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Abstract

Rotor position estimation of switched reluctance machines (SRMs) is the main focus

of this work. Rotor position sensors are a crucial component of optimal motor con-

trols. Fail-safe operation and system cost reduction have been extensively researched

and implemented in industry and academia. Position sensorless control on switched

reluctance machines introduces a new challenge due to high nonlinearity under dif-

ferent operating conditions.

A comprehensive review of SRM analytical modeling is presented, detailing each

technique’s main advantages and drawbacks. A least square-based analytical model

(LSA) is proposed, which provides a simpler implementation and improved perfor-

mance when compared to the methods commonly used in the literature. A literature

review of rotor position sensor technology, position sensor fail modes, and position

sensorless control is presented, providing a good roadmap of potential development

and current limitations of the current technology. A wide speed range sensorless con-

trol is usually required when considering fail-safe techniques, fail detection methods

and low-cost applications. A unified nonlinear optimization-based sensorless control

is proposed in this thesis, where a single method is used for startup, low and high

speeds, with reduced memory allocation where a look-up table is not required, optimal

iv



transient response due to the elimination of a phase-locked-loop (PLL), and robust-

ness against parameter variation. The method is validated at a wide speed range and

torque conditions, thus showing the performance against conventional methods.
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Notation and abbreviations

Abbreviation

SRM Switched Reluctance Machine

SNR Signal to Noise Ratio

EV Electric Vehicle

HEV Hybrid Electric Vehicle

IM Induction Machine

PMSM Permanent Magnet Synchronous Machine

FEA Finite Element Analysis

PI Proportional Integral

PWM Pulse Width Modulation

LUT Lookup Table

Back-EMF Back Electromagnetic Force

LSA Least Square-Based Analytical Approximation

ECU Electronic Control Unit

VR Variable Reluctance

PLL Phase Locked Loop
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DSP Digital Signal Processor

AMR Anisotropic Magnetoresistive-Effect

GMR Giant Magnetoresistive-Effect

TMR Tunneling Magnetoresistive-Effect

CMR Colossal Magnetoresistive-Effect

SMO Sliding Mode Observer

DAC Digital Analog Converter

ADC Analog Digital Converter

MAF Moving Average Filter

UNLO Unified Nonlinear Optimization

List of Symbols

θ Rotor position

θ̂ Estimated Rotor position

V Phase Voltage

i Phase Current

λ Flux-Linkage

L Phase Inductance

R Phase Resistance

e Back-EMF

ω Speed

Wf Magnetic Stored Energy

Wc Co-Energy
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T Torque

rpm Revolutions per minute

VDC DC-Link VOltage
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Chapter 1

Introduction

1.1 Motivation

The rapid growth in transportation electrification and the constant search for efficient

use of electrical energy are pushing the industry to design reliable motors with high

performance, high efficiency, high energy density, and low cost. In industry, 62.5%

of all the energy consumption is related to motor drive application, and induction

machines (IMs) have been the preferred choice given their low cost, and self-starting

capability [1]. For transportation, electric machines are used in various applications,

such as electric pumps, electronic power steering, electric seats, electric mirrors, and

especially in the powertrain of electric vehicles (EVs) and hybrid vehicles (HEVs).

For EVs and HEVs, permanent magnet synchronous motors (PMSMs) are often cho-

sen due to their high power and torque density [2]; however, rare-earth permanent

magnets are used in the rotor construction, which reduces the motor reliability when

operating under harsh environment with extreme temperatures. Moreover, the price
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instability and supply chain problems associated with rare-earth magnets can signif-

icantly increase the manufacturing costs of the machines [3].

Switched reluctance machines (SRMs) present a simple and reliable construction

and lower manufacturing costs when compared to IMs and PMSMs [2]. SRMs do not

contain conductors or permanent magnets in the rotor, having a simple construction

of laminated steel with salient poles, which enables a reliable operation at high speeds

and high temperatures, making a good candidate for traction and industrial appli-

cation. However, the salient structure of the machine brings challenges associated

with high torque ripple and acoustic noise. To overcome these challenges, advanced

motor control algorithms have been extensively researched and implemented in the

literature [4–10].

To properly control the SRM and to implement advanced motor control tech-

niques, precise rotor position feedback is required. Position sensors can reduce the

system’s robustness and reliability, increase the motor size, and increase costs. The

advantages of robust operation can be drastically reduced when using position sen-

sors. Thus, replacing the position sensor with sensorless algorithms can eliminate

sensor-related issues.

Several approaches have been proposed in the literature to estimate the rotor

position information. They can be divided into two categories: magnetic-parameter-

free and magnetic-parameter-based methods, subdivided into two sub-categories - low

and high-speed sensorless controls.

When considering a low-speed operation, magnetic-parameter-free methods do

not require any predefined information of the machine under test, relying on the

estimated magnetic characteristics. However, it relies on the unsaturated magnetic

2
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assumption, which can present high errors or unstable operation at high load condi-

tions. Magnetic-parameter-based estimators present a higher position accuracy under

wide load conditions, which is required for high dynamic systems with precise torque

control. Parameter-based control presents the disadvantage of extra effort on machine

characterization and high pre-stored magnetic characteristics of the motor.

Similar to the low-speed cases, the magnetic-parameter-free methods are indepen-

dent of offline measurements and pre-stored data, but present challenges on sensitivity

to current noises and ripples, discontinuous position estimation, or high implementa-

tion complexity. Magnetic-parameter-based sensorless control can reduce the system

complexity by searching pre-stored magnetizing lookup tables, but these methods

can present high sensitivity to noises, parameter variations, and high storage require-

ments. To mitigate the problems above, position sensorless control based on observers

can improve system robustness, present low noise sensitivity, and reduce stored data

sizes at the cost of increased system complexity and computational burden.

The position-sensorless control methods are feasible for a specific operating region,

either low or high speeds, but not both. For a wide-speed range operation, different

methods need to be combined. The main challenge is the transition region from one

method to another and the increase in complexity, memory allocation, and compu-

tational time during the transition region. Stability problems and low reliability can

also occur during this period.

This thesis proposes a magnetic-parameter-based unified sensorless control algo-

rithm for a wide-speed operation, with reduced memory allocation, high transient

response, and simple implementation while providing a low rotor position error.

3
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1.2 Contributions

The author has contributed to several original developments in rotor position estima-

tion and modeling of switched reluctance motor drives in this thesis, which are listed

as follows:

1. A nonlinear analytical model of the phase inductance based on a least-square

analytical approximation is proposed to improve model accuracy and potential re-

duction in system complexity compared to the methods shown in the literature.

2. A comprehensive analysis of rotor position sensor technologies, position sensor

fail modes, and fail detection techniques is presented.

3. A cost function based on the machine voltage equations and nonlinear induc-

tance profile is proposed to analyze and implement the position estimation method.

4. A unified nonlinear optimization-based position estimation method for starting

operation and running state is proposed and validated.

5. A comparative benchmark assessment between the proposed and conventional

sensorless control techniques is performed to comprehensively evaluate the proposed

estimation methods.

1.3 Thesis Outline

The main objective of this work is to investigate the rotor position sensorless control

of SRM drives, thus improving the overall performance and reliability of the system.

Chapter 2 introduces the general background and fundamental concepts of switched

reluctance machines starting from its electromagnetic principles, operation and con-

trol, including a brief review of the power electronic converters used to drive the

4
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SRMs.

Chapter 3 presents the literature review of SRMs magnetic characteristics mod-

eling. It includes the experimental characterization of switched reluctance machines,

the experimental setup used in this thesis, a comprehensive analysis of the different

modeling techniques proposed in the literature, and a proposed least square-based

analytical approximation, reducing the implementation complexity and improving

model accuracy. A quantitative comparison between the different methods for the

machine under test is also discussed.

In Chapter 4, a comprehensive review of the position sensor technology is pre-

sented. The position sensor failure modes and failure detection methods are discussed,

showing the challenges in the early identification of near-to-failure states on fail-safe

applications. This chapter also presents the existing sensorless control methods pro-

posed in the literature, including startup techniques, low-speed parameter-based and

parameter-free pulse injection methods, and high-speed techniques based on the pre-

stored magnetic information of the machine or magnetic parameter-free approaches.

Chapter 5 presents the proposed unified nonlinear optimization-based method for

a wide-speed operation, where the general approach of the estimator is presented,

including the cost function based on the nonlinear inductance profile. The observable

region on the positive and negative torque region is identified, showing a reasonable

convergence rate to the local minimum of the proposed cost function. In order to force

the minimization direction to a local minimum, the Levenberg-Marquart method,

which is a combination of Newton’s method for optimization and the steepest descent

is proposed. The methods for standstill/start, low-speed and high-speed operation are

presented, and the effectiveness of the position estimation method is demonstrated
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by experimental results during steady-state and speed transient response.

In Chapter 6, a benchmark between the proposed method and a conventional

method initially presented in Chapter 4 is presented. Different techniques for low

and high speed are shown, and a transition from different speed ranges is imple-

mented. The comparisons include both the dynamic and steady-state performance

during speed transients at a wide speed range. Besides the comparison, some other

attractive features of the proposed method are also presented.

Chapter 7 provides the conclusion of the thesis and suggestions for future work.

It also presents a summary of publications and contributions.

6



Chapter 2

Switched Reluctance Machine

(SRM) Drives and Control.

2.1 Fundamentals and Operating Principles of SRMs

2.1.1 Electromagnetic Principles

Switched reluctance machines construction presents a salient structure, where the

rotor and stator have salient poles. Due to this characteristic, the air-gap changes

depending on the rotor position, producing a highly nonlinear inductance, generating

a flux-linkage that is a function of rotor angle (θ) and phase current (i). The flux-

linkage (λ(θ, i)) is generated only during the phase coils excitation. The equivalent

circuit of a single-phase can be simplified neglecting the mutual coupling effect as

presented in Figure 2.1, where V is the phase voltage, R is the phase resistance,

L(θ, i) is the nonlinear phase inductance, and e(θ, i) is the back electromagnetic force

(back-EMF). The mathematical model of the SRM can then be derived by the voltage
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+
_

+
_

Figure 2.1: SRM equivalent circuit

equation as 2.1

V = Ri+
dλ(θ, i)

dt

V = Ri+
∂λ(θ, i)

∂i

di

dt
+
∂λ(θ, i)

∂θ

dθ

dt

V = Ri+
∂λ(θ, i)

∂i

di

dt
+
∂λ(θ, i)

∂θ
ω

(2.1)

where ω is the rotor speed. The flux can be expressed by the self-inductance L(θ, i)

as 2.2.

λ(θ, i) = iL (θ, i) (2.2)

And substituting 2.2 into 2.1, the model can be represented as 2.3

V = Ri+ Linc(θ, i)
di

dt
+ e

e = iω
∂L(θ, i)

∂θ

Linc(θ, i) = L(θ, i)︸ ︷︷ ︸
self-inductance

+ i
∂L(θ, i)

∂i︸ ︷︷ ︸
magnetic saturation

(2.3)
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Figure 2.2: 8/6 SRM flux-linkage curves. a) magnetization curve for different rotor
positions, b) co-energy representation at aligned position.

where Linc(θ, i) is the incremental inductance, and e is the back-EMF, which repre-

sents the air gap power that will be converted into mechanical power, and is directly

related to the excitation current and rotor speed. However, high currents can saturate

the magnetic material, limiting the rate of change of flux-linkage. Figure 2.2a shows

the flux-linkage profile of a 8/6 SRM under different rotor positions.

Considering a constant current and an infinitesimal change in flux-linkage, the

magnetic stored energy (Wf ) can be defined as 2.4.

Wf =

∫
idλ(θ, i) (2.4)

The energy can also be calculated considering a constant flux-linkage and an

infinitesimal change in current, which is called co-energy (Wc), and is defined in 2.5,

been represented as the lower part of the graph in Figure 2.2b. Co-energy is not

a physical quantity but is heavily used in energy storing systems due to the more

9



Ph.D. Thesis - Silvio Rotilli Filho McMaster - Electrical Engineering

straightforward mathematical representation.

Wc =

∫
λ(θ, i)di (2.5)

When considering the linear region, the magnetic co-energy can be simplified as

2.6.

Wc =
1

2
L(θ)i2 (2.6)

The amount of stored energy is dependent on the air gap volume, as shown in

Figure 2.2a. The energy stored as co-energy is converted to mechanical power, and

under electromagnetic saturation, the magnetic stored energy decreases while the

co-energy increases, thus, increasing the torque capability of the machine. Under

constant current excitation, the torque production is a function of the rate of change

of co-energy.

T =
dWc

dθ
(2.7)

Substituting 2.6 into 2.7, the torque can be derived as 2.8. By definition, the

torque production is independent of the direction of current.

T =
1

2

dL(θ)

dθ
i2 (2.8)

The SRM power can then be derived from 2.3 as 2.9.

iV︸︷︷︸
electrical power

= i2R︸︷︷︸
copper losses

+
d

dt

(
1

2
L (θ) i2

)
︸ ︷︷ ︸

magnetic power

+
1

2
i2
dL (θ)

dθ
ω︸ ︷︷ ︸

airgap power

(2.9)
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The input electrical power is converted into electrical, magnetic, and mechanical

power, respectively. The electrical power is dissipated as heat by the copper losses,

the magnetic power is stored as a magnetic field in the magnetic circuit, and the air

gap power is converted into torque production.

2.1.2 Operational Principles

Due to the double salient construction and material properties of the SRM, the torque

production and flux linkage profile are functions of rotor position and phase current.

Finite Element Analysis (FEA) provides a good understanding of the machine oper-

ation and helps evaluate the machine characteristics and dynamics. Since the flux

generation happens only when the phase is energized, the majority of the generated

flux links to the same phase coil; therefore, the mutual flux is negligible in conven-

tional SRMs [1], and the single-phase characterization can be extrapolated to other

phases.

The static flux-linkage profile and torque of an 8/6 SRM under a range of exci-

tation currents is presented in Figure 2.3 and Figure 2.4, respectively. At unaligned

position (0◦ electrical angle), the air gap is the largest, and the flux linkage and

torque are minimum. The torque profile can be separated by the motoring region

and generation region. When the flux-linkage increases, the torque is positive, and

the electrical power is converted into mechanical power and losses. The opposite hap-

pens when the flux-linkage decreases, where the torque is negative and mechanical

energy is converted into electric energy.
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Figure 2.3: 8/6 SRM flux-linkage profile
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Figure 2.4: 8/6 SRM torque profile

For SRMs, during power generation, an excitation current needs to be applied,

and the torque sign is independent of the current direction, relying only on the rotor

position region. This can be better understood when considering the poles’ tendency

to align to the lowest reluctance path. When the rotor is at 0◦, and the phase is
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energized with a constant current, the mechanical torque is positive, and the rotor will

self-align at 180◦ electrical degrees; thus, the machine will be operating in motoring

mode. An external force needs to be applied to move away from the aligned position,

so a negative torque is generated to pull back the rotor to alignment; thus, the machine

will operate in generating mode.

2.1.3 Control of Switched Reluctance Machines

The stator winding needs to be sequentially excited when considering the continuous

motion of the machine. In order to produce positive torque, the phase excitation

happens on the positive slope of the flux-linkage, from unaligned to aligned rotor

position.

A simplified commutation of a four-phase 8/6 SRM is presented in Figure 2.5.

For phase A, the excitation starts at time t1, and is represented as the turn-on an-

gle θON . At the time t2, the phase is turned off at the turn-off angle θOFF , where

the demagnetization starts and the residual currents are dissipated. During the de-

magnetization, the incoming phase starts to conduct, and during this short period,

multiple phases are excited, thus varying the torque production during commutation,

producing torque ripple.

The turn-on and turn-off angles need to be optimized for different speeds and

torque requirements. Since the induced EMF on SRMs is dependent on the rotor

speed and excitation current, as presented by 2.3, the induced voltage becomes rel-

evant to the dynamics of the phase current at high-speed operation, where the rate

o change of current (∂i/∂t) is dependent on the DC link voltage (V ), the back EMF

13
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Figure 2.5: Simplified phase commutation scheme for a four-phase 8/6 SRM

(ε) and the inductance (L (θ, i)), as presented by 2.10.

V − ε
L (θ, i)

=
∂i

∂t
(2.10)

An overview of the closed-loop control scheme for SRMs is presented in Figure 2.6.

Outer speed control can be implemented, giving the torque reference to the current

control loop. The current loop is implemented to set the optimal conduction angles

through a look-up table or other optimal control technique, sending the switching

signal to the switches gates, thus, controlling the current based on the reference

signal(iref ).

A hysteresis current control can be used for current reference tracking by switching

the DC-link voltage fed into the phase. To maintain the phase current within a limited
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Figure 2.6: Control diagram of SRM drives

deviation from the current reference, a hysteresis band is defined by 2.11

iupper = iref × (1 + β)

ilower = iref × (1− β) (2.11)

were iupper and ilower is the upper and lower band, respectively, and β is the band

tolerance expressed as a percentage of the current reference. Figure 2.7 shows the

switching profile for low and high speeds. It can be observed that the hysteresis

current control has a variable switching frequency, where higher switching frequencies

will be noticed near to the unaligned position (low inductance), and lower switching

frequency will be noticed close to the aligned position (higher inductance). The

switching is also highly dependent on the rotating speed, where at lower speeds, the

back-EMF is low, and the rate of change of current is high. At high speeds, the
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machine operates under a single pulse mode, where the phase is turned on at θON

and off at θOFF position.

0

+Vdc

-Vdc

Iref

0

+Vdc

-Vdc

Iref

a)

b)

c)

d)

Figure 2.7: SRM soft-switching phase excitation and operational waveform: a) cur-

rent waveform at low-speed, b) switching pattern for low-speed operation, c) current

waveform at high-speed, d) switching pattern for high-speed
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Several power converter topologies can be used for switched reluctance machines,

like the (N+1)-switch converter, C-Dump, N-Switch, and others [11–13]. The most

common implementation is the asymmetric bridge converter, shown in Figure 2.8,

which allows independent current control for the phases at the cost of additional

switches and diodes. There are two possible switching patterns: the hard-switching

and soft-switching modes. In hard-switching, when the switches S1 and S2 are con-

ducting (Figure 2.9a), the phase voltage is equal to the DC-link voltage (VDC). The

phase current then increases until it hits the upper limit of the hysteresis control. At

this stage, the switches are turned OFF, and the current previously stored on the

magnetic circuit is conducted back to the DC-link and DC-link capacitors through

the diodes (Figure 2.9b). During this condition, the terminal phase voltage is equal

to negative VDC , causing the current to decrease to the lower limit of the hysteresis

band rapidly. This process continues until the end of the excitation cycle, where the

switches are turned OFF, and the phase current decays to zero. Hard-switching mode

can result in faster response, at the cost of increased switching losses due to higher

switching frequency and higher current harmonics and current ripple in the DC-link

capacitors.

Soft-switching can improve the drawbacks of hard-switching at the cost of a slower

current tracking response. For the soft-switching operation, both switches are ON

during the phase excitation (Figure 2.9a). The DC-link voltage is applied to the

phase terminals, and the current increases until it reaches the upper limit. At this

point, the upper (S1) or the bottom (S2) switch is turned off, and the phase current

freewheels through one diode and one switch. The phase voltage is equal to the

sum of the voltage drop of the diode and switch, and the current slowly decay until it
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Figure 2.9: Asymmetric bridge converter operation: a) energized phase, b) hard-
switching, c)soft-switching

reaches the hysteresis lower limit, where the switches start conducting. The switching

pattern continues until the end of excitation, where all the switches are turned OFF

to provide a fast reduction on phase current.

2.2 Summary

This chapter defines the operating principles of switched reluctance machine drives.

The model is presented in terms of the machine voltage equations. The analysis of the

stored energy explains the flux-linkage static characteristics and torque production in

the air gap. A brief description of the most popular power converter is also presented,
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and the hysteresis and single pulse control are introduced, presenting the current

waveform during low and high-speed operation.
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Chapter 3

Modeling of Switched Reluctance

Machines

Switched reluctance machines are commonly designed to operate under magnetically

saturated regions, increasing the co-energy, maximizing the torque production capa-

bility, and reducing the workload on power semiconductors. The magnetic nonlinear-

ity of the machine needs to be considered for proper system modeling and controls.

Accurate machine model presents several challenges, mainly because of the high non-

linear characteristics of the SRM flux-linkage and phase inductance, as presented

in [14–19], where the nonlinear variation of the machine characteristics with respect

to current and rotor position changes, are caused by the magnetic saturation and

double saliency construction of the machine.

The inductance and flux-linkage profiles are highly dependent on the instanta-

neous phase current and rotor position; however, the machine characteristics can be

obtained through finite element analysis (FEA) or experimental validation. Lookup-

table-based models are simple to be implemented, and depending on the table size, can
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present good accuracy, but this method suffers from high memory allocation, which

is prohibitive or not desired in some applications. Analytical-based models are an al-

ternative option for the magnetic parameter representation of the machine, providing

this way a wide range of model fidelity, computational resources, and data allocation.

The SRM characteristics can be analytically represented by the flux-linkage or phase

inductance profiles and are categorized by linearized and non-linearized models.

Linearized models have a simple implementation, low data allocation, and low

computational resources but reduced model fidelity. They can be represented in dif-

ferent categories: Single slope approximation, dual step approximation, and triple

slope technique, which presents lower to a higher order of complexity, respectively.

High-order polynomial approximations can be implemented to overcome the problems

of analytical model fidelity and high modeling variations. A least square-based analyt-

ical approximation is proposed, where a benchmark performance with a conventional

truncated Fourier expansion approximation and linear models is presented.

3.1 Numerical Analysis

The highly non-linear behavior of switched reluctance motors makes it extremely chal-

lenging to derive an analytical expression based solely on the machine geometry, since

the flux-linkage is directly proportional to rotor position and current changes. FEA

can be used for static electromagnetic simulations to properly model the machine.

An accurate model of the flux-linkage and torque at different current excitation levels

and rotor positions can be obtained. Figure 3.1 shows the static flux-linkage profile

of a four-phase 8/6 SRM for different excitation current, and Figure 3.2 presents the

inductance profile of the machine. Figure 3.3 shows the torque characteristics of the
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machine under test.
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Figure 3.1: 8/6 SRM Flux-linkage profile
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Figure 3.2: 8/6 SRM Inductance profile
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Figure 3.3: 8/6 SRM Torque profile

3.2 Experimental Characterization

3.2.1 Experimental Setup

The 2D electromagnetic FEA data presents several assumptions that are not always

true compared to the designed machine characteristics, which can include deviations

from the material properties that can occur during the manufacturing process, me-

chanical eccentricities and tolerances during assembly and manufacturing, and 3D

leakage effects that are neglected from the finite element model.

The experimental test bench used in this work is based on a 5.1 kW, 300 V,

8/6 four-phase switched reluctance machine, with a rated speed of 6000 rpm, 8 Nm

peak torque and 14.35 A of rated RMS phase current. A four-phase IGBT-based

asymmetric converter is used for the tests, controlled by a TI TMS320F28335 digital
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Converter SRM IM

Figure 3.4: Experimental Setup

signal processor (DSP). A three-phase 11.2kW induction machine with a rated speed

of 3600 rpm is used as a dyno, which operates in a speed controller loop. The complete

setup is shown in Figure 3.4.

3.2.2 Non-linear Flux-linkage characterization

For the machine characterization, the dynamometer is decoupled from the system.

The rotor position sensor and current sensors need to be calibrated for all the vali-

dation steps, reducing the measured errors and drifts from the real values, and the

phase resistance needs to be measured at room temperature. The temperature vari-

ation can be neglected since the test is performed using short voltage pulses. As

previously described, the flux-linkage profile of the SRM is a non-linear function of

current and rotor position; therefore, to simplify the machine characterization, the

rotor can be locked in pre-defined positions while the current varies from zero to the
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rated current values, and the discrete flux-linkage profile can be derived by (3.1)

λk(θ, i) =
k∑
0

(Vk −Rik) ∆t

∣∣∣∣∣
θ=const

, (3.1)

where λ, V , R and i are the flux-linkage, phase voltage, phase resistance, and phase

current, respectively, at time step k. The sampling time is represented by ∆t.

The shaft can be locked at constant rotor positions using an indexer for the charac-

terization procedure. A voltage pulse can be applied at discrete rotor position angles,

building up the current to its rated value. The current data and rotor position during

the transient response should be properly logged using a short sampling period since

the system time constant will vary with rotor position. The rotor position information

needs to be verified during the tests to evaluate the stiffness of the coupling between

the rotor shaft and indexer since small displacements can occur, especially under high

torque conditions.

The characterization data can then be used for an off-line calculation of the ma-

chine flux-linkage by (3.1), and the discrete data can be extrapolated. The resolution

of the experimental data is dictated by the rotor position steps and acquisition sam-

pling frequency. Figure 3.5 shows the comparison between the FEA and experimental

validation. The experimental results show deviations from FEA, which can be caused

by the 2D modeling assumptions, the stiffness of the motor/indexer coupling, and

current/rotor positions measurement errors.

3.2.3 Non-linear Inductance Profile

From the experimental flux-linkage profile, the non-linear inductance characteristics

can be derived by (3.2). The inductance amplitude has intrinsic information about
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Figure 3.5: Flux-linkage comparison from FEA and experimental data

the machine control performance, where low inductance machines increase the control

complexity, where short voltage pulse transients can cause high current spikes. The

comparison between FEA and the experimental inductance profile is presented in

Figure 3.6. It should be noted that the machine presents a symmetric characteristic;

thus, only rotor angles from unaligned to aligned position (or vice versa) are required

to model a complete electrical cycle.

Lk(θ, i) =
λk(θ, i)

ik

∣∣∣∣
θ=const

(3.2)
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Figure 3.6: Inductance comparison from FEA and experimental data

3.3 Analytical Modeling

3.3.1 Linearized Model

Linearized models are more straightforward to be implemented, present low data allo-

cation and low computational resources, but suffer from reduced model fidelity. Model

linearization can be implemented using a trapezoidal model, which considers contin-

uous phase current excitation for different rotor position angles. The self-inductance

linear model can be constructed using the information of the aligned (Lmax) and

unaligned inductance (Lmin). The angles for the model can be selected using (3.3).

When considering the design of the four-phase 8/6 SRM, as presented in Figure 3.7

and Table 3.1, the angles for the linear model can be calculated considering the un-

aligned position (0◦), initial alignment (48◦), start fully aligned (174◦), end fully
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Figure 3.7: 8/6 SRM design specifications

aligned (186◦), initial unaligned (312◦), and unaligned (360◦), where βs is the stator

pole arc angle, βr is the stator pole arc angle, Nr is the number of rotor poles, and

Dp is the arc length between two consecutive rotor poles.

Dp =
360−Nrβr

Nr

θ2 =
Dp − βs

2
Nr

θ3 =

(
βs +

θ2
Nr

)
Nr

θ4 =

(
θ3
Nr

+ βr − βs
)
Nr

θ5 =

(
θ4
Nr

+ βs

)
Nr

(3.3)
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Symbol Definition Value
Ds Stator outer diameter [mm] 170
D Stator inner diameter [mm] 90
Dr Rotor outer diameter [mm] 89.3
Dsh Rotor shaft diameter [mm] 30
Hs Stator pole height [mm] 23
Hr Rotor pole height [mm] 10.15
βs Stator pole arc angle [deg.] 21
βr Rotor pole arc angle [deg.] 23
Ys Stator back iron thickness [mm] 17
Yr Rotor back iron thickness [mm] 19.5
Ga Airgap [mm] 0.35

Table 3.1: Four-phase 8/6 SRM

The non-linear phase inductance obtained by FEA or experimental validation can

be approximated using the linear models. There are several ways to represent the

linearized characteristics of the machine, where additional steps can be added to im-

prove the correlation between the non-linear and linear model. A single slope method

is shown in (3.4), where only the aligned and unaligned positions are considered. The

dual step method presented in (3.5) considers the initial alignment positions as a tran-

sition point. The triple slope technique shown in (3.6) presents an improved model

fidelity at the cost of additional computational steps. All the methods present high

deviation from the model under high saturation, where the flux path is non-linear

at high currents due to the double-saliency nature of the machine. Figure 3.8 shows

the comparison between common linearization methods when considering different

saturation levels. The angles presented in (3.3) can be adjusted to compensate for

the deviation caused by flux leakage, but requires additional steps on the modeling

process, thus increasing complexity.
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L(θ, ik)=


(

(Lmax(ik)−Lmin(ik))
180

)
θ+Lmin(ik) if 0≤θ<180(

(−Lmax(ik)+Lmin(ik))
180

)
θ + (2Lmax(ik)− Lmin(ik)) if 180≤θ<360◦

(3.4)

L(θ, ik)=



Lmin(ik) if θ1≤θ<θ2(
Lmax(ik)−Lmin(ik)

θ3−θ2

)
θ+Lmin(ik)−

(
Lmax(ik)−Lmin(ik)

θ3−θ2

)
θ2 if θ2≤θ<θ3

Lmax(ik) if θ3≤θ<θ4(
−Lmax(ik)+Lmin(ik)

θ5−θ4

)
θ+Lmin(ik)+

(
Lmax(ik)−Lmin(ik)

θ5−θ4

)
θ4 if θ4≤θ<θ5

Lmin(ik) if θ5 ≤ θ<360◦

(3.5)

L(θ, ik)=



(
L(θ2,ik)−Lmin(ik)

θ2

)
θ+Lmin(ik) if θ1≤θ<θ2(

L(θ3,ik)−L(θ2,ik)
θ3−θ2

)
θ+L(θ2, ik)−

(
L(θ3,ik)−L(θ2,ik)

θ3−θ2

)
θ2 if θ2≤θ<θ3(

Lmax(ik)−L(θ3,ik)
180◦−θ3

)
θ+L(θ3, ik)−

(
Lmax(ik)−L(θ3,ik)

180◦−θ3

)
θ3 if θ3≤θ<180◦(

−Lmax(ik)+L(θ4,ik)
θ4−180◦

)
θ+Lmax(ik)+

(
Lmax(ik)−L(θ4,ik)

θ4−180◦

)
180◦ if 180◦≤θ<θ4(

−L(θ4,ik)+L(θ5,ik)
θ5−θ4

)
θ+L(θ5, ik)+

(
L(θ4,ik)−L(θ5,ik)

θ5−θ4

)
θ4 if θ4≤θ<θ5(

−L(θ5,ik)+Lmin(ik)
360◦−θ5

)
θ+Lmin(ik)+

(
L(θ5,ik)−Lmin(ik)

360◦−θ5

)
θ5 if θ5≤θ<360◦

(3.6)
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For different currents, the polynomial coefficients can be adjusted through a poly-

nomial fitting to represent a wide current range. The order of the polynomial fitting

can increase model accuracy at the cost of higher computational requirements.

3.3.2 Analytical Approximation Using Fourier Series

To overcome the problems presented by the linear approximation modeling, an ana-

lytical model using Fourier series expansion was proposed in [20], and implemented

in [14,21,22]. Due to the phase inductance periodicity with respect to rotor position,

the inductance profiles resemble a sinusoidal shape with a DC offset (L0(i)), and can

be modeled by a truncated Fourier series as presented in 3.7

L(θ, i) = L0(i) + L1(i) cos(Nrθ + ϕ1) +
∞∑
k=2

Lk(i) cos(k(Nrθ + ϕk)), (3.7)

where Lk(i) are the inductance harmonics, ϕk is the phase shift, and Nr is the number

of rotor poles.

For a four-phase 8/6 switched reluctance machine, it is observed that if one phase

is at the aligned position (La(i)), there will be one unaligned phase (Lu(i)) and

two phases at a mid-aligned position (Lm(i)), thus, the machine can be completely

characterized using the inductances at these pre-defined positions. For a Fourier

expansion truncated at the third term, 3.7 can be represented as 3.8.

L(θ, i) = L0(i) + L1(i) cos(6θ + ϕk) + L2(i) cos(12θ + 2ϕk) (3.8)
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Then, based on the machine geometry, 3.9 can be derived from 3.8.

La(i) = L0(i) + L1(i) cos(ϕk) + L2(i) cos(2ϕk)

Lm(i) = L0(i)− L1(i) sin(ϕk)− L2(i) sin(2ϕk)

Lu(i) = L0(i)− L1(i) cos(ϕk) + L2(i) cos(2ϕk)

(3.9)

Referencing to the aligned phase (0◦), 3.9 be represented in matrix form by 3.10


1 1 1

1 0 −1

1 −1 1



L0(i)

L1(i)

L2(i)

 =


La(i)

Lm(i)

Lu(i)



L0(i)

L1(i)

L2(i)

 =


0.25 0.5 0.25

0.5 0 −0.5

0.25 −0.5 0.25



La(i)

Lm(i)

Lu(i)


(3.10)

The machine can be analytically represented using the aligned, unaligned, and

mid-aligned inductances from FEA or experimental data for different current ampli-

tudes. The truncated Fourier series expansion and the FEA data are compared in

Figure 3.9.

For a complete analytical model, each coefficient Lk(i) can be calculated by a

polynomial expansion, where the model fidelity is proportional to the order of the

polynomial fitting. As observed from Figure 3.9, when the machine operates under

saturation, the inductance profile has a better match to the FEA, which is expected

due to a higher magnitude of the low order harmonics. Higher-order polynomials for
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Figure 3.9: Analytical model using Fourrier Expansion compared to FEA

the truncated Fourier expansion need to be used to improve the analytical model,

increasing the model complexity.

3.3.3 Least Square-Based Analytical Approximation

Polynomial regression models can be implemented to fit a general linear or non-linear

set of data to an nth degree polynomial equation, modeling the relationship between

the target variables and the system’s independent variables. If the number of data

points is higher than the desired polynomial order, the system for coefficient deter-

mination is over-determined, meaning that there are more equations than unknowns.

When the problem has no direct solution, the resulting polynomial can be approxi-

mated using a least square method, which minimizes the variance of the estimated

coefficients, presenting a data-fitting polynomial model.

A least square-based analytical approximation (LSA) is proposed to improve the

34



Ph.D. Thesis - Silvio Rotilli Filho McMaster - Electrical Engineering

model accuracy, presenting a reduction in system complexity compared to a high order

Fourier series method. The inductance profile can be approximated by a polynomial

regression model of order n by 3.11

L(θ, i) = p1(i)θ
n + p2(i)θ

(n−1) + ...+ pn(i)θ + pn+1(i) + ε
∣∣
i=const

, (3.11)

where p1(i) to pn+1(i) are the unknown parameters for a constant current operation,

θ is the independent variable, and ε is an unobserved random error with mean zero

conditioned on the scalar variable θ. The problem can be arranged into a matrix-

vector form, as shown in 3.12.



θn1 θn−11 · · · 1

θn2 θn−12 · · · 1

...
...

. . .
...

θnm θn−1m · · · 1


︸ ︷︷ ︸

A



p1(i)

p2(i)

...

pn+1(i)


︸ ︷︷ ︸

p

+



ε1

ε2
...

εn+1


︸ ︷︷ ︸

εεε

=



L1(i)

L2(i)

...

Ln+1(i)


︸ ︷︷ ︸

b

(3.12)

Using the least square approximation, the vector of polynomial coefficients can be

generated by 3.13.

p∗ = (ATA)−1ATb (3.13)

The inductance analytical model is evaluated using different orders of polynomials,

as shown in Figure 3.10.

Similar to the Fourier expansion, the least square-based method needs an addi-

tional polynomial expansion for each coefficient p1(i) to pn+1(i), where in the same

35



Ph.D. Thesis - Silvio Rotilli Filho McMaster - Electrical Engineering

Analytical 5 A
Analytical 10 A
Analytical 15 A
Analytical 20 A
Analytical 25 A
Analytical 30 A

0 20 40 60 80 100 120 140 160 180
0

0.005

0.01

0.015

In
d
u
ct

an
ce

 [
H

]

FEA 5 A
FEA 10 A
FEA 15 A
FEA 20 A
FEA 25 A
FEA 30 A

0 20 40 60 80 100 120 140 160 180

0 20 40 60 80 100 120 140 160 180
Rotor position [elec. angle]

0

0.005

0.01

0.015

In
d
u
ct

an
ce

 [
H

]

0 20 40 60 80 100 120 140 160 180
Rotor position [elec. angle]

(a) (b)

(c) (d)

Analytical 5 A
Analytical 10 A
Analytical 15 A
Analytical 20 A
Analytical 25 A
Analytical 30 A

FEA 5 A
FEA 10 A
FEA 15 A
FEA 20 A
FEA 25 A
FEA 30 A

Analytical 5 A
Analytical 10 A
Analytical 15 A
Analytical 20 A
Analytical 25 A
Analytical 30 A

FEA 5 A
FEA 10 A
FEA 15 A
FEA 20 A
FEA 25 A
FEA 30 A

Analytical 5 A
Analytical 10 A
Analytical 15 A
Analytical 20 A
Analytical 25 A
Analytical 30 A

FEA 5 A
FEA 10 A
FEA 15 A
FEA 20 A
FEA 25 A
FEA 30 A

3rd Order LSA 4th Order LSA

5th Order LSA 7th Order LSA

Figure 3.10: Analytical model using least square-based approximation compared to
FEA. a) 3rd order polynomial approximation, b)4th order polynomial approximation,
c) 5th order polynomial approximation, d) 7th order polynomial approximation

manner, the model fidelity is proportional to the order of the polynomial fitting.

3.4 Summary

To have an accurate model of the SRM, FEA or experimental validation can be used to

characterize the machine. FEA is the common choice for motor design and evaluation,

and can be used to define the expected performance and characteristics of the machine

under different operating conditions. Unfortunately, the simulated values can deviate

from the experimental validation since the 2D static electromagnetic simulation of

the machine presents several assumptions, and the manufacturing process, including

materials stress, mechanical tolerances, and assembly, are impossible to be precisely
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modeled.

For optimal motor control, accurate machine representation is desired. There

are several methods to properly represent the machine, which are mainly divided by

LUT-based methods and analytical-based techniques. LUT-based methods present

a simple solution and easy implementation, at the cost of high memory allocation.

Analytical-based models are categorized by linearized and non-linearized methods.

Linear approximation methods are simpler to implement, reducing the computational

burden, but they can deviate from the real machine characteristics. The linearized

methods can be represented by the single slope, dual step, and triple slope techniques.

Non-linear modeling has the advantage of higher accuracy with an increase in com-

plexity. The truncated Fourier expansion method and Least-square-based technique

were presented, showing a reduction in the complexity when using the least-square-

based technique while still improving the modeling accuracy. A comparison using a

Root Mean Squared Error (RMSE) is shown in Figure 3.11

It should be noted that the analytical model deviation presented for the 8/6 SRM

machine in this work might differ from other machines with different inductance or

flux-linkage profile characteristics. The analytical model should be evaluated for each

specific scenario and not as a one case fits all. When the machine is saturated, the an-

alytical models present a better performance when compared to low-load conditions,

which can be expected due to smoother inductance profile characteristics.
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Chapter 4

Position Sensor Technology and

Existing Sensorless Control

Methods for SRMs

Precise information of the rotor position and speed is required for optimal control of

electric machines, including SRMs, PMSMs, and IMs. The rotor position is commonly

acquired using position sensors installed on the rotor or stator. A variety of sensors

have been used in the industry depending on the reliability requirements, operating

speed, precision, size, and mechanical installation, varying from low to high costs and

low to high implementation challenges.

For applications that require a fail-safe operation, redundancy systems and pre-

mature fail detection are commonly used. System redundancy can drastically increase

the costs, complexity, and system size, while a sensor fusion implementation with a

decision-making algorithm needs to be implemented for failure detection. Therefore,

this chapter reviews the position sensor technology for electric machines, presenting
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the characteristics, advantages, and challenges. Besides, an analysis of the sensor fail-

ure modes and sensor failure detection is presented, showing the potential of sensorless

control in fault detection and cost mitigation.

The chapter also reviews the position sensorless control methods proposed in the

literature. The methods are classified based on the dependency of pre-defined ma-

chine magnetic characteristics or magnetic-parameter free methods, and the operating

speed region, including startup, low-speed, and high-speed operations.

4.1 Position Sensor Technology

4.1.1 Hall-Effect Sensors

The Hall effect was first discovered by Edwin Hall in 1879 and is based on the Lorentz

force law [23,24]. If a thin sheet of conductor or semiconductor material (Hall element)

is perpendicularly placed into a magnetic field, and a current is flowing perpendicu-

larly to the flux, by the Lorentz force law (4.1), a repulsion force to a certain angle is

generated, creating a disturbance on the direction of the current

−→
F = q

[−→
E + (−→v ×

−→
B )
]

(4.1)

where
−→
F is the Lorentz force, q is the charge moving with velocity −→v ,

−→
B is the

magnetic flux density, and
−→
E is the electric field.

With the change in current distribution, the Hall voltage (VHall) is generated
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perpendicular to both the field and the current (
−→
IE), as presented in (4.2) and Fig. 4.1

VHall ∝
−→
IE ×

−→
B (4.2)

Figure 4.1: Hall operation principle

Due to the low amplitude of the generated voltage, the sensor has a signal con-

ditioning circuit composed of temperature compensation, an amplifier, and a voltage

regulator. There are two main commercial types of Hall effect sensors: Linear, which

provides an analog voltage output, and Threshold type, which has a digital output

signal.

Linear sensors provide a proportional output voltage depending on the strength

of the magnetic field. The internal structure of the sensor is presented in Fig. 4.2.

When there is no magnetic field applied, the output voltage has a fixed offset, which

is achieved by a differential operational amplifier, making the voltage direction de-

pendent on the orientation of the flux.

The threshold Hall-effect sensor is converted to digital by adding a Schmitt trigger

to the previous circuit, which is used to compare the output of the differential amplifier

with a preset reference as presented in Fig. 4.3. The digital output provides an
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Figure 4.2: Linear Hall sensor

ON/OFF state depending on the field strength and polarity and can be configured

as a latching device. The latching configuration can be implementing setting the

device to an ON state when a south pole is detected, and OFF state at the north

pole position.

Latching hall sensors are a low-cost solution for rotor position and speed measure-

ments. For PMSMs, a common solution is to install an array of three hall sensors

spaced by 120◦ electrical degrees. The rotor magnets are used to generate the mag-

netic field to the Hall sensors, and the sensor displacement gives a commutation pat-

tern with eight possible states, where two states represent fault conditions Fig. 4.4.

This type of configuration gives a low resolution of 60 electrical degrees, with a max-

imum variation of ± 30 degrees when a position shift is implemented. To improve

position resolution during operation, a position extrapolation using the rotor speed

information can improve the measurement, with some limitations at low speed and
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under fast speed transients.
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Figure 4.3: Threshold Hall sensor
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Figure 4.4: Hall pulses and sector identification

Other than rotor position measurements, due to the simplicity and robustness of

Hall-based sensors, they can also be found on safety systems like wheel speed sensors,

drive-by-wire, and brake-by-wire pedals. For these applications, the field is generated
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by a permanent magnet ring that provides pulses to the vehicle Electronic Control

Unit (ECU) when the magnets pass the hall element. An absolute position value

can be obtained if one of the magnets is removed from the ring, providing a zero

position mark. An example of this implementation is presented in Fig. 4.5. Hall-

based position sensors present a reliable solution due to their contactless nature, fast

response, low cost, and small size. They do not need external signal processing or

excitation signals, but they are not commonly used in electric and hybrid vehicles

powertrains because of their low position resolution.

Figure 4.5: Hall effect sensor application using a permanent magnet ring.

4.1.2 Resolver

Resolvers are the go-to position sensors for automotive traction applications. They

have great reliability, robustness, and good shock and vibration resistance. There are

two main categories of resolvers: Brushed resolvers and Variable Reluctance resolvers

(brushless). Brushed resolvers have a primary winding on the rotor and require slip

44



Ph.D. Thesis - Silvio Rotilli Filho McMaster - Electrical Engineering

rings for rotor excitation, making this technology less reliable and less common in the

automotive industry. The Variable Reluctance (VR) resolvers do not have a wounded

rotor, presenting a simplified construction. It has all three coils positioned on the

stator, where the primary is used for the excitation signal (reference coil), and the

two secondaries are used for the position measurement (sine and cosine coils). The

rotor is made of laminated steel and has a salient construction with a sinusoidal shape

air gap, as shown in Fig. 4.6a, with the coil structure represented as Fig. 4.6b

Sin +

Sin - 

Cos + Cos -

Ex 
+

Ex 
-

Rotor

a) b)

Figure 4.6: Resolver structure. a) rotor and stator b) coil configuration

The operation of the resolver consists of a high-frequency excitation signal applied

to the primary coil, and because of the sinusoidal air gap shape of the rotor, it couples

to the secondary coil as a sinusoidal variation signal [25]. The secondary coils are

electrically displaced by 90◦, generating an output signal that is phase-shifted by 90◦

in respect to each other. The input and output voltage of the resolver is represented
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by (4.3)-(4.5)

VRef = E0sin(ωct) (4.3)

VSin = KE0sin(ωct)sin(θ) (4.4)

VCos = KE0sin(ωct)cos(θ) (4.5)

where E0 is the excitation voltage magnitude, ωc is the high-frequency sinusoidal

carrier signal, K is the transformation ratio between primary and secondary, and θ is

the resolver electrical angle. Because the output signals are trigonometrically related,

the rotor position information is given by θ = arctan(Vsin/Vcos). The signal must be

filtered and demodulated, which intrinsically inserts a speed-dependent phase lag. A

position observer is one of the few methods that can be used to extract the position

information and presents a simple and easy implementation on a microcontroller

without the need of a dedicated IC [26]. The observer block diagram is presented in

Fig. 4.7.

A bandpass FIR filter can be used to eliminate noise, offsets, and variations on

the feedback signal, where the pass band is from (ωc − 2ωr) to (ωc + 2ωr), where ωr

is the maximum shaft speed. It should be noted that the accuracy is increased using

higher sampling frequency and lower bandwidth. The bandpass filter can improve

accuracy but not completely eliminate jitters, so an extra filter is needed.

To demodulate the signal, the ADC decimation is implemented to capture the

cycle peaks, where the sampling is synchronized with the carrier, and the demodulated
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Figure 4.7: Resolver control diagram

signal frequency corresponds to the shaft speed.

The error signal is calculated by (4.6), and is used on the Phase Locked Loop

(PLL)

θerror = arctan

(
Vsin
Vcos

)
− θ̂ (4.6)

The error can be filtered using a first-order low-pass filter, and the output can be

compensated using a delay compensation block Ts/2, where Ts is the carrier sampling

time.

To implement this method on a microcontroller, the resolver excitation is gen-

erated using a sinusoidal PWM signal and filtered in two stages to eliminate the
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harmonic content. The sine and cosine feedback is filtered and scaled to fit the ADC

range [26]. This type of implementation can eliminate the use of dedicated resolver-

to-digital converter ICs like the AD2S1210 from Analog Devices, the PGA411-Q1

from Texas Instruments, or the RAA3064002GFP/RAA3064003GFP from Renesas

Electronics, reducing the implementation costs but adding extra complexity and in-

creasing the number of used GPIOs.

Resolvers have the advantage of high accuracy, high resolution, and high reliability

and robustness in harsh environments. The main limitation of resolvers is the high

costs, additional weight that causes additional rotor inertia, the need for a moderate

space for installation, external signal conditioning and excitation signal circuits, and

a limited speed operation, which is defined by the excitation signal frequency.

4.1.3 Magnetoresistive-effect sensor

The anisotropic magnetoresistive-effect (AMR) was first discovered by William Thom-

son [27] in 1857, which has similar working principles as the hall-effect sensor [28,29],

and is also based on the Lorentz force law.

It was observed that the resistivity of ferromagnetic materials changed when the

angle between an external magnetic field and the direction of the current was changed.

This technology was applied only a century after the discovery and became popular

on reading heads of magnetic hard disks [30]. Due to the low cost, robustness, and

simplicity, it can be found in a wide range of applications, including the automotive

segment. In 1988 this effect was observed in thin ferromagnetic films [31], and because

the change in the magnetoresistance was much larger than the AMR, it was called

giant magnetoresistive-effect (GMR). Development of new technologies has been made
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like tunneling (TMR) or colossal (CMR) magnetoresistive sensors [32], but the AMR

and GMR are the main types of magnetoresistive-effect sensors used in industry.

When considering the AMR, the resistivity (ρ) changes depending on the angle (θ)

between the orientation of the internal magnetization and the direction of the electric

current as shown in (4.7)

ρ(θ) = ρ⊥ +
∆ρ

ρ‖
cos2 θ (4.7)

where ρ⊥ and ρ‖ are the resistivity for θ = 90◦ and θ = 0◦, respectively, and ∆ρ/ρ‖

is the magnetoresistive coefficient, which is a reference of the magnetoresistive per-

formance of the device. For the rotor position and speed measurements in electric

machines, the sensors are designed to react to a strong magnetic field, reducing inter-

ference impact from the motor magnetic field. To compensate for temperature drifts

and to generate a quadrature output, the magnetoresistive elements are combined

into two Wheatstone bridges, where the second bridge has a 45◦ orientation, as pre-

sented in Fig. 4.8, enabling a quadrature signal, as shown in (4.8). The output signal

is unambiguous in a range of 90◦, providing an output measurement of 180◦.

θ =
1

2
arctan

(
Vsin(2ϕ)
Vcos(2ϕ)

)
(4.8)

The GMR uses a multilayer structure of ferromagnetic and non-ferromagnetic

materials, interchangeably positioned, as presented in Fig. 4.9a, where the orientation

of the magnetization of the ferromagnetic layers are antiparallel on the initial state,

when there is no external magnetic field applied, and are forced to alignment when

there is an external magnetic field applied. Their resistance dependency is presented
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be Fig. 4.9b, and defined by (4.9)

0° 180° 360°90° 270°

Figure 4.8: AMR sensor bridge circuit and output signal
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Figure 4.9: GMR operation

GMR =
ρap − ρp
ρp

(4.9)

where ρap and ρp are the anti-parallel and parallel resistivity. Due to the GMR

characteristics, the resistivity is proportional to the cosine of the angle (θ) of the
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applied external magnetic field, as presented in (4.10)

ρ = ρap −∆ρ cos(θ) (4.10)

For rotor speed and position measurement, the GMRs are structured in a similar

way as the AMR, by using two Wheatstone bridges, but with the bridges orthogonally

oriented to each other, as shown in Fig. 4.10, providing a 360◦ measurement.

0° 180° 360°90° 270°

Figure 4.10: GMR circuit and output signal

The rotor position is measured by the magnetic field’s orientation, determined

by the resistance-dependent voltage. GMR sensors are robust against temperature

changes and present a higher measurement signal, requiring magnets with lower field

strength. For system redundancy, it is possible to have a combined GMR and AMR

in the same package, like the TLE5309D from Infineon. The material and position

of the magnets are essential in the design, where the magnets need to be magnetized

diametrically and accurately aligned orthogonal to the sensing element. For the an-

gular rotor position measurements, the end of the shaft and off shaft are possible
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configurations [29], as presented in Fig. 4.11

a) b)

Figure 4.11: Magnetoresistive sensor implementation. a) off-shaft magnet configura-
tion, b) end of shaft configuration

The AMR/GMR sensor design is susceptible to accuracy problems in the presence

of mechanical variations, including eccentricity and air gap variations. The main

advantages of this sensor technology are the reduced space needed for installation,

accuracy, high-speed operation, and low costs.

4.1.4 Encoder

Encoders are one of the most common position sensors in industry and are used in

several applications to convert a linear or angular mechanical motion to analog or

digital signals. There are different encoder constructions, including the conductive

encoder, magnetic encoder, and optical-based encoder. Optical encoders are the

industry standard. They operate via a perforated disk with a distinct pattern that

allows or blocks the light passing through it. A photosensitive sensor produces a

digital or analog signal when the light passes through the disk.
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Encoders can be categorized by absolute or incremental encoders. Absolute en-

coders can provide the absolute rotor position and are manufactured using multiple

perforated rings (code rings) with different binary weights, providing data informa-

tion of the position rater then single pulses. This encoder presents a high cost and

complexity, especially for high-resolution types, and is applicable to solutions where

homing the machine to a known position is not feasible, including electric machines

used in traction application. The output data can be analog or digital, depending on

the requirements

An incremental encoder does not report the absolute position when powered on.

Optical encoders are constructed using a perforated disk with two (A and B) or three

(A, B, and Z) output digital signals. The A and B signals operated in quadrature,

similarly to the resolver previously presented, which can indicate the direction of ro-

tation, and the pulsed frequency indicates the rotational speed. To sense the position

of the rotor shaft, a third signal can be added (Z), which is presented as the index.

The index produces a single pulse every 360◦ mechanical and is used as an absolute

rotor position at that particular angle. The quadrature output of the incremental

encoder is presented in Fig. 4.12.

A

B

Z
90°

Figure 4.12: Quadrature output - incremental encoder

The rotor position resolution is dependent on the number of pulses per revolution
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(ppr), and can be calculated as (4.11)

θinc =
2πNcount

(ppr)
, (4.11)

where Ncount is the electrical pulses counter. The speed (ω) is then calculated by

(4.12)

ω =
2π∆Ncount

Tenc (ppr)
, (4.12)

where Tenc and ∆Ncount are the sample time and the number of pulses between two

sample times, respectively.

4.2 Position Sensor Failure Modes

Position sensor failure detection or early identification of near-to-failure sensors are

crucial for the safe operation of electric machines, where some types of failures can

present an unexpected dangerous operation. When a position sensor is identified,

proper controls can be implemented to mitigate the fault, where in some cases, an

under-fault operation can be triggered to improve system dependability.

For rotor position sensors, there are several types of possible failures. Complete

outage failures are commonly easy to detect, and failure detection is usually imple-

mented on a hardware level, where significant anomalies or signal loss are directly

identified. Other types of failures do not present a simple identification procedure

and are more challenging to be detected without a hardware redundancy, including

loss of accuracy, offset and drift.

Analog position sensors, including resolver and AMR/GMR sensors, are prone to
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loss of accuracy when the signal has additional noise or disturbances, discretization

problems, mechanical variations, and hardware faults. The most common source of

errors are signal phase shift, amplitude mismatch, fast accelerations, and offset.

Amplitude mismatch of the sine/cosine signal can be introduced on resolvers by

variation in the resolver windings, which can happen during the manufacturing pro-

cess, winding faults, or by the gain between the resolver and the ADC input. (4.5)

can be modified to (4.13) to account for the amplitude mismatch [25]

Vcos = K(1 + δ)E0sin(ωct)cos(θ) (4.13)

where δ is the percentage of amplitude mismatch from cosine signal relative to the

sine. The error in radians can be represented by (4.14)

ε =
δ

2
sin(2θ) (4.14)

The error oscillates twice per cycle, with maximum amplitude at odd integer

multiples of 45◦, and is zero at multiples of 90◦.

Other sources of error can be present, including differential phase shift and phase

shift between the excitation signal and the sine/cosine signals. Depending on the

amplitude of the error, it can cause variations in the speed estimation, variations in

the current control, and system instability.

Rotor position sensors need to be compensated for position offsets during the

initial setup, where the absolute rotor position needs to match the mechanical position

of the sensor. Position offset problems can happen during changes in the hardware

configuration or under mechanical faults. This type of failure can present serious
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operation problems, including wrong commutations, inefficient operation, or reverse

rotor direction.

Hardware redundancy can drastically increase manufacturing costs and system

complexity; thus, software-based solutions are usually implemented. Several methods

were proposed in the literature for rotor position sensor fault identification, espe-

cially when implemented on permanent magnet machines. Due to the fast response

characteristics, the methods are mainly implemented as observer-based algorithms.

Some of the methods proposed for synchronous and asynchronous machines are the

Luenberger observers [33,34], Sliding Mode Observer (SMO) [34,35] Model Reference

Adaptive System Observer (MRAS) [36–38], and Extended Kalman Filter [39,40].

The Luenberger observers are simpler to be implemented and present a low compu-

tational demand, but outside its bandwidth, it presents low robustness to parameter

variations. SMO, MRAS, and EKFs present higher robustness at the cost of increased

complexity and convergence constraints. However, besides all these specific consider-

ations, every observer approach needs an auxiliary source of information, and these

additional signals are not always available. Sensorless control algorithms can present

a viable solution on rotor position fault identification and the capability of sensor

fusion application.

4.3 Position Sensorless Control

Switched reluctance motors (SRMs) present a simple and reliable construction, but

to properly control the machine, the system is highly dependent on an accurate ro-

tor position information. Position sensors, such as encoders, resolvers, Hall-effect

sensors, magnetoresistive-effect sensors, or position measurement circuits [41–43] are
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commonly used for position detection. However, the position sensor can potentially

increase the overall volume of the machine, decrease system reliability, dependabil-

ity, and lead to an increase in manufacturing costs. Additional manufacturing steps

are required for the position sensor implementation, and when fault-tolerant require-

ments for critical systems are specified, the effects of electromagnetic interference,

temperature, and vibration must be mitigated. Position sensorless algorithms can

eliminate sensor-related issues and can be used for fault detection and sensor fusion

technology. When considering low-cost applications, additional costs of sensors and

the required circuit could be prohibited; thus, position sensorless control presents a

viable alternative.

A classification of different sensorless techniques was proposed in [44] and further

extended in [1], and [45]. Different position estimation methods can be categorized

by their operating speeds, passive or active methods, and computationally intensive

techniques. An additional classification is done in [46] by identifying if the method

is parameter-dependent or parameter-free. An updated version of different sensorless

control techniques is shown in Figure 4.13.

When considering the operating speed, position estimation methods can be cat-

egorized by standstill and low-speed sensorless controls, and high-speed sensorless

techniques. At standstill and low speeds, the magnetic characteristics of the machine

have a low or null back-EMF, which reduces the signal-to-noise ratio of the estima-

tion algorithms, making the techniques unobservable, especially when considering the

introduction of noise and discretization of the acquired data. Thus, by injecting a

high-frequency signal into the idle phases, the magnetic quantities can become ob-

servable, making the sensorless control feasible at zero and low speeds. The magnetic
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Figure 4.13: Classification of position sensorless control algorithms

characteristics can be obtained using the energized phases during commutation for

high-speed operation, where the large back-EMF provides a high SNR.

Passive methods do not rely on additional hardware, using only the information of

the terminal voltage, the phase current, and motor characteristics. Active estimation

schemes require additional hardware [41–43, 47, 48], and are commonly implemented

injecting a high-frequency signal into the inactive phases, where the induced current

is measured, and the calculated inductance is used on the position estimation. Active

methods are not commonly used in industry due to the additional hardware and high

deviations at medium to high speeds. Computationally intensive methods, such as

observer-based and neural networks, require high computational resources but present

high robustness or model independence when compared to the previous methods.
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4.3.1 Standstill and Low-Speed Sensorless Control

For a smooth and reliable start of the machine, rotor position information is required

for proper phase commutation. For standstill startup, simultaneous pulse injection are

widely implemented, as presented in [45,49–55]. The magnitude of the induced phase

current or the phase inductance amplitude is used for sector identification. The sector

is defined as a range of possible rotor positions and is directly proportional to the

number of phases. Since the inductance is a periodic function of rotor angle, it has a

maximum and a minimum value on the aligned and unaligned positions, respectively.

To identify the initial sector of the rotor, all the phases are simultaneously excited

with the same voltage pulse Vph∆t, and the phase inductance can be calculated using

(4.15). For a four-phase SRM, the electrical period can be divided into eight different

sectors, with a 45◦ electrical degrees range, as shown in Figure 4.14. The phase

located at the region of positive torque is selected as the initial driving phase. This

method can be implemented in any SRM, but is only feasible at zero-speed conditions.

An extended method using a single-current threshold was proposed in [50], where the

initial rotor position can be identified when the rotor is rotating using the time for the

current to reach a predefined threshold and the inductance calculation to estimate

the commutation sector.

Lθ = Vph
∆t

∆i
(4.15)

The sector identification is a crucial step for the excitation and sensing phase selec-

tion and is commonly implemented during the start of low-speed estimation methods.

Low-speed sensorless control techniques rely on high-frequency pulses injection into
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Figure 4.14: Inductance profile and sectors

the non-energized phases (sensing phases), with a voltage amplitude adjusted by the

gate duty cycle, creating this way an induced high-frequency current signal. The rotor

position-related induced currents are used for the flux-linkage-based or inductance-

based sensorless control techniques. Low-speed position estimation can be categorized

by sector-based methods, parameter-free-based methods, and parameter-based meth-

ods, as shown on Figure 4.13.

4.3.1.1 Sector-based methods

Sector-based methods do not estimate the exact rotor position, only the sector in-

formation for phase commutation. The two-current threshold method [49] is based

on voltage pulse injection on idle phases and predefined thresholds. A low-current

threshold is located close to the aligned position, where the inductance is higher, and
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Phase Current Phase Ind. Sector Rotor Pos. Sens. Ph.

IA > ID ≥ IB > IC LC > LB ≥ LD > LA Sector I 0◦ to 44◦ IB

ID > IA ≥ IC > IB LB > LC ≥ LA > LD Sector II 45◦ to 89◦ IC

ID > IC ≥ IA > IB LB > LA ≥ LC > LD Sector III 90◦ to 134◦ IA

IC > ID ≥ IB > IA LA > LB ≥ LD > LC Sector IV 135◦ to 179◦ IB

IC > IB ≥ ID > IA LA > LD ≥ LB > LC Sector V 180◦ to 224◦ ID

IB > IC ≥ IA > ID LD > LA ≥ LC > LB Sector VI 225◦ to 269◦ IA

IB > IA ≥ IC > ID LD > LC ≥ LA > LB Sector VII 270◦ to 314◦ IC

IA > IB ≥ ID > IC LC > LD ≥ LB > LA Sector VIII 315◦ to 359◦ ID

Table 4.1: Initial rotor position identification and low-speed sensorless control of a
four-phase SRM

the induced current produced by the injected voltage signal is smaller, which is used

to define the sensing phase changes. A high-current threshold is located close to the

pole alignment position and used to select the conduction phase.

This technique output signal is similar to a hall-effect-based control, where the

rotor position is identified as sectors and not as precise angles, with the drawback

of not having a precise position point, as is the case of hall-based position sensors.

The two-current threshold method can control the machine under zero and low-speed

operations, and does not need all-phase pulse injection during regular operation. A

summary table for the four-phase 8/6 SRM is presented in Table 4.1.

Sector-base methods have very simple implementation and are independent of

machine parameters, but they cannot estimate the rotor position, relying only on

sector identification.
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4.3.1.2 Parameter-free-based methods

Using only the sector information is not an optimal solution for high-performance

SRM controls, where torque and current regulation require precise rotor position in-

formation. The rotor position can be extracted from the machine phase inductance,

which can be calculated from the high-frequency induced currents at low speed. Ma-

chine parameter-free-based methods present an advantage of not needing the magnetic

characteristics of the SRM, which can drastically reduce the implementation time of

sensorless control on different machines since motor characterization and commission-

ing are not required.

The parameter-free-estimation algorithm relies on the assumption of a sinusoidal

inductance characteristic, which was shown in section 3.3.2 to be a good approxima-

tion. A general diagram of the full-cycle position estimation at low speed is presented

Figure 4.15. The phase inductance calculated from the induced currents is trans-

formed using a Clark transformation, which can then be used to derive the sin-cos

functions and estimate the rotor position using the arctangent calculation, similar to

what is done in AC machines.
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Figure 4.15: General diagram for the low-speed parameter-free-based methods

This method was implemented in [56] on a three-phase 12/8 SRM, to estimate the
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initial position using the sinusoidal inductance profile, and the work was further mod-

ified in [54] to reduce modeling errors. In [57], the same technique was implemented

for a low-speed operation, where the inductance from the idle and conducting phases

was used on the rotor position estimation. The incremental inductance calculation

from the induced currents for the turn-ON and turn-OFF periods present implemen-

tation advantages since the voltage drop and back-EMF can be canceled as presented

in (4.16). The methods can be extended to multi-phase machines by changing the

coordinate transformation algorithm.

Linc(θ) =
2Vinj
∆i

∆i =
di

dt

∣∣∣∣
ON

− di

dt

∣∣∣∣
OFF

(4.16)

Although the method presents advantages for not requiring the pre-defined data

of the machine parameters, the inductance calculation is independent of the cur-

rent amplitude, which can present high deviations when operating under saturated

conditions.

4.3.1.3 Parameter-based methods

Parameter-based methods use an a priori information of the machine characteristics

and present a superior position estimation accuracy and performance when compared

to the sector-based and parameter-free-based techniques. The main drawback of these

methods is the need for the machine’s pre-defined magnetic characteristics, which can

be acquired using the methods in Chapter 3.

Several parameter-based methods are presented in the literature, categorized as
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LUT-based techniques, linear inductance methods, non-linear model-based algorithms,

and feature-based methods.

LUT-based methods use pre-stored inductance information to estimate the rotor

position. The inductance can be calculated using the current information from the in-

jected signal, as presented in (4.15), and compared to an inductance-current-position

dependent lookup-table, as shown in [58, 59], where the input data is the calculated

inductance and current, and the output information is the rotor position. Since the

excitation phase for the SRM is discontinuous, a logic algorithm needs to be im-

plemented to get the full-cycle information. A simplified algorithm for a four-phase

8/6 SRM is shown in Figure 4.16, where 90◦ regions are considered for each phase.

The estimation method’s performance depends on the accuracy of the LUT and the

measurement of the high-frequency induced current. This method has an additional

drawback of extra memory allocation requirements for the pre-stored LUT.

Linear inductance methods use the linear model approximation presented in sec-

tion 3.3.1. The region from the initial alignment to start fully alignment presents

an unsaturated linear characteristic when operating in constant current conditions,

which can be used for the position estimation methods [45,50,60–62]. The inductance

calculation of the high-frequency pulse on the idle phases can be used to estimate the

rotor position. In [45], a simplified version of (3.6) was implemented, where the rotor
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Figure 4.16: General diagram for the low-speed LUT-based methods

position can be estimated by (4.17) and (4.18) for a four-phase SRM

L(θ, ik)=


(
L(θ3,ik)−L(θ2,ik)

θ3−θ2

)
θ+L(θ2, ik)−

(
L(θ3,ik)−L(θ2,ik)

θ3−θ2

)
θ2 if θ2≤θ<θ3(

Lmax(ik)−L(θ3,ik)
180◦−θ3

)
θ+L(θ3, ik)−

(
Lmax(ik)−L(θ3,ik)

180◦−θ3

)
θ3 if θ3≤θ<180◦

(4.17)
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θ̂ =
Lmax(ik)− L(θ, ik)

N
+ θinitial

N =
Lmax(ik)− Lmin(ik)

90◦
,

(4.18)

where θ2 and θ3 are the initial alignment to start fully alignment positions, ik is

current, N is the phase inductance slope, and θinitial is the initial position value

compensation. Similar to the LUT-based methods, the injected current and induc-

tance calculation is discontinuous, and the information of all phases is required for a

full-cycle estimation, as shown in Figure 4.17.

An improved work proposed in [60] extends the linear method to a three-phase

unbalance inductance case. In [45], the inductance slope was considered only on the

unsaturated region, where the inductance was independent of the current amplitude

ik. In [61], the author obtained the unsaturated inductance from the saturated incre-

mental inductance under load conditions, where the mapping utilizes a second-order

polynomial approximation.

The linear methods can be further extended to non-linear cases when considering

the truncated Fourier series expansion presented in Chapter 3 section 3.3.2. In [21],

the DC and first harmonic content were used to estimate the rotor position through

an arccosine function. The work presented in [22, 63] extended the Fourier model to

the second harmonics, improving the position estimation accuracy.

Feature position estimation methods use only the machine’s partial inductance

characteristics at predefined rotor positions. This can reduce memory allocation

and computational burden compared to LUT-based methods and non-linear model-

based algorithms, respectively, at the cost of lower accuracy, ultra-low speed operation
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Figure 4.17: Discontinuous phase estimation for low-speed sensorless control tech-
niques

problems, and inability to estimate the initial rotor position. The main limitation of

the feature position estimation methods is the low resolution of the position estimation

since only limited position points are detected over one electrical cycle, where it

uses a similar concept of the sector-based methods, relying on a higher number of

current/inductance thresholds to estimate the rotor position as presented in [53, 64,

65].
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4.3.2 Position Estimation at High Speed

Low-speed estimation methods rely on high-frequency voltage injection to correctly

estimate the rotor position, presenting a low performance at high speeds due to

limited periods for pulse injection. Injection-based controls are often required to have

a narrow operating region due to an additional torque ripple generation, acoustic

noises, and additional losses. At high speeds, the electrical quantities of the SRM

become observable, and high-speed sensorless control algorithms can be implemented.

High-speed position estimation methods can be categorized by parameter-free and

parameter-based methods.

4.3.2.1 Parameter-free sensorless control

Magnetic parameter-free methods can present a good solution when the machine

characteristics are not pre-defined, drastically reducing the commissioning time and

machine characterization during product development, especially considering manu-

facturing processes can cause noticeable deviation from the FEA model, as shown in

section 3.2.

Sector-based algorithms are mainly used for the rotor speed estimation, and

present similarities from the low-speed sector-based methods. In [66], the sector

is identified by the intersection points of phase inductances during conduction, and a

logical relationship of the phase inductance amplitude is used for the sector identifi-

cation.

A current-gradient method is proposed in [67], and is applicable to the single pulse

operation region, where the DC-link voltage regulates the current gradient. The phase
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current has a non-linear shape during commutation on single pulse operation, where it

only increases from the unaligned to the beginning of alignment position, and presents

a null current derivative at the beginning of alignment of the rotor and stator pole.

This feature position can be used for rotor position detection without the need for pre-

defined magnetic characteristics of the machine. However, this method can present

problems under magnetic saturation, where the rotor position can present a phase-

shift, and a stored compensation table is needed for proper position estimation [65].

Inductance gradient methods [68] can be used to identify when the rotor and stator

are at an aligned position, where the inductance value presents the peak value, and the

inductance gradient is null. The gradient methods present a simple implementation

and parameter independence; however, they are sensitive to measurement noises and

have a discontinuous operation, reducing machine performance.

4.3.2.2 Parameter-based sensorless control

The control performance at high-speed operation can be significantly improved using

parameter-based algorithms. Pre-defined information of the position-related flux-

linkage or inductance profile of the machine is required for the position estimation

algorithms. The parameter-based methods can be categorized by LUT-based al-

gorithms, observer-based methods, feature position estimators, and neural-network-

based techniques.

LUT-based methods present simple implementation and good tracking perfor-

mance at the cost of high memory allocation of pre-stored information of the machine.

The position information can be extracted using a singular relationship between flux-

linkage or inductance information, and the rotor position angle. In [69], the sensorless
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control was implemented using the flux-linkage information of the machine, where the

flux-linkage LUT was inverted as a function of phase current, directly estimating the

rotor position as a function of current and flux, as shown in Figure 4.18. Since the

rate of flux variation with respect to the position change is reduced on the aligned

and unaligned positions, there is an accuracy reduction in these regions. This imple-

mentation presents very high memory requirements, where a single LUT used in this

work required 64kb of memory. LUT-based methods can present limitations at low to

mid-speed operation, where high deviations can occur due to the accumulated error

during flux calculation. A resistance estimator is proposed in [69] to extend the esti-

mation speed range. Considering the flux-linkage at the end of the phase excitation

period (T0) is zero, the phase resistance can be estimated as (4.19).

Figure 4.18: Rotor position as a function of current and flux-linkage

λph =

∫ T0

0

Uph(t)dt−R
∫ T0

0

iph(t)dt = 0|t=T0

R =

∫ T0
0
Uph(t)dt∫ T0

0
iph(t)dt

(4.19)
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In [70], a method was developed to avoid pure integrations, which can improve the

estimation accuracy and parameter sensitivity, and in [71], an off-line mutual-coupling

compensation table was proposed to compensate the errors of flux calculation.

Position observers can present an excellent alternative to the parameter uncer-

tainties and distortions, mitigating the problems of easurement and sampling noises

that can affect the performance of LUT-based methods. The rotor position can be

indirectly estimated, providing good filtering capability and higher reliability. The po-

sition estimation observers present a structure of prediction error correction between

measured data and predicted data, which can be estimated by the SRM analytical

model. Different observers can be identified by the estimator type, including sliding-

mode observer (SMO), Extended Kalman-filter-based observers (EKFO), and model

reference adaptive systems (MRAS) [45,72–74].

Sliding-mode observers present excellent dynamic performance and have been ex-

tensively researched for SRM sensorless control. The observer uses state-space func-

tions based on a high gain nonlinear controller, usually implemented using a sign or

sat function, driving the state variables to reach a predefined sliding surface. This

method presents low steady-state errors and fast convergence, but since perfect sur-

face tracking is hard to be implemented due to the nonlinear switching function and

high gains, the SMO suffers from chattering problems during estimation. To mitigate

chattering, low-pass filters can be used to remove the fast oscillations, but this solu-

tion can limit the system’s dynamic performance, as previously discussed, and can

lead to a large phase delay and system instability.

Extended Kalman-filter-based observers have also been implemented in the lit-

erature [73, 75], and provide exceptional performance in filtering noises and model
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uncertainty, but are still limited in practical application due to high computational re-

quirements, complex parameter calibration, and low performance at ultra-high speeds.

The MRAS methods use machine analytical models to compare with measured data.

The error is then used to force the estimation to converge to the actual value, which is

commonly employed using a proportional-integral (PI) controller. Since this method

is based on a PI loop, the convergency rate is highly dependent on the bandwidth

design of the controller, which can be hard to design due to the high nonlinearities of

the SRM.

The main challenge with magnetic parameter-based sensorless control is the in-

crease in memory allocation for the magnetic characteristics of the machine. To

overcome this issue, methods based on neural networks (NN) have been widely re-

searched in a variety of applications, including position estimation algorithms for

switched reluctance motors [76–79]. The NN uses a data set generated from the

magnetic characteristics of the machine, which is done offline. The data is used to

generate a mapping from the electrical input such as flux-linkage, inductance, and

currents, which can present good performance results with reduced memory and com-

putational requirements; however, these methods require a high number of training

sets to reduce the estimation errors and improve performance, which can extend the

validation and development time in commercial applications.

4.3.3 Challenges in Commercial Applications

The main challenges for SRMS rotor position estimation in a commercial application

are the limitations of each presented method and the machine construction.

First, since the SRM does not have permanent magnets into the rotor cores, no flux
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is produced when the coils are not energized; therefore, it is impossible to estimate the

rotor position during free-wheeling operation, limiting the effectiveness of the system

depending on the application. This issue can be mitigated if a pulse is injected into the

idle phases, but this technique increase losses, acoustic noise and produces additional

negative torque, which is not always acceptable. The initial rotor position estimation

during no standstill positions is challenging to implement, especially at high speeds.

Second, a four-quadrant operation, represented by a rotation direction change,

motoring to generation change, or both, can be challenging for SRM sensorless control.

Since sensorless control algorithms are based on logic implementation, the motoring to

generation region, or vice-versa, present implementation complexities to adapt to the

change in the commutation angles. For the quadrant change regarding the rotation

direction, the zero-crossing is challenging since the speed error estimation at close to

zero speed is proportionally high, causing possible system instabilities in this region.

Third, memory allocation and computing power are limited in low-cost applica-

tions, where high-performance DSPs are usually price prohibitive. SRMs greatly rely

on LUT-based approaches for optimal control, including angle optimization, acoustic

noise reduction LUTs, and torque ripple minimization. An additional LUT for sensor-

less control could become a challenge. Computational burden is also a limiting factor

when implementing high-performance methods, so algorithm optimization must be

implemented.

In addition to the mentioned challenges, the operation using position estimation

methods needs to be reliable. Changes in machine parameters like eccentricity, which

can be caused by bearing faults, changes in inductance that inter-turn shorts of the

windings can cause, and changes in the overall characteristics of the machine that can

73



Ph.D. Thesis - Silvio Rotilli Filho McMaster - Electrical Engineering

happen during the manufacturing process can present a big challenge for the sensorless

implementation. All these problems need to be identified during the control system

development and mitigated to provide safe control, low manufacturing costs, high

performance, and high reliability for commercial applications.

4.4 Summary

Position sensorless control for electric machines has been of interest to researchers

and industry due to their elimination of rotor position sensors, overall costs reduction

of the system, position sensor failure identification, under-fault operation, and high

reliability. To better understand the implementation challenges and limitations of

rotor position sensors, a comprehensive analysis of different sensors was presented,

showing the advantages and disadvantages of each implementation.

The fail-safe, under-fault, and premature failure mitigation are important topics in

the industry. The position sensor failure modes like complete outage, loss of accuracy,

position offset, and drift are presented in this work, providing a good understanding

of the importance of sensorless control algorithms on rotor position fault detection,

under-fault operation, and possible use in sensor fusion application.

The second part of this chapter presents the different methods of position sensor-

less control. These strategies were classified according to a particular speed operation

or dependency of the machine’s pre-defined magnetic characteristics. Table 3.1 sum-

marizes the main sensorless control techniques.

A general overview of the challenges in commercial applications is then presented.
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Categories Sensorless Method
Magnetic
Charac.

Low-
speed

High-
speed

Advantages Disadvantages

Sector-based
Threshold based
method [49]

No Yes No Robust in run-
ning conditions

No position estimation,
sector only

Intersection detec-
tion [66]

No No Yes Simple imple-
mentation

Noise sensitivity and no
position estimation

Magnetic
parameter-free

Continuous estima-
tion [54,56,57]

No Yes No Continuous esti-
mation

Unavailability with load

Gradient detection
[65,67,68]

No No Yes Simple imple-
mentation

Single pulse operation
only, noise sensitivity
and discontinuous opera-
tion

Magnetic
parameter-based

Pulse injection
LUT-searching
[58,59]

Yes Yes No Simple imple-
mentation

Large storage space and
noise sensitivity

Pulse injection
linear inductance
[45,50,60-62]

Yes Yes No Low memory
requirement

Low estimation accu-
racy, noise sensitivity
and increased complex-
ity in saturation cases

Pulse injection
inductance-model
[21,22,63]

Yes Yes No Low memory
requirement

Low estimation accuracy

Pulse injection fea-
ture position estima-
tion [53,64,65]

Yes Yes No Low computa-
tional burden

Discontinuous operation,
low accuracy and no ini-
tial position estimation

LUT-based [69-71] Yes No Yes Simple imple-
mentation

Large storage space and
noise sensitivity

Observer-based [45,
72-75]

Yes No Yes Low noise sensi-
tivity

Complex implementa-
tion

Neural-network [76-
79]

Yes No Yes Low memory
requirement

High offline training and
large training set

Table 4.2: Summary of position estimation methods proposed in the literature
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Chapter 5

Proposed Unified Nonlinear

Optimization-Based Method for a

Wide Speed Operation

Rotor position estimation in SRMs for the low and high-speed operations has been

discussed in Chapter 4. From the presented review, position observer-based sensorless

control methods can present high robustness to non-ideal distortions, such as current

measurements, sampling noises, and parameter uncertainty, which highly affect the

LUT and feature position estimation methods. Position-sensorless control techniques

early discussed are effective for a narrow speed region, either low speed or high speeds,

but not both. For wide-speed operation, several techniques were proposed in the

literature by combining both the low-speed method and the high-speed methods,

including the hysteresis [21] and linear switching control [80]. However, they present

stability challenges since two different methods need to be combined for a wide-

speed operation. An additional computation load is required during the transition
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between methods since the two processes need to be running simultaneously during

the transition.

This chapter presents a unified wide-speed range optimization-based sensorless

control algorithm for switched reluctance machines for a wide-speed operation. In

this method, a cost function is defined from the machine voltage equation, where

the phase voltage and current information are used as inputs, and the rotor position

is extracted from the position-dependent inductance profile. Short voltage pulses

are injected in all phases for the initial position estimation during startup, and the

initial sector is identified. Subsequently to the initial step, the rotor position can be

estimated and used as the initial condition for the low-speed sensorless control. Since

the method is implemented in a four-phase machine, each phase is responsible for

90◦ electrical degrees. After the first step, the machine can run using the low-speed

sensorless control, where pulses are injected into the idle phases, and the inductance

information is estimated and used in the sensorless control. At high speeds, the

estimation method is the same, but there is no need for pulse injection due to an

increase in back-EMF and reduction of the integration period of the flux linkage.

The performance of the proposed method is evaluated under different speeds, load

conditions, and transients.

5.1 Proposed Nonlinear Optimization-Based Esti-

mator

Figure 5.1 shows a simplified block diagram of the proposed unified nonlinear optimization-

based sensorless control method. First, the rotor position under standstill operation
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can be estimated using a pulse injected into all phases, where the sector estimation

method using the current magnitude comparison can be implemented as presented

in section 4.3.1. Using the initial sector identification, a high-frequency square-wave

voltage pulse is injected into the sensing phase, and the optimization-based sensorless

control is used for the rotor position estimation during standstill and low-speed. When

the rotor speed increases, the signal-to-noise ratio is improved due to the increase of

the back-EMF, the phase inductance becomes observable under fundamental excita-

tion region, and the pulse injection can be disabled when the rotor speed reaches a

certain threshold. The same optimization-based method can be used, which provides

a single estimation technique over a wide speed range, avoiding transition problems

between distinct estimation methods.

For the proposed method, the position estimator is based on the voltage equation

of the machine (5.1)

Vph = Ri+ L(θ, i)
di

dt
+
dL(θ, i)

dt
i

Vph = Ri+ L(θ, i)
di

dt
+
∂L(θ, i)

∂θ
iωe + i

∂L(θ, i)

∂i

di

dt

(5.1)

The equation is then converted to a discrete representation for digital implemen-

tation. If the motor parameters, the phase terminal voltage, and the phase current is

known, it is possible to solve the nonlinear equation for the estimated position θ̂(k),
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Figure 5.1: Control diagram of the proposed unified nonlinear optimization-based
sensorless control for a wide speed estimation

as shown in (5.2) and (5.3)

Vph(k) =Ri(k) + L(θ̂(k), i(k))
i(k)− i(k − 1)

Ts

+ i(k)

(
Lcalc(θ(k), i(k))− L(θ̂(k), i(k))

Ts

) (5.2)

Lcalc(θ(k), i(k))=


Vph(k)

(
Ts

i(k)−i(k−1)

)
, LS pulse injection(

(λph(k−1)+(Vph(k)−Ri(k))Ts)
i(k)

)∣∣∣∣
i>0

, HS (no injection)

(5.3)
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where i(k) and i(k − 1) are the phase current at time step k and k − 1, respectively,

L(θ̂(k), i(k)) is the estimated inductance at time step k, Ts is the sample time, λph(k−

1) is the flux-linkage calculated at time step k − 1, LS is the low-speed estimation

region and HS is the high-speed estimation region.

When considering the phase inductance modeling benchmark presented in section

3.4, the proposed least-square-based method (LSA) showed good performance when

compared to the linear and the truncated Fourier expansion methods. Another ad-

vantage of the LSA is the reduced complexity when implementing on digital signal

processors (DSPs). Polynomial-based models can present a better performance since

reduced computational cycles are required, and techniques like Horner’s rule can be

implemented to optimize the algorithm execution time on multiply and accumulate

(MAC) architectures.

In this work, to further reduce the computational burden of the proposed method,

a truncated 5th order least-square-based polynomial expansion is used for the in-

ductance profile approximation, providing a good trade-off between computational

demand and accuracy, as presented in Chapter 3. It should be noted that the in-

ductance is a non-linear function of rotor position and current, and the inductance

changes related to the current variation also need to be approximated. For the nu-

merical modeling methods shown in Chapter 3 and proposed in the literature, the

current coefficients are approximated by a polynomial equation. To simplify the

model, current-varying inductance information is also approximated by a 5th order

polynomial.

Since SRMs are symmetric on the positive and negative slope of phase inductance,

only the first half-cycle (0◦ to 180◦ electrical or unaligned to aligned position) needs to
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be approximated, as presented in Figure 5.2. The red dots represent the experimental

inductance data, and the surface represents the approximated fitted curve using a 5th

order polynomial.

Figure 5.2: 5th order least-square-based polynomial expansion, where the surface is
the polynomial approximation, and the red dots are the experimental data

With the inductance analytical model and the machine voltage equation, the rotor

position can be extracted by solving the nonlinear equation in (5.3). (5.3) can then be

converted to a cost function format, as presented in (5.4), where the estimated position

is equal to the actual position at the local minimum. Using a convex optimization

algorithm, the error from the actual rotor position and the estimated rotor position
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can be minimized by searching for the minimum of the cost function.

minθ(k)G(θ̂(k)) =

∥∥∥∥Vph(k)−Ri(k)− L(θ̂(k), i(k))
i(k)− i(k − 1)

Ts

− i(k)

(
Lcalc(θ(k), i(k))− L(θ̂(k), i(k))

Ts

)∥∥∥∥2 (5.4)

Similar approaches of convex-optimization-based sensorless control were used in

PMSMs by [81–84]. Switched reluctance machines present additional challenges since

the inductance profile varies with current and rotor position, and uses a discontinuous

phase excitation control for the machine control algorithm. The position estimation

needs to be implemented in a logical algorithm using the discontinuous current in-

formation, switching between phases for complete electrical cycle information. When

considering the four-phase 8/6 SRM used in this work, each phase can contribute

with 90◦ electrical degrees, making it possible to continuously estimate the complete

360◦ of the electrical period.

Another important consideration for the SRM is the non-observability during the

aligned and unaligned rotor positions, since there is not a unique solution in these

regions as presented in Figure 5.3. When operating under different current amplitudes

and rotor position close to the unaligned (region A) and aligned position (region B),

the rate of change of inductance regarding the rotor position is very low, and the

position cannot be estimated in this region.

For the unaligned region, the solution presents a singular inductance amplitude

for different current amplitudes and rotor position variation, which does not contain

a singular rotor position information when solving the non-linear problem. This
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shortcoming is noticed in every position sensorless control for SRMs, and is not an

isolated problem to the convex optimization-based method. To overcome this issue,

the phases used to estimate the position are selected concerning the observable region

(40◦ to 160◦ or 200◦ to 320◦). Figure 5.4 shows the contour plots of the cost function

for different rotor conditions, when considering the rotor position ranging from 40◦

to 160◦ using 20◦ steps. From the contour plots, it can be observed that the cost

function decreases as the estimated position approach the actual position. However,

as mentioned previously, the function is not observable close to aligned and unaligned

position, and the convexity reduces at rotor positions closer to these operating points.
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Figure 5.3: Observable regions. Region A shows the unaligned position and Region
B shows the aligned position

The cost function has three local minimums in the positive and negative torque

region. The first local minimum is at close to unaligned position, the second local
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Figure 5.4: Countour plot for different rotor position

minimum is at the correct rotor position, and the third local minimum is at close to

aligned position, as shown in Figure 5.5. Therefore, the position estimation becomes

an online nonlinear optimization problem that can be solved by minimizing the cost

function. The cost function minimization is only possible if, and only if, the function

is locally convex and if the estimation is around the expected local minimum after

a finite number of iterations. A cost function is convex if the second derivative is

positive semi-definite in the convex region. The convergence of the proposed method

is guaranteed if the position errors are within the observable regions. Outside these

regions, convergence cannot be guaranteed.

Newton’s method can present a fast convergence rate, but it does not guarantee

convergence to a local minimum. As observed in Figure 5.5, local maximums can

happen in the observable region if the initial value is not close enough to the actual
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Figure 5.5: Convex region for rotor position from 60◦ to 140◦

value. To address this problem, the Levenberg-Marquardt method can be imple-

mented, which presents a combination of Newton’s method for optimization and the

steepest descent method, as shown in (5.5). When ξ is small enough, the second

derivative dominates, and the step becomes a Newton’s step. When ξ is large, the

gradient dominates, and the step is approximated in the steepest descent direction.

The Levenberg–Marquardt method starts each iteration with a small value of ξ, thus

increasing the weight of Newton’s step. If the objective function is reduced, the new

point is accepted, and ξ is reduced. Otherwise, the value of ξ is increased until a

reduction in the objective function is obtained.

θ̂(k) = θ̂(k − 1)−

(
∂G(θ̂(k − 1))

∂θ̂(k − 1)

)(
∂2G(θ̂(k − 1))

∂θ̂2(k − 1)
+ ξ

)−1
(5.5)
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5.2 Wide Speed Range Operation Analysis

The voltage equation is used for the position estimation by minimizing the proposed

cost function based on phase currents and voltage measurements. Since the induced

voltage is low or null at low speeds, an additional signal must be injected to enable

the rotor position estimation in this operating region. An additional regularization

term is added to the cost function to act as a penalty condition, where position

estimation errors and oscillations around the estimated value can be reduced by the

low-pass filter characteristics of this term. The rotor speed can be estimated using

a simple moving average filter or a Phase-Locked-Loop (PLL). At high speeds, the

high-frequency injection signal is not required. The position estimation uses a single

algorithm under a wide operating region without switching between different methods.

5.2.1 Sensorless Control Implementation

For the position observer implementation, the cost function is modified, and a regu-

larization term K is added, penalizing the function if there is a high rate of change in

rotor position, creating a low-pass filter characteristic, and reducing the estimation

oscillation. The full cost-function for a wide speed range is show in (5.6), where the

(k|k) is the calculation at time step k using the information from k, and (k|k − 1) is

the calculation at time step k using the initial condition from k− 1. The initial rotor

position condition can also be compensated, if needed, using the information of the

rotor speed, so the convergence rate can be improved when the initial value is close
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to the real value (5.7).

minθ(k|k)G(θ̂(k)) =

∥∥∥∥Vph(k)−Ri(k)− L(θ̂(k|k − 1), i(k))
i(k)− i(k − 1)

Ts

− i(k)

(
Lcalc(θ(k), i(k))− L(θ̂(k|k − 1), i(k))

Ts

)∥∥∥∥2 +K(θ̂(k|k)− θ̂(k|k − 1))2
(5.6)

θ̂(k|k − 1) = θ̂(k − 1) + ωmech
Nr ∗ 360

60
Ts (5.7)

where θ̂(k|k − 1) is the initial condition for the optimization algorithm and ωmech is

the mechanical speed of the machine in rpm.

5.2.1.1 Standstill/Start Operation

For the initial rotor position identification during startup, a voltage pulse is injected

into all phases, and the position sector can be identified as presented in Section 4.3.1.1.

Figure 5.6 shows a simplified current profile of the four-phase SRM, where each sector

represents a 45◦ region. Table 4.1 can be used to estimate the initial condition for

the optimization-based method. By convention, the 0◦ electrical is considered to be

at the unaligned position, as presented in Figure 4.14. The phase selection is made

by using the region with the highest convexity, which is demonstrated to be in the

quasi-linear region (position variation) of 90◦ to 135◦, or 270◦ to 315◦ as shown in

Figure 5.3. Since the inductance profile is symmetric for the positive and negative

torque regions, the cost function and inductance characterization do not need to be

modified for the negative slope of the inductance, where a simple angle correction of

180◦ can be implemented. To reduce the convergence time, the initial rotor condition
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can be approximated to the center value of the sector at 112.5◦.
P

h
 A

Ph C

Ph D

P
h

 A

Ph B

Ph B

Ph C
Ph D

P
ha

se
C

ur
re

nt
 [A

]

0

Iinc

t1 t2 t3

P
ha

se
V

ol
ta

ge
 [V

]

0

VDC

-VDC

Phase A
Phase B
Phase C
Phase D

Figure 5.6: Simplified current profile for a multi-phase pulse injection during initial
position estimation

This step only needs to be performed during the machine’s startup, and the wide

speed range sensorless control algorithm can be used during the operation condi-

tion. Since the injection period is short, there is a negligible torque generated by

this method, and there is no rotor movement during this process, which presents an

essential requirement for some applications. The same optimization-based technique

is used for the standstill operation even when using a different injection method.

5.2.1.2 Low-Speed Operation

The SRM sensorless control relies on acquiring the inductance or flux-linkage, which

has the rotor position information. The back-EMF is low or negligible at low speeds,

and flux-linkage calculation can have high deviations due to the resistance error inte-

gration, measurement noise, and inverter non-linearities, making the sensorless control
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unfeasible. Implementing a pulse injection algorithm on the idle phases can solve this

problem, as presented in Section 4.3.1.

The ohmic voltage drop and back-EMF terms are not considered when assuming

a high injection amplitude frequency, and the current-derivative and injection voltage

information is used for the incremental inductance calculation (Lcalc(k) = Vph(k) −

∆t/∆i).

After the initial step of position estimation during startup, the motor can effec-

tively run using the proposed optimization-based low-speed sensorless control algo-

rithm, which is implemented using the high-frequency voltage signal injection into

the idle phases. The phase inductance, as presented in [57, 85], can be calculated

as shown in (5.8), and the inductance information is used for the low-speed position

estimation. The pulse injection profile is shown in Figure 5.7, where in this work, a

pulse with voltage amplitude VDC is applied at time step k, a −VDC pulse is applied

at time step (k + 1), and to guarantee that the current is reduced to zero before the

next pulse, a 0V voltage is applied to the idle phase at time step (k + 2).

L(θ(k), i(k))=


VInj

di/dt|P
, Turn-ON slope

2VInj
di/dt|P − di/dt|N

, Turn-OFF slope

(5.8)

If the terminal currents, voltages, and motor parameters are known, the rotor

position can be estimated by searching the minimum of the nonlinear equations in

(5.6). The pulse injection is sequentially applied to the idle phases, where for the four-

phase machine, each phase is responsible for 90◦ of the electrical period. The general

overview of the low-speed position estimation algorithm is presented in Figure 5.8.

89



Ph.D. Thesis - Silvio Rotilli Filho McMaster - Electrical Engineering

abc0.02 0.03 0.04 0.05 0.06 0.07
Time [s]

-5

0

5

10

15

20

25

C
u
rr

en
t 

[A
]

0

100

200

300

400

R
ot

or
 P

os
it
io

n
 [

E
le

c.
 D

eg
re

es
]

320

325

330

335

340

345

R
ot

or
 P

os
it
io

n
 [

E
le

c.
 D

eg
re

es
]

-2

0

2

4

6

8

10

C
u
rr

en
t 

[A
]

0.035 0.0355 0.036 0.0365 0.037
Time [s]

Figure 5.7: Current waveform during pulse injection, where a is at time step k, b is
at time step (k + 1), and b is at time step (k + 2)

5.2.1.3 High-Speed Operation

At high speeds, the time derivative of rotor position increases, reducing the number of

data samples, which leads to an inaccurate rotor position estimation when using most

of the pulse-injection methods. In addition to reduced accuracy at high speeds, the

pulse injection on idle phases produces a negative torque, additional torque ripple,

and acoustic noise, which can reduce efficiency, making this solution unattractive for

a wide-speed operation. For these main reasons, the control algorithm needs to be

optimized to reduce the operation band of the pulse-injection-based methods, while

still maintaining a stable and reliable operation.

For the high-speed sensorless control, the SNR is increased due to an increase in

the back-EMF. The electrical quantities of phase inductance become observable under
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Figure 5.8: Block diagram of the low speed sensorless control implementation

fundamental excitation conditions, without the need for an additional pulse injection

signal on idle phases. When considering sensorless control for traction application,

the dynamics and stability of the system are extremely important. High accuracy and

robustness under fast transient response must be guaranteed over the entire operating

region.
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A transition from the low to high speeds, or vice-versa, is implemented using a

hysteresis band with lower and upper limits, as shown in Figure 5.9. The hysteresis

band improves the system stability since there are no constant changes from one

method to another at the boundaries. In this work, the limits are empirically selected

around 10% of the rated speed, which was validated to provide a good estimation

accuracy using both schemes, with the hysteresis boundaries of ωlow = 600rpm, and

ωhigh = 800rpm. A 200 rpm band avoids constant changes during the transition

period.
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Figure 5.9: Sensorless control transition method from different operating conditions

During the high-speed estimation method, the phase inductance is observable and

can be calculated by (5.9). The rotor position estimation is implemented using the

Levenberg-Marquardt method, numerically minimizing the cost function presented in

(5.7), where the phase current and voltage is employed for estimation at the sampling

frequency, and the previous sampling time position information, θ̂(k|k − 1), is used

as the initial condition for the optimization. The regularization term K is linearly

reduced as the speed increases, compensating for the increase in the position error
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caused by the discretization period of θ̂(k) and θ̂(k − 1).

Lcalc(k) = Lcalc(k − 1) +

(
Vph(k)−Ri(k)

)
Ts

i(k)

∣∣∣∣∣∣∣∣
i(k)>0

(5.9)

5.3 Experimental Validation

For the experimental setup, the 8/6 SRM and the IM dyno described in Section 3.2.1

are used. The control board is based on a 32-bits 150Mhz Texas Instrument DSP

(TMS320F28335). The motor control was implemented using a torque/current loop,

and the IM machine, used as a load, was controlled in speed mode. A 220V DC-link

was used on the test bench, where the two machines shared the same DC-bus in a

back-to-back configuration.

In all cases, the control/sampling frequency was set to 20 kHz, and the switching

frequency was variable depending on the hysteresis control, with a maximum switch-

ing frequency of 10kHz. The turn-on and turn-off angles for the current hysteresis

control were constant at 20◦ and 160◦, respectively, to simplify the comparison be-

tween the implemented methods. To verify the accuracy of the estimated position,

the actual rotor position was measured using a resolver installed on the SRM shaft

and discretized using a 12bit Analog-Digital-Converter (ADC), but was only used to

calculate the estimation errors. The actual and estimated position estimation was

then presented using a Digital-Analog-Converter (DAC), and the data was recorded

using a Tektronixr MDO4024C oscilloscope.

For the low-speed estimation, the injection frequency was selected as 33% (6.667kHz)
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of the control frequency (20kHz), with an injection waveform presented in Figure 5.7.

Since the speed bandwidth is lower than the rotor position, the speed (ω(k)) was

estimated using a simple moving average filter (MAF) using the rotor position vari-

ation as presented in (5.10), where ωaccu(k) is the cumulative value at time step k of

n speed samples. The microcontroller implementation of this method uses a cumula-

tive data storage and bit shift operation to reduce the memory allocation and system

complexity, while still providing acceptable results under steady-state and transient

response. The MAF implemented in this work used 64 samples (n = 64).


ωaccu(k) =

(
ωaccu(k − 1)− ωaccu(k − 1)

n

)
+

(θ̂(k)− θ̂(k − 1))

Ts

ω(k) =
ωaccu(k)

n

(5.10)

For the parameters selection of the proposed method, the parameter K of the

cost-function, which is used as a regularization term and presents a low-pass filter

characteristic, was selected to linearly vary from 1000 to 100, for motor speeds of

0 rpm to 4000 rpm, respectively, providing a good rotor position estimation and

dynamic response.

5.3.1 Initial Consideration and Setup Limitations

When considering the system implementation, current sensor measurement noises,

rotor eccentricity, DC-link voltage oscillation, and other parameters can highly affect

the estimated position. Since the estimation is based on instantaneous values of cur-

rent and inductance/flux-linkage, the noises can be filtered by a Phase-Locked-loop

(PLL), which is commonly implemented in conventional sensorless control techniques,
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reducing the estimation oscillation and error. To provide a stable operation, the PLL

gains need to be adjusted for a specific operating condition of the motor, reducing

the position error during the steady-state operation or reducing the errors under

transients, but usually not both. In traction application, load conditions and torque

requests can abruptly change during the motor/generation operation, while stable

operation must be guaranteed in all scenarios. Variable gain PLLs can be imple-

mented to mitigate the mentioned problems, but they can drastically increase system

complexity, commissioning time and validation time. The observer structure using a

PLL in series is presented in Figure 5.10. To avoid the use of a PLL and to reduce

the system complexity while still providing high transient performance, the regular-

ization term K of the proposed methods is used as a low-pass filter, where it can be

dynamically adjusted for a wide speed range, working as a penalization term for the

cost function at high-frequency position oscillations.

Rotor eccentricity can cause changes in the air gap depending on the rotor me-

chanical position, which then causes a variation in the flux-linkage/Inductance profile.

The machine was tested under low DC link voltage on a single pulse operation to ver-

ify the rotor eccentricity. Since the DC-link voltage is low (20 V for this test), the

machine achieves the single-pulse operation at low speeds, providing a better posi-

tion discretization and more accurate control. As can be observed in Figure 5.11,

the current amplitude varies during one mechanical cycle, which indicates a change

in the inductance amplitude, showing later as harmonic contents on the position es-

timation. This issue is challenging to be mitigated since a compensation algorithm

is hard to be implemented due to the unavailability of an absolute mechanical posi-

tion, but the deviation does not present a considerable error generation on position
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Figure 5.10: Generic PLL diagram

estimation. The same phenomenon is observed on the inductance estimation at the

high-frequency injection region, where amplitude variation is more evident closer to

the aligned position and under low core saturation, and less noticeable when closer

to unaligned position and high core saturation, as expected due to the inductance

profile of the SRM shown in Figure 5.3.

Another limitation of the setup is that the induction machine used as a dynamome-

ter has a maximum mechanical operating speed of 3600 rpm, limiting the maximum
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Figure 5.11: Induced current under low DC-link voltage - single pulse operation

capable speed of the SRM. Due to the inherent torque ripple of switched reluctance

machines, the speed loop control of the IM cannot provide a fast response to the

torque variations, presenting high-speed oscillations. When operating close to the

rated speed, the dyno can reach the protection limits, causing the SRM to shortly

operate under no-load conditions until the SRM motor drive protection is triggered,
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turning off the system. Due to these limitations, the tests were limited to 3000 rpm.

5.3.2 Low-Speed Estimation Performance

After the startup stage presented in 5.2.1.1, the initial rotor position is identified. The

unified non-linear optimization-based (UNLO) sensorless control is then started by

injecting the high-frequency pulses into the idle phases, and using the initial condition

from the startup process.

For the real-time implementation, the Levenberg-Marquardt method is applied

for minimizing the cost function presented in (5.6). The DC link voltage amplitude

and the measured currents of the injected signal are used for the phase inductance

estimation. First of all, the estimated position from the previous sample time is used

as the initial condition for the optimization; then, the search direction is calculated

by the first and second derivatives of the cost function. After a finite number of

iterations, if the initial condition is defined in a convex region, the estimated rotor

position θ̂(k|k) should converge to the actual rotor position θ(k|k). The new estimated

value is then used as the initial condition for the subsequent estimation.

The inductance can be estimated using the information of the phase voltage and

phase current, as presented in (5.8). As previously mentioned, the inductance wave-

form presents amplitude variations due to the rotor eccentricity and spikes due to

current measurement noise. Figure 5.12 shows the inductance waveform under no-

load condition using only the pulse injection for estimation. The inductance estimated

from the pulse injection in (5.8) is compared to the phase inductance estimated using a

pre-stored lookup table and actual rotor position (resolver information), L(θ(k), i(k)).

It can be observed that the estimated inductance presents good convergence with the
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Figure 5.12: Inductance profile comparison at 300 rpm under no load condition, and
using the band from 230◦ to 340◦

pre-store inductance information.

Figure 5.13 shows the SRM operating at 200 rpm under low-load condition (20%).

The induced current generated by the voltage pulses injected into the idle phases is

used for the phase inductance calculation, while these values are set to zero when

there is no injection. Since only 90◦ are required per phase for a complete electrical

period, the pulses were injected from 230◦ to 340◦, which gives a ±10◦ band, reducing

additional losses and acoustic noise generation.
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Figure 5.13: Low speed sensorless control at 200 rpm under low-load condition

The estimated and actual position at 500 rpm is presented in Figure 5.14. Similar

to the results of 200 rpm, the proposed method can accurately estimate the rotor

position. By convention, all errors and rotor position are represented in electrical

degrees, which has an order of magnitude six times higher for the 8/6 SRM. For

the proposed low-speed method, the load condition has no effect on the position

estimation errors, since only the idle phases are used for the sensorless control.
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Figure 5.14: Low speed sensorless control at 500 rpm under low-load condition

As previously mentioned, the regularization term K linearly changes with the

rotor position and acts as a low-pass filter for the position estimation. Figure 5.15

presents a comparison using the regularization term and a PLL strategy, showing that

the error amplitude is similar, with the advantage of the proposed method using the

regularization term to reduce the complexity and improve the dynamic response.
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Figure 5.15: Low speed sensorless control at 500 rpm under low-load condition. a)

using a PLL-based algorithm and b) using the regularization term K

5.3.3 High-Speed Estimation Performance

The pulse injection is not needed for the high-speed sensorless control, and the

phase inductance can be calculated using the information from the energized phases.

The initial condition for the optimization comes from the previous low-speed step.

Figure 5.16 presents the steady-state performance of the UNLO sensorless control

at 3000 rpm under different load conditions. The proposed sensorless control shows

good convergence to the measured position, with an error within ±5◦ electrical de-

grees, while still presenting good stability under different load conditions.
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Figure 5.16: High speed sensorless control at 3000 rpm under different load conditions.

a) 30% load, b) 70% load, and c) 100% load

103



Ph.D. Thesis - Silvio Rotilli Filho McMaster - Electrical Engineering

Under high currents, the rotor eccentricity is less noticeable due to high core

saturation, presenting a smaller amplitude variation when compared to low-load cases,

as shown by the flux-linkage calculation at 2500 rpm in Figure 5.17, which improves

the performance of the proposed and conventional methods.
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Figure 5.17: Flux-linkage estimation at 2500 rpm under different load conditions. a)

low load, b) medium load

Figure 5.18 shows the performance comparison of the sensorless control with a
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regularization term and with a series PLL. Similar to the low-speed case, the regular-

ization term presents a good filtering performance of the position deviation, without

the trade-off of increased complexity and reduced dynamic performance, since a con-

vergency time of the PI loop is not required.
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Figure 5.18: High speed sensorless control at 2500 rpm. a) using PLL b) Using

regularization term K
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5.3.4 Speed Transient Performance

The proposed unified nonlinear optimization-based sensorless control performance is

validated during speed-transients over a wide speed range, where speed sweep tests

are conducted under different load conditions. The speed changes are commanded

as a step response to the dynamometer, where the transient time is dependent on

the load condition. Figure 5.19 shows the speed transient performance at a transient

from 200 rpm to 1500 rpm, at 30% rated load. The same test is repeated for high

to low-speed estimation from 1500 rpm to 200 rpm, as shown in Figure 5.20. The

sensorless control was implemented with the regularization term instead of a PLL in

both cases.
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Figure 5.19: Transient performance under low-load condition from 200 rpm to 1500

rpm
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Figure 5.20: Transient performance under low-load condition from 1500 rpm to 200

rpm
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5.4 Summary

This chapter proposes the feasibility of the novel unified nonlinear optimization-based

sensorless control for a wide-speed operating condition. A cost function was defined

using the machine voltage equation and the analytical model using the least-square-

based approximation. The rotor position information can be extracted using the

Levenberg-Marquardt method for optimization, numerically minimizing the cost func-

tion. An aditional high-frequency voltage is injected at low speed to make the system

observable, where the extracted inductance information is used on the optimization

algorithm. Since the position estimator method remains the same from low and high

speeds, a unified position estimator is proposed for a wide speed range. The ef-

fectiveness of the cost functions has been validated with a convexity analysis, and

the method was experimentally validated. The performance under a wide range of

speeds, load conditions, and speed transients was conducted, demonstrating that the

proposed method can accurately estimate the position with fast convergence at a wide

speed range conditions.
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Chapter 6

Benchmarking of the Proposed

Method

This section presents a performance benchmark against conventional position esti-

mation techniques. Magnetic parameter-based methods are implemented on the 8/6

switched reluctance machine for a fair comparison.

For the low-speed estimation, a linear inductance-based sensorless control is imple-

mented. A LUT-based method is tested at high speeds, where a hysteresis band with

the same lower and upper limits, as proposed for the nonlinear optimization-based

method, is used during the transition from different operating speeds. A performance

comparison with the UNLO sensorless control is then presented.
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6.1 Conventional Sensorless Control Methods

6.1.1 Low-Speed Inductance-Based Signal Injection Position

Estimation

For the low-speed estimation, the proposed unified method performance is compared

to the linear inductance-based signal injection position estimation method proposed

in [45]. This method has a simple implementation using the unsaturated linearized

relationship between the phase inductance and rotor position, as presented in section

4.3.1.3. The system was tested using a 6.66kHz injection pulse into the idle phases,

where the inductance was calculated using (6.1), and the rotor position was estimated

using (6.2).

L(θ(k), i(k))=


VInj

di/dt|P
, Turn-ON slope

2VInj
di/dt|P − di/dt|N

, Turn-OFF slope

(6.1)

θ̂ =
Lmax(ik)− L(θ(k), i(k))

N
+ θinitial

N =
Lmax(ik)− Lmin(ik)

90◦
,

(6.2)

Figure 6.1 shows the simulation results of the inductance-based signal injection

sensorless control under startup conditions and speed varying from 0 rpm to 400

rpm. It should be noticed that the startup routine uses a pulse inject into all phases,

as previously discussed in Chapter 4, where the initial sector is identified, and the

111



Ph.D. Thesis - Silvio Rotilli Filho McMaster - Electrical Engineering

P
os

iti
on

 [ 
E

le
ct

ric
al

 D
eg

re
e]

P
os

iti
on

 [ 
E

le
ct

ric
al

 D
eg

re
e]

Time [Seconds]

S
p

ee
d

 [r
p

m
]

(a)

(b)

Time[seconds]
(c)

Figure 6.1: Simulation results of the conventional linear inductance-based signal in-
jection position estimation method from 0 to 400 rpm. a) rotor position, b) position
error and c) speed

sensing phase can be selected.

This method presents a very simple implementation but is sensitive to current

sampling noise and system modeling accuracy, where variations on phase inductance

or current noises can produce high errors in the position estimation. In the region

where the inductance does not match perfectly the rotor position, the rotor posi-

tion errors increase, and a PLL algorithm needs to be implemented to reduce the

oscillations caused by the current measurement noises and parameter variation. The

PLL can limit the system bandwidth depending on the filtering requirements, which

becomes a problem during fast-speed transients. Figure 6.2 shows the comparison of

open-loop control of the conventional low-speed sensorless control without PLL and
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with PLL implementation. The open-loop control operation uses the actual position

as feedback to the control loop, where the estimated position is observed. During

the test without a PLL, the sensorless algorithm failed to estimate the rotor position

correctly, causing the system to become unstable. It can be observed that the rotor

position can be estimated with a PLL structure but presents high errors.

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
0

200

400

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
-40
-20

0
20
40
60

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time [s]

0

20

40

R
ot

or
 P

os
it
io

n
 [

E
le

c.
 D

eg
re

es
]

Po
si

ti
on

 E
rr

or
 

[E
le

c.
 D

eg
re

es
]

C
u
rr

en
t 

[A
]

(a)

Actual position Estimated position

(b)

Actual position Estimated position

R
ot

or
 P

os
it
io

n
 [

E
le

c.
 D

eg
re

es
]

Po
si

ti
on

 E
rr

or
 

[E
le

c.
 D

eg
re

es
]

C
u
rr

en
t 

[A
]

Figure 6.2: Comparison of conventional low-speed position estimation a) whithout a

PLL and b) with a PLL
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The algorithm was then tested under low load conditions and compared to the

proposed nonlinear optimization-based algorithm in Figure 6.3.
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Figure 6.3: Experimental sensorless control comparison. a) Conventional sensorless

control at 500 rpm, b) UNLO sensorless control at 200 rpm

Both methods use the same inductance calculation scheme. In this comparison,

the conventional method showed high rotor position variations, even after the rotor
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position signal is filtered through a PLL algorithm. The proposed method is imple-

mented using the regularization term K without a phase-locked loop, presenting a

low oscillation around the measured position.

6.1.2 High-Speed Flux-Linkage LUT-Based Position Estima-

tion

When considering the high-speed benchmark, the LUT-based sensorless control pro-

posed in [69] was selected for comparison. This position estimation class presents

good position tracking capability without high computational requirements; although,

they require a large storage memory for the lookup table. A 61X45 LUT was imple-

mented for this method with an interpolation algorithm. The same data set used for

the proposed UNLO sensorless control was used for the LUT-based estimator for a

fair comparison. As presented in Chapter 4 and [46], LUT-based sensorless control

algorithms can present a medium noise sensitivity to current sampling errors and pa-

rameter mismatch, where the estimated position can deviate from the actual position.

Figure 6.4 shows a comparison of the estimated position without and with a series

PLL. The PLL can work as a low-pass filter, filtering the oscillations from the mea-

sured errors and parameter mismatch, but can also reduce the transient performance

under high-speed changes.
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Figure 6.4: Experimental sensorless control comparison at 3000 rpm a) without a

PLL, b) with a PLL

Due to the high position errors, a PLL was used during all the tests to improve

system reliability and stability. Figure 6.5 shows the performance of the LUT-based

algorithm compared to the proposed UNLO.
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Figure 6.5: Experimental sensorless control comparison a) LUT-based conventional

at 1500 rpm, b) low-load UNLO at 1500 rpm, c) mid-load LUT-based at 3000 rpm,

d) mid-load UNLO at 3000 rpm rpm, e) high-load LUT-based at 3000 rpm, and f)

high-load UNLO at 3000 rpm rpm

For a wide-speed range implementation, a transition algorithm similar to the

one proposed in Figure 5.9 was implemented. Additional complexity is added for

the conventional sensorless control techniques during the transient between the two
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methods since a fast convergence from one method to another has to be guaranteed.

The PLL gains have to be adjusted to perform stably during a wide speed range,

which presents a trade-off between fast convergency and filtering capability. The

wide-speed range from 200rpm to 1500 rpm is presented in Figure 6.6
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Figure 6.6: Experimental sensorless control during speed transients

As observed, the high gains of the PLL showed high oscillations at low-speed
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operation and low deviations at high-speed. To have a stable transition, the PLL

gains must be increased to reduce the convergency time. The proposed method

shown in Figure 5.19 does not present a similar problem since the same algorithm is

used for the entire operating region, and no PLL is required.

6.2 Computational Burden Analysis

The online optimization-based algorithm used in the real-time implementation was

introduced in Chapter 5. It requires a defined number of iterations to converge from

the initial condition from the time step (k − 1) to the actual position (k), searching

the optimal coefficient ξ and the cost in a certain decent direction. In this work,

three iterations were used, requiring a total of 37µs to compute the optimization

algorithm for the proposed nonlinear optimization-based sensorless control method.

The computational time of the methods used as benchmark were 16µs and 14µs for the

low and high speed, respectively. For the conventional method, both algorithms run

in parallel during the transient period, which increases the execution time to a total

of 30µs. The combined execution time is required to be allocated for the sensorless

control in a real-time implementation. The control frequency of all methods was

performed at 20kHz.

Storage space represents an important aspect when implementing the proposed

sensorless control algorithms in a microcontroller. The method used in high-speed

operation requires a large LUT with a size of 61X45. The proposed method uses a

fifth-order polynomial, requiring a 6X6 LUT for the polynomial coefficients storage,

significantly reducing the required memory size.
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6.3 Summary

In this chapter, the proposed unified nonlinear optimization sensorless control pre-

viously investigated in 5 was compared to conventional magnetic parameter-based

sensorless controls for low and high-speed operation.

The linear inductance-based techniques were used for low-speed estimation under

the same test conditions as the proposed method. A series PLL was implemented to

reduce the position estimation errors. The LUT-based sensorless control was imple-

mented and validated under different load conditions at high speeds.

A hysteresis transition loop from low to high speeds was implemented, and the

PLL loop was adjusted to provide a stable operation under high-speed transients

while still providing a fair estimation accuracy for the conventional methods. Under

the same conditions, the proposed UNLO method outperformed the conventional

techniques during the steady-state and dynamic performance.

Additionally, the unified wide-speed characteristics of the UNLO can reduce the

complexity during the transition from one method to another and drastically improve

the dynamic performance of the system. When considering the computational burden,

a combined technique presented a similar execution time as the proposed method

while requiring a large memory allocation.

120



Chapter 7

Conclusions and Future Work

7.1 Conclusions

This thesis presents a position estimation method based on a unified nonlinear op-

timization method for a wide speed range, which improves the system’s dynamic

performance while maintaining low memory usage and reducing computational re-

quirements.

The performance of optimal controls and magnetic parameter-based sensorless

control for SRMs are highly dependent on the nonlinear magnetic characteristics of

the machine. Lookup-table-based models are simple to implement but suffer from high

memory allocation, which is not desired depending on the proposed application and

the available memory size. Analytical-based models represent an excellent alternative

option for the magnetic parameter representation and can be defined as linearized

and nonlinearized models. Linearized models present simple implementation but

have a low model fidelity; therefore, Fourier approximations are usually implemented

in the literature to improve the representation accuracy of the machine’s magnetic
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properties. To further improve the analytical modeling of SRMs, a least-square-

based analytical approximation is proposed, showing a substantial improvement from

the previous methods, reducing the implementation complexity and computational

requirements.

A comprehensive analysis of the commercial rotor position sensors was then pre-

sented, showing the advantages and drawbacks of each technology, presenting the

main advantages of sensorless control techniques in an overall system cost reduction,

increased reliability, position sensor fault detection, fail-safe operation, and possibility

in sensor fusion technology.

The unified wide-speed range optimization-based sensorless control algorithm is

presented, where a novel cost function is defined from the machine voltage equation,

where the rotor position is extracted from the position-dependent inductance profile.

The same method is used for the complete speed range. The optimization algorithm is

established using a Levenberg-Marquardt method, which combines Newton’s method

for optimization and the steepest descent method. An additional regularization term

using the error from the rotor position at time step k − 1 and time step k is imple-

mented, reducing the errors in position estimation without the need of a series PLL.

The method is then validated at steady-state operation under a wide load condition

and fast speed transients. The proposed UNLO method was compared to a conven-

tional linear inductance-based for low-speed estimation and a LUT-based sensorless

control for high speeds. The proposed method presented the advantage of reduced

complexity during the transition from one method to another; a drastic improvement

in the dynamic performance due to the elimination of a PLL loop, a similar execu-

tion time when compared to the wide-speed operation of the combined conventional
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methods, and a reduced memory requirement.

7.2 Future Work

Related research topics which can be further investigated in future developments are

listed as follows:

1. Investigation of the proposed method in a four-quadrant operation and on

speed-loop control.

2. Investigation of the performance using a lower-order analytical model of the

machine to reduce computational burden.

3. Investigation of different SRM configurations and number of phases.

4. Implementation of the proposed method in a sensor-fusion algorithm for rotor

position fault detection and under-fault operation.

5. Investigation of system’s robustness under machine fault operation, including

inter-turn short, bearing fault, and higher eccentricities. Sensitivity analysis of noises

on current and voltage measurements.

6. Investigation of position estimation performance under reduced pulse injection

amplitudes and frequencies. Acoustic noise and losses reduction for pulse injection

operation.

7. Investigation of performance degradation on torque ripple and acoustic noise

reduction algorithms under different rotor position deviations.
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7.3 Publications

7.3.1 Journals

S. R. Filho, A. D. Callegaro, G. Fang, D. Xiao and A. Emadi ”Unified Nonlinear

Optimization-Based Sensorless Control for Switched Reluctance Machine drives” (To

be submitted)

D. Xiao, S. R. Filho, G. Fang, J. Ye, and A. Emadi ”Position-Sensorless Con-

trol of Switched Reluctance Motor Drives – A Review,” in IEEE Transactions on

Transportation Electrification, July 2021.

D. Xiao, S. Nalakath, S. R. Filho, G. Fang, A. Dong, Y. Sun, J. Wiseman, and
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