 

from the estimated rotor position, has fewer harmonics, as shown in Figure 5.11(d). Com-

pared to the feature position vector F, the harmonics in the discrete position vector can be 

fully eliminated. Particularly, no phase delays are introduced by the proposed observer, 
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which has been proved in (5.22). Therefore, the position information lost in the feature 

position can be completely reconstructed by the proposed method.  
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Figure 5.11  Experimental verification of the proposed NSO at 500 r/min. (a) Feature 

position vector. (b) Estimated harmonic vector. (c) Fundamental vector. (d) Estimated 

fundamental vector. 

 

The position estimation results at 500 r/min of the proposed observer, as well as the 

conventional linear prediction method for comparison purpose, are shown in Figure 5.12. 

As analyzed previously, voltage distortions, current measurement errors, parameter mis-

match, and mutual flux linkage can result in inevitable flux linkage errors. Therefore, the 
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feature position cannot be detected exactly when comparing the real-time flux linkage and 

the reference curve. It would cause small deviations in the estimated feature position com-

pared to the actual position, which is shown in Figure 5.12. When the conventional linear 

prediction method is used, the unknown position within the next interval of two feature 

position points is predicted based on the previous average speed. However, due to the de-

viation in the feature position, the calculated average speed is inaccurate, and the estimated 

rotor position from the linear prediction method is still discontinuous. The large position 

error would limit sensorless control performance, especially under the load condition. In 

contrast, the proposed observer takes these flux linkage errors into account and treats them 

as a perturbance in position estimation. Three linear controllers are designed based on the 

mechanical dynamic equation to eliminate these perturbances by converging the position 

estimation error to zero. Through the small-signal linearization, the perturbance from flux 

linkage errors can be regarded as high-frequency noises in the feedforward path of the po-

sition estimator. Due to the lowpass characteristic and zero-tracking errors of the proposed 

observer, the nonideal distortions can be rejected by properly designing the observer’s 

bandwidth, and meanwhile the stability can also be guaranteed. Moreover, the low-resolu-

tion issue of the feature position can be solved by using the nonlinear Fourier estimators. 

Most of the harmonics in the input feature position can be removed before entering the 

augmented state observer. Therefore, the bandwidth of the estimator can be set higher, and 

fast dynamic performance and good perturbance suppression capability can be achieved at 

the same time. As a result, compared with the conventional linear prediction method, the 

estimated position of the proposed scheme is in better agreement with the actual position. 
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Figure 5.12  Comparative experimental results of the proposed observer and the 

conventional linear prediction method at 500 r/min.  

 

To baseline the improvement on estimation accuracy, Figure 5.13 compares the posi-

tion and speed estimation errors of the proposed observer and the conventional linear 

prediction method at 500 r/min. Due to the flux linkage errors, the linear prediction method 

causes large ripples in the estimated rotor position, and the maximum absolute position 

error is 5.2° as shown in Figure 5.13(a). Besides, from the result in Figure 5.13(b), the 

deviation of the feature position has a more serious impact on speed estimation, where the 

maximum absolute speed error reaches to 139.8 r/min. Although the linear prediction 

method can theoretically offer accurate estimation if no flux linkage errors exist, this crite-

rion is ideal and cannot be guaranteed in practical applications. Using lowpass filters could 

be a solution to remove the estimation ripples in the conventional method, but it would 

bring a DC drift in position estimation and cause large speed-tracking error during the 
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speed-transient state. As a result, the conventional linear feature-position-based method 

would have large speed and position estimation errors and result in a vulnerable sensorless 

control. In comparison, the proposed observer can well estimate the rotor position and 

speed with much fewer errors. The maximum position error can be reduced to 1.8°, and the 

speed estimation error always keeps within 18.2 r/min. The average position and speed 

estimation error are both around zero. Moreover, the significant estimation ripples are re-

duced by the proposed observer, which thereby ensures more stable and smoother speed 

and current control.  

 

Figure 5.13  The comparison of estimation errors between the proposed observer and the 

conventional linear prediction method at 500 r/min. (a) Position estimation errors. (b) 

Speed estimation errors. 
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Figure 5.14  Position estimation results with different control angles. (a) on =0° and off 

=15°. (b) on =0° and off =23°. 

 

The position estimation with other control angles are further validated experimentally, 

as shown in Figure 5.14. One of the main sources of flux linkage errors is the mutual cou-

pling effect, which cannot be ignored when two phases have an overlapping region and the 

phase current is large. A comparative test is conducted by using different control angles. 

Figure 5.14(a) is the position estimation error at the control angles on=0° and off=15°, in 

which the mutual crossing effect is small and can be neglected. In Figure 5.14(b), the wider 

control angles of (on=0°, off=23°) are used for comparison, and other conditions are kept 

the same. In this case, the two adjacent phases have a wider overlap region, and the mutual 

flux linkage effect would be larger. As can be seen from Figure 5.14(a), when turn-on re-

gion of each phase is small (0°-15°), the position estimation results of the proposed observer 

and the conventional linear prediction method are similar since the flux linkage error is 

small. However, when the overlap region becomes larger due to the lag turn-off angle of 

23°, as illustrated in Figure 5.14(b), significant position errors can be found in the conven-

tional linear prediction method. In comparison, the proposed observer shows better 
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robustness against the flux linkage error, and the position error is slightly increased when 

the turn-on angle is lag but still much smaller than the conventional method.  

Moreover, the speed transient performance and the estimation accuracy at other speeds 

are also validated, as shown in Figure 5.15 and Figure 5.16. The SRM runs in the sensorless 

control mode with the proposed observer at no load. In the test, the SRM first operates at 

300 r/min and then accelerates to 1000 r/min (rated speed). In Figure 5.15, a ramp reference 

speed is given, and Figure 5.15(a) depicts both the actual speed and the speed estimation 

results of the linear prediction and the proposed observer. As can be observed, although the 

conventional scheme can track the speed variation, the linear prediction is quite sensitive 

to the feature position detection error, and the speed and position errors are significant, as 

shown in Figure 5.15(b) and (c), respectively. As an improvement, the proposed observer 

can track well the speed change, and the overall estimation errors are much lower than the 

conventional method. Furthermore, Figure 5.16 shows the estimation results under a step 

speed reference from 300 r/min to 1000 r/min. It can be found that the proposed method 

can still offer higher estimation accuracy of both the rotor speed and position compared to 

the conventional linear prediction method. Besides, due to the more accurate estimation, 

the SRM can be well controlled in the sensorless control mode with a fast speed transient 

response.  

Figure 5.17 indicates the dynamic performance of the sensorless control with load dis-

turbance. The speed is kept as 500 r/min, and the IM is served as the load machine to 

generate a 15 N·m load torque in the inverse direction. The load is added at 6 seconds and 

then removed at 14 seconds. As can be seen from Figure 5.17(a), due to the load change 
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Figure 5.15 Estimation errors under ramp speed change from 300 r/min to 1000 r/min 

(rated speed). (a) Actual and estimated speeds. (b) Speed estimation errors. (c) Position 

estimation errors. 
 

 

Figure 5.16 Estimation errors under step speed change from 300 r/min to 1000 r/min 

(rated speed). (a) Actual and estimated speeds. (b) Speed estimation errors. (c) Position 

estimation errors. 
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the rotor speed drops/increases by around 180 r/min but can stably converge to the refer-

ence speed. By summarizing the results in Figure 5.17(b) and Figure 5.17(c), the transient 

speed and position estimation errors of the proposed NSO are much smaller than the linear 

prediction method. Notably, the position estimation error of the linear prediction method 

reaches about 8° when the load is removed, which would make the conventional method 

unstable under such heavy load disturbance. In contrast, the proposed scheme can achieve 

higher estimation accuracy with the maximum transient position error within around 2°. 

Accordingly, the overall position-sensorless control performance of the SRM can be im-

proved by the proposed observer. 

 

 

Figure 5.17  Comparative tests with the 15 N·m load disturbance at the half-rated speed. 
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Another comparative test with the linear prediction method is implemented, but the 

augmented state estimator proposed in this chapter is used as an in-loop filter for the con-

vention linear prediction method, as illustrated in Figure 5.18(a). Compared to the proposed 

observer, the nonlinear Fourier estimators are replaced by the linear prediction method, 

while the augmented state estimators have the same bandwidth. This comparative test is 

used to verify the improvement of the proposed nonlinear Fourier estimator over the con-

ventional linear prediction method. To validate it, a large flux linkage error is suddenly 

added in the estimation process when motor is operating, and the position estimation errors 

are measured. As can be found in Figure 5.18(b), before adding the additional flux linkage 

error, both the proposed observer and the in-loop-filter-based linear fitting method have 

much smaller estimation errors compared to the conventional linear fitting method. The 

accuracy improvement of the in-loop-filter-based linear fitting method is due to the lowpass 

characteristic of the proposed augmented state estimator. When a large flux linkage error 

is added, the conventional linear fitting method has a large position error to 10 degrees due 

to its high sensitivity to flux linkage errors. Although the combination of an in-loop filter 

may reduce the estimation error of the linear fitting method, the estimation error is still 

large and around 3 degrees in this instant. In contrast, the proposed observer utilizes the 

harmonic decoupling method, instead of a linear fitting method, to offer a smoother and 

ripple-free position signal, which has been proved in Figure 5.11. Most harmonics in the 

feature position can be eliminated by the harmonic decoupling, and thus having better ro-

bustness against the flux linkage error. As a result, the proposed observer shows better 
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estimation accuracy compared to the conventional linear fitting method, even with a large 

flux linkage error.    
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(b) 

Figure 5.18  Comparative experimental validation of the conventional linear prediction 

method, an in-loop-filter-based linear prediction method, and the proposed observer at 

500 r/min, with a suddenly added large flux linkage error. (a) Block diagram of the in-

loop-filter-based linear prediction method. (b) Position estimation results. 

 

5.6 Conclusion 

The chapter proposes a new observer, NSO, to improve the position estimation accuracy of 

SRMs. The feature position is detected by monitoring the intersection of the calculated flux 

linkage and the reference flux linkage at 15° to estimate the rotor position without using 

three-dimensional magnetizing characteristics. Since most of the position information is 

lost when detecting the feature position, an online Fourier-series-based NSO is proposed to 
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capture the inherent frequency characteristic of the feature position. On the basis, two non-

linear estimators are designed to eliminate the primary position harmonics and reconstruct 

a more accurate rotor position. To improve the robustness against flux-linkage errors, a 

small-signal approximation model of the proposed observer is built to investigate the ad-

verse impact on estimation. An augmented state observer is then proposed to improve the 

estimation accuracy in steady and transient states. Experimental validation on a 12/8 SRM 

setup was carried out by testing the performance under both speed and load step responses. 

The results show that the proposed scheme has lower position and speed estimation errors 

compared with the conventional linear prediction method. The SRM can run in the sensor-

less mode with the rapid speed variation and even a heavy load disturbance.
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Chapter 6 

Magnetic-Characteristic-Free Position 

Observer for High-Speed Position-

Sensorless Control 

6.1 Introduction 

As mentioned in Chapter 5, the conventional medium- and high-speed sensorless control 

method relies on three-dimensional magnetic characteristics, which have to be measured 

offline. The designed NSO can avoid the usage of full magnetic characteristics and only 

adopt a feature flux-linkage curve. This method does not need the offline measurement and 

just requires a self-commissioning process. One drawback of the self-commissioning pro-

cess is that the rotor needs to rotate at designed position. Although the process is automatic, 

the rotor rotation at the initial stage may be unacceptable in some applications. 
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To further simplify the position estimation algorithm of SRM drives, a novel magnetic-

characteristic-free position-sensorless control strategy based on quadrature flux estimators 

(QFEs) is proposed in the chapter. This is a new perspective in SRM position estimation, 

which estimates the rotor position from a bias-free and harmonic-free flux linkage. To this 

end, the proposed QFE is designed as a speed-adaptive bandpass observer that can elimi-

nate the harmonics and DC bias in the calculated flux linkage. Thus, the high nonlinearity 

in the SRM flux linkage can be reduced, and a simple orthogonal sine-cos position signal 

can be derived under both unsaturated and saturated conditions. After using a three-phase 

PLL, rotor position and speed can be easily estimated. Compared to existing approaches, 

the proposed method achieves several advantages simultaneously: 

1) It does not use any magnetic characteristics for position estimation. Thus, either offline 

measurement or online self-commissioning process is not needed, which simplifies the 

implementation and also avoids parameter insensitivity issue. 

2) Adverse impacts of flux harmonics and offsets can be eliminated, ensuring accurate 

rotor position estimation in case of magnetic saturation.  

3) It is robust to current ripples and noises due to the bandpass filtering capability. 

4) Full-cycle rotor position can be estimated continuously, instead of the discontinuous 

feature position estimation. 

Moreover, a logic scheme is designed in this chapter to improve the convergence rate 

of the QFE. The speed adaptation capability is able to guarantee accurate estimation under 

variable-speed conditions. Finally, the effectiveness of the proposed scheme and 
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comparative experimental tests of the conventional method are verified on a 5.5 kW 12/8 

three-phase SRM setup. 

6.2 Investigation of Flux Linkage-Based Position 

Estimation 

6.2.1 Flux Linkage Analysis 

Flux linkage of the SRM is a function of the rotor position and phase current, so the rotor 

position can be estimated by calculating the real-time flux linkage. The SRM model based 

on the flux linkage is repeated here for readability:  

 
( , )d i

u Ri
dt

 
= + . (6.1) 

The maximum flux linkage occurs at the aligned position 22.5°, and the minimum flux 

linkage is at the unaligned position 0°. The flux linkage, at a current i=ic, can be therefore 

expressed by its Fourier series as a function of the rotor position θ: 

 
c 0 c 1 c r k c rk 2

Flux bias Fundamental flux Flux harmonics

( , ) ( ) ( )cos( ) ( )cos( )i i i N i kN      


=
= − −  (6.2) 

where λk(ic) is the amplitude of the k-th flux harmonic, which is a constant at a current i=ic.  

At different current levels, the flux harmonic amplitude λk(ic) varies. The accuracy of 

this Fourier series-based model is validated here at different positions and current levels 

for the tested 12/8 machine, as shown in Figure 6.1. The Fourier series model can well 

capture the flux linkage characteristic. 
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Figure 6.1  Flux linkage of a three-phase 12/8 SRM at different rotor positions, including 

real flux linkage and its model results from (6.2). 

 

In (6.2), the first term is the bias of the flux linkage, the second represents the funda-

mental flux that is a cosine function of the rotor position, and the rest are flux harmonics. 

This nonlinear flux-position-current relationship makes the position estimation difficult, 

unless the flux characteristic is offline measured and prestored as a lookup table. However, 

using prestored characteristics leads to parameter sensitivity issues and requires extra of-

fline measurement for each SRM. The request of additional manual work for parameter 

acquisitions is not attractive for commercial applications. 

To solve the issues, the proposed method aims to estimate the rotor position without 

using flux linkage characteristics.  

6.2.2 Basic Principle of the Proposed Scheme 

As aforementioned in (6.2), the fundamental flux is a simple cosine function of the rotor 

position when the phase current is constant. If all flux bias and flux harmonics can be re-

moved from the flux linkage λ, the position estimation will be simplified. Therefore, the 
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flux linkage is calculated based on the voltage equation (6.1) in a constant current region, 

as illustrated in (6.3): 

 
( )  on off,  ( , )

( , )
0,  ( else)

u Ri dt
i

  
 



 − 
= 




. (6.3)  

Here, the flux calculation (6.3) is a piecewise function. For the motoring operation, the 

turn-on instant often occurs in a low-inductance region (i.e, around the unaligned position), 

in which the phase current can be fast established. Hence, the phase current is approximated 

as a constant value around its reference during the excitation period [θon, θoff]. For simplic-

ity, the discussion of the proposed scheme will be focused on the motoring mode at positive 

speed in the rest of the chapter. For the generating and negative operation, the flux calcu-

lation needs a minor modification, which will be introduced separately. 

After obtaining the flux linkage λ, the purpose of the proposed method is to extract the 

fundamental flux λf based on (6.2): 

 f mag rcos( )N  = −  (6.4) 

where λmag=λ1(ic) is the magnitude of fundamental flux.  

Compared to the original stator flux in (6.2), the rotor position only exists in the phase 

of the fundamental flux. However, the magnitude λmag is still an unknown function of the 

phase current and varies with magnetic saturation levels. To estimate the rotor position 

from the phase of the fundamental flux λf, another orthogonal signal is needed to remove 

the magnitude, expressed as 

 fq mag rsin( )N  = −  (6.5) 

where the λfq denotes the quadrature of the fundamental flux λf. 
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The magnitude of the fundamental flux can then be derived from (6.4) and (6.5): 

 
2 2

mag f fq  = +  (6.6) 

Afterward, the rotor position and speed can be estimated from (6.4)-(6.6) by adopting 

a PLL, as shown in Figure 6.2.  
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Figure 6.2  The structure of the PLL for position estimation. 

 

According to Figure 6.2, a position-tracking error signal ε can be obtained by using a 

trigonometric heterodyne method, which is expressed as: 

 
fq r f r

r r r

mag

ˆ ˆcos( ) sin( )
ˆ ˆsin( ) ( )

N N
N N N

   
    



− +
= = −  − . (6.7)  

When the position-tracking error ε converges to zero by a PI controller in the PLL, the 

rotor position can be estimated due to ̂ = . Meanwhile, the rotor speed ̂  can also be 

obtained after using a lowpass filter. 

As observed from the above signal processing, the position estimation does not require 

magnetic characteristics of the SRM since all the nonlinear and unknown parameters in the 

flux linkage are eliminated.  
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To realize the proposed position estimation procedure, the rest of the chapter will dis-

cuss the following two critical problems, which are: (a) how to eliminate the flux bias and 

flux harmonics in the calculated stator flux, as expressed in (6.4), and (b) how to generate 

a quadrature signal λfq of (6.5) from the fundamental flux λf . 

6.3 Design of the Proposed Position Estimation Scheme 

Based on QFEs 

6.3.1 Second-Order Generalized Integrator With A Highpass Filter 

To solve the previous critical issues in flux estimation, the chapter adopts and upgrades a 

second-order generalized integrator with a highpass filter (SOGI-HPF) for position estima-

tion. The SOGI-HPF has been proved to be a good quadrature signal generator with the 

capability to eliminate DC components and harmonics, which is widely adopted in grid-

connected converters [110]–[112]. The structure of the SOGI-HPF is shown in Figure 6.3 

[111], where u(t) is the input signal, and yd(t) and yq(t) are the direct-axis output and the 

quadrature-axis output, respectively. An HPF is embedded in the feedforward path as an 

in-loop filter. If k0=0, the SOGI-HPF will be a standard SOGI [111]. 
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Figure 6.3  The structure of the SOGI-HPF. 
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From Figure 6.3, the transfer functions of the SOGI-HPF can be expressed as: 

 
2

d 0
d

( )
( )

( ) ( )

y s k s
G s

u s s


= =


, 

2
q 0

q

( )
( )

( ) ( )

y s k s
G s

u s s


= =


 (6.8) 

where k and k0 are the constant parameters, ω0 is the resonance frequency, s is the Laplace 

operator, and the denominator is: 

 
3 2 2 2

0 0 0 0 0( ) ( )s s k k s s k   = + + + +   (6.9) 

k, k0, and ω0 are positive. 

To illustrate the characteristic of the SOGI-HPF, the Bode diagrams of the two transfer 

functions in (6.8) are depicted in Figure 6.4. The parameters of k=1.414, k0=500, and 

ωo=500 rad/s are used as an example. It can be seen that both the Gd(s) and Gq(s) are pre-

sented as bandpass filters around the resonance frequency ωo and have the frequency-

selection capability. When s=0 in the two transfer functions, their gains are both zero. 

Hence, the DC component in the input signal u(t) does not exist in the output signals yd(t) 

and yq(t). At high frequency, the magnitude frequency responses of Gd(s) and Gq(s) decay 

with the slope of more than -20 dB/dec to reduce the high-frequency noises in u(t). If the 

resonance frequency ω0 of the SOGI-HPF is set to be the fundamental frequency of the 

input u(t), the harmonics existing in u(t) can be attenuated due to the bandpass characteris-

tic. 

Then, substituting s=jω0 into the transfer functions Gd(s) and Gq(s) derives the ampli-

tude- and phase-frequency responses, which are 

 
d 0 d 0

q 0 q 0

( = ) 1,  ( = ) 0

( = ) 1,  ( = ) 90

G s j G s j

G s j G s j

 

 

 =  =


=  = − 

. (6.10) 
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Figure 6.4  Bode diagram of the SOGI-HPF. 

 

In (6.10), both of the output signals keep the same magnitude of u(t) at the resonance 

frequency ω0. The direct-axis output yd(t) has the same phase of the input u(t) at ω0, while 

a quadrature signal yq(t) with a -90° (in electrical) phase shift is generated by Gq(s). 

As observed, the SOGI-HPF can extract a frequency-selected signal at ω0 with its 

quadrature form, while suppressing the DC offset and harmonics by the bandpass filtering 

capability. Therefore, the SOGI-HPF satisfies the requirements of the proposed flux esti-

mator design and can be used to solve the previous two critical issues analyzed in Section 

6.2.2. 

6.3.2 Overall Design of the Proposed Position Estimator 

The proposed position estimation method based on QFEs (quadrature flux estimators) is 

upgraded from the classic SOGI-HPF. The overall signal processing is shown in Figure 6.5, 

where a three-phase 12/8 SRM is studied as an example to illustrate the proposed scheme. 
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Figure 6.5  Signal processing of the proposed position estimation method based on QFEs. 

 

The stator flux linkage λA,B,C are calculated by the voltage equation in (6.3) in the three 

phases. Triger signals are enabled when the flux linkage is calculated in the phase conduc-

tion period [θon, θoff], which will be used for the QFE design. Three QFEs developed from 

the classic SOGI-HPF work together to eliminate the DC offset and harmonics in the real-

time flux linkage and generate orthogonal flux signals λfA,B,C and λfqA,B,C. Afterward, a seg-

mented heterodyne method in a three-phase PLL is proposed to obtain the position tracking 

error signal ε. The rotor position and speed can be estimated when the position tracking 

error ε converges to zero via the PI controller. To adapt the speed variation when the SRM 

operates, the estimated electrical speed 
r

ˆN   is used as the feedback to the three QFEs for 

adaptive flux estimation.  

6.3.3 Design of the QFE 

The design of the QFE used for flux estimation is illustrated in Figure 6.6. Since the QFE 

is adopted for all phases, the variable subscript A, B, or C is omitted when introducing the 

QFE’s design. As shown from Figure 6.6, the calculated flux linkage λ in one phase is set 

as the input of the QFE, and the outputs are the fundamental flux λf and its quadrature λfq. 
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The conventional SOGI-HPF is used for a continuous input signal, but it is not suitable for 

SRM position estimation since the calculated flux linkage is discontinuous, as expressed in 

(6.3). As an upgrade, the proposed QFE has a specific logic design. Two integrators in the 

QFE are modified with a reset and a rising-edge trigger according to the trigger signal Tf 

and initial states λf0 and λfq0. This modification is made to enable the QFE only when the 

calculated flux linkage is non-zero. Besides, a magnitude latch with a falling-edge trigger 

is employed in the QFE to obtain the initial states of the integrators.  
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Figure 6.6  Design of the proposed QFE. 
 

 

According to the Bode diagram shown in Figure 6.4, the proposed QFE is a bandpass 

estimator for both λf and λfq. To extract the fundamental flux without DC offset and high-

order harmonics, the resonance frequency ω0 of the QFE should be equal to the estimated 

rotor frequency 
r
ˆN   of the SRM. The absolute value of the speed ensures position esti-

mation in both speed directions. This subsection discusses the positive speed case first, and 

the negative speed operation needs minor modification and will be discussed later. 
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Figure 6.7  Illustration of the logic design of the proposed QFE. 

 

To better illustrate the proposed logic design, the phase current, the trigger signal Tf, 

and the calculated flux linkage of the SRM with a 15 N·m load are depicted in Figure 6.7. 

The turn-on and turn-off angles of the SRM are set to 0° and 20°, respectively, as an exam-

ple. As shown in Figure 6.7(a), the phase is excited between the position [on, off], and a 

trigger signal Tf is generated during the excitation period and then reset to zero when the 

position is out of the range [on, off]. The calculated flux linkage λ in one phase is discon-

tinuous over an electrical cycle as it will be set to zero when the trigger Tf is null. After the 
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phase is excited again, the flux linkage can be reobtained. Therefore, to estimate the rotor 

position from the flux linkage, the proposed QFE needs to be enabled only during the phase 

excitation period (i.e., when the trigger Tf=1), while being disabled when the phase is turned 

off (i.e., Tf=0). 

The logic control in the QFE is realized by modifying the two integrators for the out-

puts λf and λfq. As illustrated in Figure 6.7(b), the flux integrators are trigged when Tf has a 

rising edge, namely when the phase is turned on at the position of on. The QFE will start 

estimating the fundamental flux λf and quadrature flux λfq according to its input flux λ. Due 

to the suppression capability to the DC offset and flux harmonics, the estimated flux λf and 

λfq shown in the figure are purely cosine and sine functions of the rotor position. The ex-

pression of the estimated flux is repeatedly here for readability: 

 
f mag r

fq mag r

cos( )

sin( )

N

N

  

  

= −


= −
. (6.11) 

According to (6.11), the initial values of the λf and λfq around the turn-on position on, 

can be calculated as 

 
f0 mag r on

fq0 mag r on

cos( )

sin( )

N

N

  

  

= −


= −
. (6.12) 

From (6.12), the initial values of the two integrators at on would be non-zero. To ac-

celerate the convergence rate of the QFE, the initial states of the two integrators should be 

preset to λf0 and λfq0 when the Tf has the rising edge. 

As given in the initial flux values (6.12), the magnitude λmag of the fundamental flux 

should be first known. The magnitude can be calculated by the square-root of the λf and λfq, 



Ph.D. Thesis - Dianxun Xiao                   McMaster - Electrical & Computer Engineering 
 

166 

 

as expressed in (6.13). However, due to the discontinuous flux calculation, the magnitude 

estimation is also interrupted. Therefore, another logic design is needed to obtain a smooth 

magnitude, as illustrated in Figure 6.7(b). The magnitude calculation is enabled during the 

excitation period (Tf =1), while its value is latched when Tf =0 (i.e, at off). The latched 

magnitude will be used to calculate (6.12) and preset the initial flux integrator’s values 

when the next rising edge of Tf is detected. 

 

2 2

mag f fq f

mag f

,  ( 1)

 keeps constant,  ( 0)

T

T

  



 = + =


=

 (6.13) 

After the phase execution ends, the stator flux λ is set to zero, and the QFE needs to be 

disabled. It can be achieved by resetting the two integrators to zero when Tf =0, as illustrated 

in Figure 6.7(b).  

To illustrate clearly, the overall logic design of the proposed QFE in one electrical is 

concluded as a flow chart shown in Figure 6.8. First, the trigger Tf is generated when the 

phase turns on at on and reset to zero after off. By monitoring a rising edge of Tf, initial 

values λf0 and λfq0 of the two integrators in the QFE are calculated and preset to avoid un-

necessary convergence time in flux estimation. After Tf =1, the stator flux λ is calculated 

by the voltage equation, and the QFE starts estimating the fundamental flux λf and its quad-

rature λfq. Meanwhile, the magnitude of the fundamental flux is obtained by the square-root 

calculation. When the phase excitation is over (Tf =0), all the flux calculation λ, λf, and λfq 

are reset to zero. Only the magnitude calculation is stored in a latch as a constant value for 

initial value calculation of the integrators when the next rising edge of Tf comes. 
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Figure 6.8  Flow chart of the logic design of the QFE in one electrical cycle. 

 

In summary, the proposed logical design is able to guarantee that the QFE is only en-

abled during the phase excitation period, in which the position information can be extracted 

from the non-zero flux linkage. While the magnitude latch and initial integrator preset can 

link the flux estimation in the excitation cycles before and after, ensuring good transient 

estimation accuracy during SRM operation. 

6.3.4 Design of the Three-Phase PLL 

The fundamental flux λf and its quadrature λfq obtained from the QFE can then be used to 

estimate the rotor position and speed through a three-phase PLL. 

Since at least one phase is turned on during SRM operation, combining all-phase flux 

estimation from the QFEs can obtain the full-cycle rotor position, as depicted in Figure 6.9. 

In this section, a segmented heterodyne method is proposed to extract the rotor position 

information from the three-phase estimated flux linkage. 

According to the phase conduction sequence, three areas are divided for the proposed 

segmented design. When the phase-A is excited, shown as Area-A in Figure 6.9(b), a pair  
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Figure 6.9  Full-cycle position estimation by combining the three-phase QFE’s outputs. 

 

of orthogonal flux signals λfA and λfqA can be used to obtain the phase-A position tracking 

error εA. Same as the conventional PLL analyzed in (6.7), the magnitude amplitude is 

adopted here, which derives: 

 
fqA r fA r

A
2 2

fA fqA

ˆ ˆcos( ) sin( )N N   


 

− +
=

+
 (6.14) 

When the phase-B is turned on, as shown in Area-B, the calculation of the position 

tracking error εB can be done on the phase-B flux estimation by considering a 2π/3 phase  
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shift to phase A, as 

 
fqB r fB r
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2 2

fB fqB

ˆ ˆcos( 2π 3) sin( 2π 3)N N   


 

− − + −
=

+
 (6.15) 

Similarly, the calculation in Area-C can be done by the phase-C flux estimation: 

 
fqC r fC r

C
2 2

fC fqC

ˆ ˆcos( 2π 3) sin( 2π 3)N N   


 

− + + +
=

+
 (6.16) 

Then, the position tracking error ε used for the PLL can be obtained by combining the 

above three tracking errors according, as: 

 

 

 

 

A on on

B on on

C on on

ˆ, , 15

ˆ, 15 , 30

ˆ, 30 , 45

    

    

    

 =  + 


=  +  + 


=  +  + 

 (6.17) 

It is notable that when two phases overlap, the flux linkage of both phases can be used 

for position estimation. The calculation in (6.17) is given as an option. 

Afterward, a PLL is used to converge the position tracking error ε to estimate the rotor 

position and speed, as shown previously in Figure 6.5. The simulation result of the position 

estimation under the 15 N·m load is given in Figure 6.9(b). Even though no magnet char-

acteristics are used, the estimated rotor position obtained from the proposed scheme can 

match the actual position, with only 0.3° position errors. 

6.3.5 Design for Generating Sensorless Operation 

The chapter introduces the proposed approach in a view of SRM motoring operation, while 

the method can also work for generating operation with minor modifications.  
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According to the analysis in (6.2) and (6.3), the flux linkage needs to be calculated 

around a constant current level. For the motoring operation, the constant current region 

overlaps to the phase excitation period [θon, θoff] approximately, as shown in Figure 6.7(a), 

since the phase current can be fast established at the turn-on instant θon (θon is around the 

low-inductance region depicted in Figure 6.10. However, the case is different for the gen-

erating mode. 
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Figure 6.10  Commutation angle settings of the motoring mode and generating mode. 

 

To generate a negative torque, the turn-on and turn-off instants should be lagged, and 

the phase often turns on in a large-inductance region, as presented in Figure 6.10. There-

fore, the phase current increases slowly compared to the motoring mode, and the constant 

current region does not overlap to the phase excitation period [θon, θoff], as shown in Figure 

6.11. To avoid position estimation errors of the proposed scheme, the flux linkage calcula-

tion in the generating mode should be modified in a constant region as well. The flux 

linkage can be calculated by (6.18) in [θref, θoff], and the trigger signal Tf is set accordingly 

to enable the proposed QFE.  
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Figure 6.11  Illustration of the proposed method in the generating mode. 
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( , )
0,  ( else)

u Ri dt
i

  
 



 − 
= 



 . (6.18) 

The angle θref can be calculated by counting the time interval ∆t from the turn-on in-

stant θon to the instant when the current reaches the constant value (such as reference): 

 ref on
ˆ t  = +  . (6.19) 

Then, the initial values of the λf and λfq used in the proposed QFE, as expressed in 

(6.12) are changed accordingly in the generating mode, as 

 
f0 mag r ref

fq0 mag r ref

cos( )

sin( )

N

N

  

  

= −


= −
. (6.20) 

Other signal processing keeps the same for both the motoring and generating modes.  

6.3.6 Design for Negative-Speed Sensorless Operation 

The previous analyses on position observer design focuses on positive-speed operation. At 

negative speed, minor changes are needed. 
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First, the negative speed changes the sign of the initial flux linkage calculation (6.12) 

and the PLL design (6.14)-(6.16) in the quadrant axis, which can be modified as 

 
f0 mag r off

fq0 mag r off

cos( )

sin( )

N

N

  

  

= −


=
 (6.21) 
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 (6.22) 
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 (6.23) 

 
fqC r fC r

C
2 2

fC fqC

ˆ ˆcos( 2π 3) sin( 2π 3)N N   


 

+ + +
=

+
. (6.24) 

Second, when the speed is negative, the position decreases, and the phase conducts at 

the turn-off angle θoff designed in the motoring mode and idles at the previous turn-on angle 

θon. Therefore, the initial flux linkage calculation in (6.21) utilizes the turn-off angle θoff. 

Besides, when the motor runs at motoring mode and negative speed, the phase is ex-

cited in the large inductance region and ended in the low inductance region. The same 

phenomenon as the generating mode with positive speed occurs, as shown in Figure 6.11. 

Hence, the initial angle needs modification as (6.19). Other quadrant cases can be analyzed 

in the same way. 

6.3.7 Selection of Discretization Methods 

To implement the proposed observer in the digital system, discretization is needed. Four 

typical discretization methods are compared, as summarized in Table 6.1. 
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Table 6.1  Four Discretization Methods 
 

Methods Implementation Methods Implementation 

Forward Euler 
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1z
s

T

−
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T z
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+
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s

zT
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Tustin ( )
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0 s
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tan 0.5 1

z
s

T z





−
=

+
 

 

According to the Bode diagram of the SOGI-HPF shown in Figure 6.7, the phases of 

the fundamental and quadrature flux estimators at the central frequency ω0 should be 0° 

and -90°, respectively, for accurate position estimation. Hence, the discretization method 

can be determined by selecting the one having the lowest phase error in the discrete system. 

Figure 6.12 shows the phases of the two flux estimators at the central frequency ω0 

when using different control frequencies. ω0 is set as 837.76 rad/s (i.e., 133.3 Hz, rated 

speed). As can be observed, both the Forward Euler and Backward Euler methods have 

large phase errors of the flux estimator. The phases of the fundamental estimator and the 

quadrature estimator at ω0 deviates from 0° and 90° respectively when the control fre-

quency is lower, thereby resulting in position estimation errors. For the Tustin method, also 

known as Bilinear method, the phase deviation can be reduced a lot at low control frequen-

cies, and the phase errors are almost zero when the control frequency is larger than 6 kHz 

for both the two flux estimators. Typically, the industrial SRM drive adopts more than 10 

kHz control frequency for better current control performance. Therefore, the Tustin method 

can ensure accurate position estimation of the proposed observer in most cases. Moreover, 

for an ultra-high-speed SRM drive, the ratio between the control frequency and the electri-

cal rotor frequency is reduced, so an advanced discretization method called pre-warping  
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(b) 

Figure 6.12  Flux estimators’ phases at ω0 with different control frequencies when using 

four discretization schemes (ω0 =837.76 rad/s, i.e., 133.3 Hz and rated speed). (a) 

Fundamental flux estimator. (b) Quadrature flux estimator. 

 

Tustin can be used for exact discretization implementation. As shown from the results, even 

with a low control frequency, the proposed observer has no phase errors in flux linkage 

estimation, which provides accurate position estimation regardless of the control frequency. 

Similarly, the pre-warping Tustin method can also be used for a high-power SRM drive of 
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which control frequency is often low for switching loss reduction. Note that the ω0 used in 

the pre-warping Tustin method can be set as the estimated rotor frequency r
ˆN   from the 

proposed observer. 

In consequence, the control frequency would have limited influence on the proposed 

observer by using a Tustin method or pre-warping Tustin method for digital implementa-

tion. This chapter adopts a Tustin method for simplicity. For better universality, pre-

warping Tustin method would be suggested. 

6.4 Experimental Validation 

The proposed position estimation scheme is validated experimentally on a 5.5 kW three-

phase 12/8 SRM setup. The overall control diagram of the proposed position-sensorless 

control scheme is shown in Figure 6.13. The speed and current controller are the same as 

before. The rotor position and speed are estimated from the proposed QFE-based position 

estimator. Notably, the DSP shadow register causes one control period delay between the 

command gate signal and the actual gate signal. Hence, the estimated rotor position used l 

is advanced by one control period, i.e., 
s

ˆ ˆT + . This scheme can also be added in the NSO-

based position estimation. Without specific mention, the phase commutation angles are set 

to be constants of 0° and 20° for simplicity. To implement the proposed method in the 

digital system, the Tustin method s2( 1) [ ( 1)]s z T z= − +  is used to discretize the observer 

due to its high discretization accuracy. All experimental results are measured in the posi-

tion-sensorless control mode. 
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Figure 6.13  The overall control diagram of the proposed position-sensorless control. 

 

Regarding the parameter selection, the tunable parameter k in the QFE relates to the 

bandwidth of the bandpass characteristic. A suggested value in literature is k=1.414 that 

gives good trade-off between the response rate and harmonic rejection capability [111]. 

The cutoff frequency k0 of the HPF in the QFE can be set higher to avoid dynamic degra-

dation, and k0=500 rad/s is selected in this method. The PI parameters of the three-phase 

PLL can be tuned by adjusting the PLL’s bandwidth ωPLL, where kp=2ωPLL and ki=ω
2 

PLL. 

The parameter design is based on pole placement of the PLL’s transfer function, and the 

details can be found in [61]. In this method, the ωPLL is chosen as 250 rad/s.  

Figure 6.14 shows the experimental results of the three-phase current, calculated stator 

flux, and trigger signals, at 500 r/min with the 15 N·m load. The stator flux λA,B,C are ob-

tained from the voltage equation during the phase excitation period and then set to zero 

when the phase goes to the freewheeling. Meanwhile, trigger signals TfA,B,C in the three 

phases are generated when the stator flux is obtained, which will be used for the proposed 

QFE for flux estimation. 
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Figure 6.14  Experimental results of three-phase phase current, calculated stator flux, and 

trigger signals at 500 r/min. 

 

As analyzed before, the QFEs in three phases will start estimating the fundamental flux 

λfA,B,C and its quadrature λfqA,B,C from the calculated stator flux when TfA,B,C=1. Experi-

mental results of the estimated fundamental flux at 500 r/min and the 15 N·m load are 

shown in Figure 6.15. As observed, experimental estimation results have a good agreement 

with the simulation shown in Figure 6.9. The DC component in the stator flux is eliminated, 

and the λfA,B,C and λfqA,B,C are smooth cosine and sine functions, respectively, which proves 

good harmonic reduction capability of the proposed QFE. A 90° phase shift can also be 

found in the quadrature flux λfqA,B,C compared to the fundamental flux λfA,B,C. Moreover, 

the magnitude λmagA,B,C of the flux estimation is calculated through the square-root calcula-

tion given in (6.13) during the phase excitation period. When the flux estimation is 

disabled, both the estimated fundamental flux and its quadrature are reset to zero.  
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Figure 6.15  Experimental results of proposed Flux estimation from QFEs at 500 r/min. 

 

Meanwhile, the calculated flux magnitude λmagA,B,C is latched and keeps constant, which 

will be used to calculate the initial values of the QFE integrators, as expressed in (6.12). 

Afterward, the rotor position can be estimated from the three-phase fundamental flux 

using the three-phase PLL. The position estimation results of the proposed scheme under a 

15 N·m load at 500 r/min are depicted in Figure 6.16(a). It can be seen that the estimated 

rotor position can well match the actual position measured by a resolver. The position error 

of the proposed scheme is around 1.4°. The experimental position error slightly differs from 

the simulation result since the simulation model is ideal. Some nonideal factors, such as 

SRM geometric asymmetric, magnetic parameter mismatch between the simulation model 

and the tested machine, and measurement noises, would cause additional estimation errors. 

Furthermore, to baseline the performance of the proposed scheme, a conventional magnetic  
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Figure 6.16  Comparative position estimation control results at 500 r/min. (a) Proposed 

scheme not using magnetic characteristics. (b) Conventional method using magnetic 

characteristics. 

 

characteristic-based position estimation method proposed in [82] is used for comparison. 

This traditional scheme adopts a numerical observer based on flux linkage lookup tables 

and using a PLL for position estimation. The bandwidths of the PLLs used in both the 

proposed approach and the comparative method are set the same for fair comparisons. As 

observed from Figure 6.16(b), the maximum absolute position error of the conventional  
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Figure 6.17  Position-sensorless control performance of the proposed scheme under 15 

N·m load change at 800 r/min. 

 

scheme at 500 r/min is 1.44°, which is almost the same as the proposed scheme. In sum-

mary, the proposed scheme can achieve the same estimation accuracy compared to the 

conventional method, while no magnetic characteristics are required for position estima-

tion. This improvement avoids time-consuming offline parameter measurement and 

improves the generality of the sensorless control algorithms. 

Figure 6.17 depicts the estimation accuracy of the proposed scheme under a 15 N·m 

load disturbance. The speed estimation, the position estimation error, and the phase-A cur-

rent are shown. The SRM is first run at 800 r/min without load, and then a 15 N·m load 

generated by the IM are added to the shaft. At this instant, the rotor speed decreases by 180 

r/min but can converge to its reference value due to the speed regulator. The position 
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estimation has good accuracy as the transient position error is 1° at the load increasing 

instant. The rotor speed can be well estimated and track the speed variation. Afterward, the 

15 N·m load is removed, and the speed increases by 172 r/min and then comes back to 800 

r/min. The experimental result also proves that the magnetic saturation effect, which be-

comes deeper at heavier load conditions, has no effects on the proposed position estimation 

scheme. It is due to the DC component and harmonic rejection capability of the QFE. Ac-

cordingly, robust sensorless control under load variable can be guaranteed by the proposed 

sensorless control algorithm even though no magnetic characteristics of the SRM are used. 

The position-sensorless control performance under speed transient conditions is also 

validated, as shown in Figure 6.18. Figure 6.18(a) validates the position and speed estima-

tion results when a slope reference speed from 500 r/min to 1000 r/min is given. During 

the speed variation, the estimated speed can track the actual speed measured by a resolver, 

and the overall position estimation error is less than 1.8°. To validate the sensorless control 

performance with faster speed changes, a step speed command is given, and the estimation 

results are presented in Figure 6.18(b). As can be observed, the estimated speed can still 

well track the actual rotor speed in such fast speed transient state. The maximum rotor 

position estimation error increases temporarily to 2.3° at the rapid speed transition instant, 

while the sensorless SRM drive can work stably and track the fast speed response. 

The previous validation tests use simply fixed commutation angles, θon=0° and 

θoff=20°, for current hysteresis control, while the commutation angles and current refer-

ences can be adjusted to achieve better control performance. To prove the flexibility of the 

proposed position estimation scheme, a comparative experimental test between the 
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(b) 

Figure 6.18  Position-sensorless control performance of the proposed scheme under speed 

changes from 500 r/min to 1000 r/min: (a) Slope speed command. (b) Step speed 

command. 

 

conventional current control method and an advanced offline torque sharing function 

method [113] is given, as presented in Figure 6.19. Figure 6.19(a) shows the three-phase 

current, total torque, and position estimation results of the proposed position estimation 

method, when using the fixed commutation angles for current control. The SRM runs 

around 500 r/min with a 15 N·m load. The torque is calculated using the torque character-

istic for better accuracy, instead of torque transducer measurement. 
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Figure 6.19  Position-sensorless control performance at 500 r/min with 15 N·m load. (a) 

Using fixed commutation angles (θon=0° and θoff=20°). (b) Using optimized torque 

sharing function method. 

 

As can be seen, the rotor position is accurately sensed, but large torque ripples occur 

when the two phase commutates. To reduce the torque ripple, the advanced offline sharing 

function scheme can be combined with the proposed sensorless control method, and the 

result is shown in Figure 6.19(b). In this case, the current reference trajectory is optimized, 

and the commutation angles are θon=3.625° and θoff=19.49°. It can be observed that the 

phase current is larger during phase commutation, and the torque ripples can be reduced a  
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Figure 6.20  Position-sensorless control result in the generating mode at 500 r/min with -

15 N·m load. 

 

lot compared to the fixed-angle method, which demonstrates the better control perfor-

mance. Meanwhile, the position estimation is still accurate, and the sensorless SRM drive 

can operate stably when the torque sharing function is adopted. There are some torque rip-

ples caused by the current hysteresis control. It can be further reduced by enhanced PWM 

control [114]. Notably, this offline sharing function needs magnetic characteristics. This 

test mainly validates the adaption capability of the sensorless control to different cur-

rent/torque control schemes. Magnetic-characteristic-free torque sharing function design is 

promising but out of the scope of the thesis. 

Besides the position-sensorless control performance in the motoring mode, the pro-

posed scheme is also validated in the generating mode. Figure 6.20 shows the position 
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estimation results when the rotor speed is around 500 r/min and the torque is -15 N·m. 

Since the torque direction of the SRM depends on the rotor position, the negative torque 

can be generated by setting the commutation angles to θon=25° and θoff=45° (in the negative 

torque region). From the experimental result, the estimated rotor position can track the ac-

tual position, and the position estimation error is almost around zero in the generating-mode 

sensorless operation. Therefore, the proposed position-sensorless SRM can operate as a 

generator for energy regeneration. 

The position estimation accuracy when using the actual voltage and the reconstructed 

voltage for flux linkage calculation is validated, as presented in Figure 6.21. For cost reduc-

tion, phase voltage sensors are often not used in the commercial SRM drive, and the voltage 

feedback can be reconstructed by reference gate signals. Since the SRM drive contains 

large DC-link voltage ripples, the reconstructed phase voltage deviates from the actual one, 

as shown in Figure 6.21(a), which would result in DC and harmonic errors in the flux link-

age calculation. However, due to the bandpass frequency characteristic of the proposed 

QFE, the flux distortions could be suppressed. Figure 6.21(b) shows the position estimation 

error when using the two voltages in the proposed scheme. As can be seen, the estimation 

accuracy is almost the same, so either the measured voltage or the reconstructed voltage 

can be adopted in the proposed sensorless control scheme. 

The position estimation results when the current measurement is inaccurate are also 

validated, as presented in Figure 6.22. The SRM also runs around 500 r/min with a 15 N·m 

load. Figure 6.22(a) shows the position estimation error, the actual one-phase current iactual, 

and the current feedback used for flux linkage calculation iused. Three conditions are tested  
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(b) 

Figure 6.21  Position estimation results when using different voltages for flux linkage 

calculation at 500 r/min with 15 N·m load. (a) Voltage comparison. (b) Position 

estimation error comparison. 

 

to verify the position estimation accuracy: Condition-I: accurate current feedback for flux 

linkage calculation, i.e., iused= iactual; Condition-II: current feedback for flux linkage calcu-

lation contains a 10% gain error, i.e., iused=0.9iactual; Condition-III: current feedback for flux 

linkage calculation contains a 10% gain error and a 2 A offset, i.e., iused=0.9iactual+2. The 

zoom-in current waveforms are presented in Figure 6.22(b). As observed, Due to the fre-

quency-selection capability of the QFE, the current errors have limited effects on flux 

estimation, and the position estimation error keeps the same in the three conditions. 
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Figure 6.22  Position estimation results with current measurement errors around 500 

r/min with 15 N·m load. (Condition-I: accurate current measurement, condition-II: 90% 

gain error, and condition-III: 90% gain error and 2 A offset). (a) Position estimation error 

and currents. (b) Zoom-in currents. 

 

6.5 Conclusion 

This chapter proposes a new high-speed position-sensorless method for SRM drives with-

out using any magnetic characteristics. A QFE-based position estimator is built to extract 

position information from the flux linkage while suppressing all DC components and flux 

harmonics that are highly nonlinear to the rotor position and phase current. A logic design 

of the QFE is also analyzed in detail. The proposed scheme makes the SRM position esti-

mation simpler as it does not require time-consuming offline measurement or self-
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commission process for characteristic calibration. The sensorless control algorithm has bet-

ter generality over the state-of-art method and is feasible for a general-purpose SRM drive. 

Experimental validation shows that the proposed scheme can achieve the same estimation 

accuracy level compared to the conventional magnetic characteristic-based method. Dy-

namic validation under a variable speed command and load disturbance is also provided to 

further verify the transient position and speed estimation accuracy.
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Chapter 7 

Wide-Speed Range Position-Sensorless 

Control 

7.1 Introduction 

In this chapter, a wide-speed range position-sensorless control strategy of the SRM drive 

is introduced. Chapter 3 and 4 discuss the low-speed position estimation methods, and 

Chapter 5 and 6 analyze the high-speed position estimation schemes. To realize the wide-

speed range position-sensorless control, the combination of the low-speed method and the 

high-speed method is needed. This chapter proposes a simple linear switching function 

based on the estimated rotor speed to determine the operation range of the two types of 

position estimation methods. The algorithm switching logic can guarantee smooth transi-

tion performance from the low speed to high speed sensorless control. Experimental 

validations on the 5.5 kW 12/8 SRM test bench is carried out to prove the wide-speed range 

sensorless operation capability. 
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7.2 Wide-Speed Range Sensorless Control Algorithm 

Position-sensorless control methods of SRMs are divided into two categories, low-speed 

methods and high-speed methods. The low-speed position estimation is based on high-fre-

quency pulse injection in idle phases. The high-speed position estimation is often based on 

flux linkage/inductance calculation in conduction phases.  

The two position estimation schemes only work well in a specific speed range. For 

example, the pulse-injection method needs to inject pulse voltages into the idle phase, and 

the rotor position can be estimated from the induced current. However, the phase current 

in freewheeling region decreases to zero slowly than the low-speed case. It results in that 

the width of the idle phase becomes narrower at higher speed due to the increasing back-

EMF. In consequence, the pulse injection in three phases cannot cover a complete electrical 

cycle, thereby not able to estimate the full-cycle rotor position accurately. Moreover, high-

frequency voltage pulses cause additional copper losses and torque ripples. Although the 

proposed TSMC-based injection method can reduce the adverse impact significantly, the 

model-based approaches not requiring injection is still more attractive for the SRM drive.  

For the high-speed method, the flux linkage calculation utilizes a pure integrator and 

is accurate at high speed due to the larger SNR of the voltage acquisition. The noises in 

current or voltage feedbacks are considered to be much lower than the back-EMF, which 

makes the flux linkage calculation easier. Whereas, when the rotor speed decreases to a low 

value, the phase voltage reduces as well due to the lower back electromotive force. Any 

current and voltage acquisition offsets and harmonics can cause significant errors in the 
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flux linkage integration at a low speed. These nonideal distortions often come from the 

current sensors, DC-link voltage ripples, and temperature variation.  

In consequence, in order to realize the wide-speed range sensorless control of the SRM, 

it should combine both the pulse-injection method (for low-speed operation) and the flux-

linkage method (for high-speed operation).  

To start the motor from standstill to high speeds, the transition between the flux-linage 

based position observer and the pulse injection method is required. The transition region is 

designed as shown in Figure 7.1. Two speed bounds are set to determine the position esti-

mation logic. When the absolute speed is larger than the upper bound, the flux-linkage-

based method is used for high-speed sensorless control. Between the upper bound and the 

lower bound, there is a linear switching region in which both the flux-linkage-based method 

and the injection-based method are used for sensorless control. If the speed is below to the 

lower bound, only the position estimated by the injection-based estimator is used for sen-

sorless control. The speed bounds can be selected around the medium speed of the SRM, 

in which both the injection and flux linkage-based methods have good estimation accuracy. 

Typical selection in literature is around 30% of the rated speed. 

Injection-

Based 

Estimator

Switching Function
loŵ

Flux-

Based 

Estimator

higĥ
0

1

full̂

ωlower ωupper r/min

 

Figure 7.1  Wide-speed range position-sensorless control scheme by combining the flux-

linkage-based method at high speed and the injection-based estimator at low speed. 
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According to Figure 7.1, the switching function is defined as: 

 ( ) ( )full low highˆ ˆ ˆˆ ˆ1 f f    = − +    (7.1) 
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 (7.2) 

( )ˆf   is the switching function, ̂  is the estimated speed, and 
lower  and upper  are the 

lower and upper bounds of the switching function, respectively. loŵ  and higĥ  are the es-

timated position from the pulse injection method (at low speed) and the flux-linkage-based 

estimator (at high speed), respectively. full̂  is the estimated position used for wide-speed 

range sensorless control by combining the two schemes. 

7.3 Experimental Results 

To validate the effectiveness of the wide-speed range sensorless control method, the start-

ing-stage to the medium-speed operation performance is validated experimentally, as 

shown in Figure 7.2. The low-speed sensorless control method is selected as the RPLL-

based estimator proposed in Chapter 3, and the high-speed sensorless control method is the 

QFE-based position estimator designed in Chapter 6. According to the wide-speed range 

sensorless control scheme in Figure 7.1, the starting-stage operation is based on the position 

estimated by the pulse-injection method.  
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(b) 

Figure 7.2  Wide-speed range SRM sensorless control by combining the proposed QFE 

and the pulse-injection-based method. (a) Overall performance. (b) Zoom in position 

estimation results at a transition point ω=350 r/min. 

 

For this SRM test bench, the switching speed is selected around 300 r/min, which is 

30% of the rated speed. The lower speed bound is 250 r/min, and the upper speed bound is 

350 r/min. Below the lower speed bound (250 r/min), only the injection method is enabled. 
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When the estimated speed enters the transition region (250 r/min – 350 r/min), both the 

injection method and the proposed QFE are enabled simultaneously, and the estimated po-

sition is calculated from both methods according to the linear switching function expressed 

in (7.1). After the rotor speed is higher than the upper bound (350 r/min), the estimated 

position is only contributed by the proposed QFE.  

As can be observed from the experimental result, the SRM starts smoothly and can 

support stable sensorless control at low speed. During the speed transition region, both the 

pulse-injection-based method and QFE-based scheme can estimate the rotor position well. 

The SRM sensorless control can then switch to the high-speed position estimation method 

when the rotor speed is higher than the upper bound. In consequence, by the simple linear 

switching function, the stable wide-speed range sensorless control can be realized without 

much additional calculation effort. 

7.4 Conclusion 

In this chapter, a wide-speed range position-sensorless control method is proposed for the 

SRM drive. The wide-speed range operation is realized by combining a low-speed position 

estimator and a high-speed position observer. A linear switching function is designed for 

smooth transition between the two schemes. Experimental validation using the RPLL-

based position estimation method for low-speed operation and the QFE-based position ob-

server for high-speed operation is conducted to prove the effectiveness. The results show 

that the transition between the two methods is smooth, and the wide-speed range position-
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sensorless control can be simply achieved without adding much calculation effort and com-

plicated algorithm design.
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Chapter 8 

Conclusions and Future Work 

8.1 Conclusions 

This thesis presents a universal position-sensorless control scheme for SRM drives. The 

universality includes two aspects: (1) wide-speed range position-sensorless control and (2) 

independence on offline measured magnetic characteristics. Both the low-speed and the 

high-speed position observer designs are presented, which estimate the rotor position and 

speed with a simple online parameter self-commissioning processor or without any 

prestored magnetic characteristics. The work aims to improve the SRM position-sensorless 

control as a universal solution for industrial applications and capable of a general-purpose 

SRM converter. 

The fundamentals of the SRM drive and a literature review of existing position-sen-

sorless control methods are presented. The design of the three-phase asymmetric power 

converter and calibration of the commercial 12/8 SRM is introduced. A comprehensive 

survey of conventional pulse injection-based methods for low-speed position estimation 
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and model-based methods for high-speed position estimation is given. As summarized from 

the literature, magnetic characteristics are necessary for accurate position estimation in ex-

isting techniques. Still, the offline measurement of the magnetic parameters limits the broad 

application of sensorless control in industries. At last, the significance and necessity of 

developing new position estimation methods without offline measurement effort are dis-

cussed. 

Chapter 2 discusses a new position estimation method based on an RPLL for low-speed 

sensorless control. This approach utilizes the high-frequency pulse voltages injected into 

idle phases for inductance calculation. A self-commissioning process is designed to obtain 

some feature inductance characteristics of the SRM without involving manual work. 

Through the heterodyne design in the RPLL, the full-cycle rotor position can be estimated 

from the discontinuous idle-phase inductance. Compared to conventional pulse injection 

methods, the RPLL-based position estimation can achieve accurate position estimation at 

both no-load and load conditions. The RPLL also realizes speed reversal capability without 

additional quadrant determination. Experimental validation on the 5.5 kW 12/8 SRM test 

bench proves the effectiveness of the low-speed position-sensorless control in both steady 

and transient states. This study can simplify the low-speed sensorless control with reliable 

four-quadrant operation capability and without offline testing work. Therefore, it can be 

used in a general-purpose SRM drive that is appliable for various SRMs. 

Following the low-speed position observer design in Chapter 2, Chapter 3 addresses 

the common drawbacks of conventional pulse injection methods, copper loss and torque 

ripple. Pulse voltages injected into the idle phase often induce large high-frequency currents 
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around the unaligned position due to the low stator inductance. However, the significant 

copper loss and negative torque have limited the application of this method. The problems 

are solved by using a new TSMC-based injection voltage regulator. The designed nonlinear 

control law can control the amplitude of the high-frequency induced current to a minimal 

level over the idle-phase period. The robustness to parameter uncertainties can be guaran-

teed by adequately selecting the control parameters of the TSMC according to the 

convergence analysis and Lyapunov stability proof. Experimental results on the test bench 

show that the copper loss and the negative torque ripple in idle phases can be reduced by 

95.9% and 92.3%, respectively. The adverse impacts of the pulse injection method on the 

SRM drive can be mitigated significantly. 

Besides the low-speed sensorless control, high-speed position observer design is em-

phasized in the thesis. Conventional high-speed position estimation often searches a 

prestored flux linkage lookup table, but it needs time-consuming offline measurement and 

causes parameter sensitivity issues. In Chapter 4, a feature-position-based estimation 

scheme using an NSO is proposed. This scheme can estimate the feature position at 15° 

through an online acquired two-dimensional flux linkage curve at the feature position. No 

manual measurement is needed, thus improving the generality of the sensorless control al-

gorithm. Furthermore, the effect of flux linkage errors on position estimation is analyzed, 

and an enhanced NSO based on the online Fourier series is designed to improve the position 

estimation accuracy. Comparative experimental results prove that the proposed scheme can 

accurately estimate the rotor position and speed compared to existing feature-position-

based solutions. 
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In Chapter 6, a novel solution to estimate the rotor position at high speed is proposed, 

which does not use any magnetic characteristics. This approach is more straightforward 

than the idea presented in Chapter 5 since the position estimation requires neither offline 

measurement nor self-commissioning. This advantage is realized by analyzing the fre-

quency characteristics of the SRM flux linkage. It finds that the flux linkage consists of a 

fundamental signal, DC offset, and harmonics. Through a QFE eliminating all the DC offset 

and harmonics in the calculated flux linkage, a pure sinusoidal orthogonal position signals 

can be extracted for position estimation. This study makes the SRM position estimation as 

simple as AC motor position estimation, which has been successfully applied in various 

commercial products. Experimental results on the SRM test bench validate the effective-

ness under various operating conditions. 

Overall, both the proposed low-speed position estimation method and the high-speed 

position observers are combined for wide-speed range position-sensorless control. The re-

search work could facilitate the broad application of the SRM sensorless control in low-

cost products or electric vehicles with robust position-sensor fault-tolerance capability. 

8.2 Future Work 

This thesis presents a universal position-sensorless control scheme for SRM drives. Still, 

the SRM sensorless control can be further investigated and improved in serval aspects. The 

future work of this topic is summarized as follows: 

1) A magnetic-characteristic-free position estimation method for low-speed operation is 

attractive for general-purpose SRM drives. The thesis makes some research work on 
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high-speed position-sensorless control without using any magnetic characteristics, but 

the same way cannot be adopted for low-speed operation. The DC bias and harmonics 

in flux linkage cannot be eliminated at a low-speed case due to the closer frequencies 

to the fundamental flux linkage used for position estimation. The magnetic-character-

istic-free low-speed position estimation will make the SRM position-sensorless fully 

independent of the knowledge of the machine.  

2) A single-observer-based full-speed position sensorless control method will benefit eas-

ier implementation in the SRM drives. The thesis achieves the full-speed sensorless 

control by combining two observers at different speed regions. Although the reliable 

full-speed operation is performed, the two observers require more computational re-

sources and design effort. Therefore, a single-observer-based method capable of both 

the low-speed operation and the high-speed operation will be more attractive for in-

dustrial applications. 

3) Higher dynamic performance is always crucial for high-performance SRM drives. 

High current and speed control bandwidth need precise position and speed estimation 

in steady and transient states. The main challenge to improving estimation accuracy is 

eliminating nonideal distortions in the estimation, such as measurement errors, DC-

link voltage ripples, and mutual coupling effects. Besides, the high-bandwidth observer 

design is also necessary to improve the overall sensorless control performance. 

4) Ultra-high-speed position-sensorless control will bring challenges in discrete observer 

design. More focuses could be given to analyze the discrete frequency characteristic of 

the position observer and propose solutions to enhance the position-sensorless control 
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stability at an ultra-high speed. 

5) The other future work is to combine the position-sensorless control with developed 

torque control schemes that require less or no magnetic characteristics. In existing re-

search on SRM torque control, flux linkage and torque characteristics are necessary, 

increasing the complexity in control algorithms. The proposed approaches for charac-

teristic-free position-sensorless control proposed in the thesis could be examples to 

develop new torque control techniques with less independence on magnetic character-

istics.  
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