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Abstract 

ABSTRACT 

This thesis presents the essential and new improvements of the machine modelling and 

drive-strategies for permanent magnet synchronous machines (PMS Ms), including the 

rotor position sensorless drive schemes. Many important issues about PMSM drive 

schemes, from the modelling to drive design have been investigated from the machine 

model point of view. A comprehensive PMSM model incorporating both structural and 

magnetic saturation saliencies has been developed and expressed numerically and 

analytically. Highly efficient rotor position detection method has been developed based 

on the new machine model. 

The traditional mathematical model of PMSM is investigated at the beginning of this 

thesis for the conventional PMSM drive schemes, including six-step control, field 

oriented control (FOC) and direct torque control (DTC). The fundamental principles and 

improvements of the drives are summarized based on the machine model. Performance 

companson is conducted for djfferent schemes and an improved DTC scheme is 

developed. 

PMSM drive without rotor position sensor, or so called sensorless drive, is a desired 

feature for the electrical servo systems and automotive applications. The Jack of 

accurate nonlinear machine model L the bottle neck for highly efficient sensorless drive 

development. Experiment trial and error attempts have to be employed to design rotor 

position detection schemes. On the other hand, there is not a comprehensive machine 

model to assess the sensorless drive performance. 

The inaccuracies associated with the conventional PMSM model have been discussed in 

this thesis. The saliencies in PMSM utilized for rotor position tracking are classified as 

two types, the structural saliency and the magnetic saturation saliency. The nonlinear 

saturation saliency cannot be modelJed in the conventional PMSM model. However, it 

is essential for the rotor position estimation, especially the initial rotor position 

detection. A composite function is designed to express the inductances of PMSM, 

incorporating the nonlinear saturation saliency. Experimentally collected inductance 

data are used to regress the parameter matrix and a numerical PMSM model is 

developed. 

11 



Abstract 

It is then proved that the structural and saturation saliencies can be decoupled 

analytically and expressed separately. The concepts, structural saliency ratio and 

saturation saliency ratio are defined to indicate the magnetic saliency in PMSMs. The 

analytical mathematic machine model incorporates the nonlinear behaviour of the 

magnetic field of PMSMs. The proposed model is validated by the experimentally 

collected data. 

Based on the developed analytical nonlinear machine model, a DC voltage pulse 

injection based initial rotor position detection scheme is designed and implemented. 

Thanks to the comprehensive machine model, improved injection scheme is designed to 

minimize the rotor vibration and increase the estimation speed. Simulation and 

experiment of the novel detection method are conducted to verify the estimation 

accuracy. 

Finally the proposed model is applied to analyse the sensorless drive schemes for 

PMSMs. The investigation focuses on high frequency signal injection based sensorless 

methods. A new inj ection method is proposed based on the machine model, in which the 

carrier signal is injected on a fixed stator spatial direction. The proposed sensorless 

method and other reported sensorless schemes are compared based on both machine 

model and simulation. According to the non1inear machine model, generalized 

indicators are defined to express the drive performance, computing cost and estimation 

efficiency, which provide a comprehensive assessment for sensorless drive schemes of 

PMSM. 
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Chapter 1. Introduction 

CHAPTER l 

INTRODUCTION 

1.1 SIGNIFICANCE AND BACKGROUND 

With the rapid development of modem industry, the electrical drive systems have been 

widely applied and studied. The electrical servo drives could provide accurate speed, 

position, force and torque control. The application has broadly expanded in many fields 

such as robotics, automation equipment, material handling, electrical vehicles, heating, 

ventilation and air-conditioning, rolling mills, wind turbines, automotives, aerospace, 

biomedical instruments, domestic appliances, and so on. 

According to the latest report of ARC Advisory Group [1.1 ], the electrical drive market 

has kept increasing and the worldwide market volume wil1 reach $3 .8 billion at the end 

of 2010 as shown in Fig. 1-1. This volume will continuously grow because of the 

demand of high-tech automation applications. 

T le . ortdw-de Servo Drive f\I .arket. 
( ·mons of DoUars,, 

Fig. 1- 1. Worldwide market volume of electrical servo drive (from [I.1]) 

An electrical drive system in general consists of an electrical motor, a power electronic 

converter/inverter, sensors for various quantities (such as voltage, current, rotor position, 

and speed, etc.), and a controller embedded with a control algorithm. The pennanent 
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magnet synchronous machines (PMS Ms) have become a popular candidate for the 

electrical servo drive system, because of their high power density, high energy 

conversion efficiency and high drive performance. Various variable speed drive 

strategies and structures for PMSMs have been widely investigated and reported. The 

major efforts are focused on the development of advanced drive schemes to improve the 

drive performance and system reliability, and reduce the system costs by adopting more 

precise and fault tolerant system topologies and control algorithms. 

The drive algorithms are usually embedded in the controller to achieve accurate position 

and torque control over a wide speed range. The currently existing PMSM drive 

schemes are the six-step control method, the field oriented control (FOC) or vector 

control (VC) method and the direct torque control (DTC) method. The six-step control 

method was proposed for brushless DC motors (BLDCMs) [1.2]. It is designed to 

commutate the machine phases according to the rotor position so as to achieve a 

torque/speed curve similar to that of a DC machine. It has simple drive structure and 

implementation as the reference frame transformation is not needed. The rotor FOC or 

VC is the b·aditional drive method for PMSMs [1.3), which has a good steady state 

performance but requires complex algorithm and large computing cost. The new DTC 

method has been proposed with some improvements including fast torque and flux 

response [1.4], insensitivity to motor parameters and simple control structure without 

PWM modulation and coordinate-transfonnations. 

However~ for all these drive schemes, rotor position and speed sensors are always 

required in PMSM drive systems, in order to control the position and speed as specified. 

The use of position and speed sensors will dramatically increase the system cost. For 

instance, a 1 kW PM servo motor purchased by our group, Centre for Electrical 

Machine and Power Electronics (CEMPE), costs AU$200 while the attached 

incremental encoder costs AU$800, which is four times the cost of the motor itself. At 

the same time, the mechanically attached speed sensor/encoder reduces the system 

reliability and raise the maintenance cost. 

Therefore, a number of techniques for sensorless rotor position and speed determination 

are being researched and developed in universities and industrial companies around the 

world. The sensorless methods for the FOC or VC method are reported as phase 

tracking of the back enif [3.l] or flux linkage [1.7] , and rotor position observer design 
2 
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[ 1.8] , which are based on the machine mathematical model. The DTC method has 

inherent sensorless properties, because the rotor position and speed can be observed 

from the estimated flux linkage in the classic DTC scheme as by-products. However, 

the initial rotor position at standstill is still required. Many sensorless methods were 

then designed to detect the initial rotor position and the widely used ones are pulse 

signal injection and sinusoidal carrier-signal injection [1.9]. Injection of a high-

frequency, rotating [1.10] and/or pulsating [1.14] excitation has been widely used to 

estimate the initial rotor position using either voltage [1.1 O] or current injection [1.15]. 

However, the existing sensorless drive strategies have not been widely adopted by 

industry because of the lack of analytical nonlinear model of the motor, in which the 

machine magnetic nonlinearities could be properly described. Inaccurate models applied 

to the design will lead to unwanted errors in the observers and the rotor position 

estimation algorithms. In addition, experimental trial and error methods have to be 

employed when developing sensorless drive methods and the developed sensorless 

schemes cannot be theoretically analysed. 

The major objectives of thi s dissertation are: 

( 1 ). To conduct a comprehensive comparative study on the existing PMSM 

dtive strategies in terms of the drive perforniance and system cost, 

(2). To research on the magnetic nonlinearities in PMSMs and identify the 

rotor position dependent magnetic saliencies, 

(3 ). To develop the numerical mathematical model of a prototype PMSM, 

incorporating rotor saliencies, based on experimental measurement and 

nonlinear data regression, 

(4). To develop an analytical mathematical model for PMSMs, incorporating 

rotor saliencies, as a virtual model for PMSM drive scheme investigations, 

(5). To design, simulate and test initial rotor position detection scheme based 

on the nonlinear machine model, and 

(6). To investigate, simulate and compare the proposed sensorless drive 

methods for PMSMs. 
3 
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1.2 THESIS OUTLINE 

This dissertation is organised into seven chapters, including this one as an introduction 

to the background and structure of the whole thesis. 

Chapter 2 presents a comprehensive literature review on issues relevant to the state of 

the art of the PMSMs and their drive techniques. The fundamentals of the six-step 

control, FOC and DTC methods are investigated and the reported improvements for the 

drive schemes reviewed. A qualitative comparative study is carried out for all the 

PMSM drive schemes. An improved discrete DTC drive method for PMSM is proposed 

and verified by both simulation and experiment. 

Chapter 3 develops a numerical nonlinear model of PMSMs. The conventional 

mathematical model of PMSMs is firstly studied and the linear assumptions of the 

magnetic circuit are investigated. Then an improved nonlinear mathematical model of 

PMSMs is proposed, considering the nonlinear saturation effect of the stator core. A 

composite function is designed for the inductance calculation and the function 

coefficients are identified by using numerous experimental data. Nonlinear regression is 

conducted based on the measured inductance values and the nonlinear model is finally 

established with the identified coefficients. The new nonlinear model is then built up in 

a simulation model and the simulation results are compared with that obtained by the 

traditional PMSM model. The numerical model is verified by experiments. 

Chapter 4 extends the developed numerical nonlinear model of PMSM. An analytical 

nonlinear PMSM model is developed based on a literature review of the magnetic 

nonlinearities in PMSMs. The analytical model is then verified by both simulation and 

experiment. 

Chapter 5 is focused on the initial rotor position detection (IRPD) for the PMSM drives. 

A literature review is carried out on the existing IRPD methods. By using the nonlinear 

model developed in Chapter 4, a DC pulse injection based IRPD method is proposed 

and theoretically analysed. An improved IRPD method is then introduced to further 

limit the rotor vibration and improve the estimation efficiency. Simulation and 

experiment of the novel IRPD method are conducted to verify the estimation accuracy. 

4 
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Chapter 6 is focused on the sensorless drive schemes for PMSM drives. The PMSM 

sensorless drive strategies reported in the literature are classified by the excitation type, 

i.e. the fundamental or extra excitation. The existing methods are explained and 

summarized by the analytical nonlinear machine model developed in Chapter 4. After 

description of the principles and implementation of the high frequency injection based 

methods, a new fixed direction injection method is proposed based on the nonlinearity 

in the analytical machine model. A comprehensive comparison is carried out for all the 

high frequency signal injection sensorless methods. The estimation efficiency, 

implementation cost, and system performance are all compared. 

Chapter 7 draws conclusions from this thesis and presents possible future work. 

Lists of related publications and references are attached at the end of each chapter. 
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CHAPTER2 

PERMANENT MAGNET SYNCHRONOUS MACHINES 

AND DRIVE STRATEGIES 

2.1 INTRODUCTION 

Permanent magnet synchronous machines (PMSMs) have been widely applied in both 

industrial and domestic markets because of their high power density, high torque to 

current ratio, and high power factor. Various strategies have been proposed to drive 

PMSMs effectively. For example, the six-step drive method was proposed for 

trapezoidal back electromagnetic force (emf) PMSMs and then applied to traditional 

sinusoidal back emfPMSMs to conduct a simple structure drive. 

During 1990s, the vector control (VC) or field oriented control (FOC) scheme was 

thoroughly investigated. The performance of AC drives has been significantly improved. 

However, these schemes have several main limitations, such as the high sensitivity to 

machine parameters and large computing cost. 

To overcome the drawbacks of the conventional VC schemes, the direct torque control 

(DTC) scheme was proposed with attractive advantages, such as insensitivity to 

machine parameters, fast torque response and simple alg01ithm. Many efforts have been 

made to improve the performance of both VC and DTC schemes. 

In this chapter, the origin of permanent magnet (PM) machine is firstly introduced in 

section 2.2. Specified to PMSMs, the definition, structure and classification are 

introduced. Section 2.3 presents a literature review of all the major drive strategies of 

PMSMs. The fundamentals and principles of these drive methods are introduced in 

sections 2.4, 2.5 and 2.6. Simulation models are developed based on the machine 

mathematical model. In section 2.7, the drive performances of all these strategies are 

compared based on simulation results. Finally, an improved DTC based PMSM drive 

method is carried out in section 2.8 with the simulation and experimental results. 
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2.2 PERMANENT MAGNET SYNCHRONOUS MACHINES 

The synchronous machine is an important type of electrical machines which operates at 

a constant speed in absolute synchronism with the line frequency. The synchronous 

machines can be classified according to rotor design, construction, material and 

operation into the following four groups: 

• Electromagnetically-excited machines, 

• PM machines, 

• Reluctance machines, and 

• Hysteresis machines. 

In PM machines, permanent magnets are used to generate a magnetic field sufficient for 

electromechanical energy conversion of the rated capacity. The artificial PM materials 

were developed hundreds of years after the discovery of the natural magnetic materials 

[2.1-2]. A lot of attempts were made to utilize the PM materials, including application 

in motion devices. In 1940, Howard Robert Johnson developed a PM · motor and a US 

patent (US4151431) was granted to him later. fa 1951 , a PM alternator was designed by 

Saunders and Weakley [2.3) . At that stage, ferrite and cobalt-samarimn magnets were 

used in PM machine de ign. 

After those attempts, however, PMSMs were not widely employed in industrial 

applications. The high price of PM materials and low energy density made PMSMs not 

competitive to the traditional machines, such as induction machines and DC machines. 

Recently, magnet materials with higher energy density and coercivity have become 

available (e.g. neodymium-iron-boron or NdFeB magnets), opening up new possibilities 

for the large-scale application of PMSMs. Fig. 2-1 shows the dramatic progress of the 

PM materials. 

On the other hand, the PMSM techniques have been significant} y developed and 

extensively investigated. Because there is no fie]d winding on the rotor, in the PMSM 

without damper windings, there is no copper loss in the rotor. The losses are mainly due 
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to the stator copper loss and iron loss and thus the efficiency is improved. When 

compared to the induction motors employed in variable-speed drives, the PMSMs in the 

steady state always operate at the synchronous speed, so that in the steady state there is 

no slip loss, which is inherent in induction motor operation. 
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Fig. 2- 1. The progress of PM materials during the past century [2.4]. 

Due to their high power density (compactness), high efficiency, ease of control high 

torque-to-inertia ratio, and high reliability, PMSMs have found wide applications in 

many fields such as robotics, automation equipment, material handling, electrical 

vehicles, heating, ventilation and air-conditioning ship propulsion, rolling mills, wind 

turbines, automotive, aerospace, biomedical instruments, and domestic appliances. 

The stator structures of PMSMs are quite similar as traditional synchronous machines, 

i.e. concentrated and distributed windings. The major consideration of PMSMs structure 

is the rotor magnet configuration. The reported PMSMs are usually constructed in one 

of the following rotor configurations as shown in Fig. 2-2. 

(a) Classical, with salient poles, laminated pole shoes and a cage winding, 

(b) Interior-magnet rotor, 

( c) Surface-magnet rotor, 

( d) Inset-magnet rotor, 

(e) Rotor with buried magnets symmetrically distributed, and 

(t) Rotor with buried magnets asymmetrically distributed. 
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q 

q 

(e) (f) 

Fig. 2- 2. Rotor configurations for PMSMs: (a) classical rotor configuration, (b) interior-magnet rotor, (c) 
surface-magnet rotor, (d) inset-magnet rotor, (e) rotor with buried magnets symmetrically distributed, and 

(f) rotor with buried magnets asymmetrically distributed. 
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Among them, the interior PMSM (IPMSMs) and the surface-mounted PMSM 

(SPMSMs) are the most popular in electrical drive systems and other applications. 

IPMSMs are more robust and thus allow operation at higher speed. Furthermore, the 

interior-magnet rotor design allows a reasonably large degree of flux weakening which 

is difficult with SPMSMs. As shown in Fig. 2-2 (c), with the magnets mounted on the 

rotor surface, the SPMSM can be considered as having a smooth air gap, but for the 

IPMSMs, the effects of saliency arise. In the IPMSM, the direct-axis (d-axis) inductance 

is always smaller than that in the quadrature-axis (q-axis), i.e. Ld < Lq. Due to the 

saliency, a more economical design can be obtained by using the IPMSMs, since the 

electromagnetic torque contains both the magnet torque and the reluctance torque and 

there are ranges in the torque versus torque-a11gle curve, where the magnet torque and 

reluctance torque are additive, yielding a higher maximum pull-out torque than that of 

the motor with magnet torque only. 

However, it is an advantage of SPMSMs over IPMSMs that the manufacturing of the 

former is simpler. The rotor has a laminated cylindrical construction and the magnets 

are simply mounted on the surface by, for example, adhesive bonding [2.5]. Often, non-

conducting materials are used. The surface-mounted design tends to yield a smal1 rotor 

diameter with low inertia which is useful in servo applications. 

This thesis is fo used on developing a comprehensive mathematical model of PMSMs, 

incorporating the nonlinear characteristics of the machine, which exists in both IPMSMs 

and SPMSMs. The nonlinear saturation effect in SPMSM can be easily jsolated because 

the magnetic structural saliency in SPMSMs is very small and can be always safely 

ignored, i.e. assuming Ld :.::::: Lq. Therefore, for simplicity, the SPMSM is selected as the 

research object and prototype model in this project. 

2.3 DEVELOPMENT OF DRIVE SCHEMES FOR PMSM 

Electrical motors are widely used to drive various machines in industry and domestic 

appliances, and more than 70% of electricity produced is consumed by electrical motors. 

In most situations, gearboxes are employed to match the speeds of the application and 

the motor as motors can be more compact and efficient if operated at high speeds, which 

quite often do not match the speed range required by the application. In conventional 
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drive systems, motors run at a fixed speed while the speed variation required by the 

application is achieved by varying the gearbox ratio. The use of gearboxes would cause 

problems of high acoustic noise, high demand of maintenance, low system reliability, 

and low energy efficiency. The gearbox itself will also add extra cost and volume to the 

system. 

With the fast development of power electronics and microprocessor control techniques, 

variable speed direct drive technology has been developed, and soon been widely 

applied in various types of drive systems. This technology is becoming more and more 

competitive when it is combined with high efficiency PMSMs. 

A modem electrical drive [2.6] capable of controlled variable speed in general consists 

of some important parts such as the electrical motor, the power electronic converter, the 

electrical and motion sensors, the drive controller and the command interface as shown 

in Fig. 2-3, where the electrical machine is the main control object and the device that 

conducts the energy conversion. 
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Fig. 2- 3. Diagram of modern electric drive system [2.7] 
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As a new candidate of electrical machines, the PMSM has attracted a lot of attention on 

the research of PM materials, machine design and drive strategies. Some of the PMSM 

drive schemes were transplanted from the well-developed drive strategies for the 

traditional machines. As shown in Fig. 2-4, the six-step drive method is derived from 

DC machines, which have desired external characteristics. The VC and DTC schemes 

are grafted from the corresponding schemes for induction machines and modified later 

for the special structure of PMSMs [2.8]. 
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Fig. 2- 4. Drive strategie ·for PMSMs 

2.3.1 Six-step Drive Method 

The conventional DC machines are highly efficient and their characteristics make them 

suitable for use as servomotors. The only drawback is that they need a commutator and 

brushes which are subject to wear and require maintenance. When the functions of 

commutator and brushes are implemented by solid-state switches, maintenance-free 

machines are realized. These machines are known as electronicalJy commutated motors 

(ECMs) [2.9] or brushless DC (BLDC) motors [2.10-11], which were then specified as 

the PM BLDC motors. The BLDC motor was first developed in 1964 by the National 

Aeronautics and Space Administration (NASA) [2.12]. 
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The BLDC motors follow the same physical laws that govern the conventional DC 

motors, but the primary difference is the inverse relationship of rotating and stationary 

elements. The conventional DC motors have a stationary magnetic field and rotating 

armature, while the BLDC motors have a rotating PM assembly (rotor) and stationary 

armature windings. Commutation of electric current in the stationary armature, in order 

to maintain the quadrature relationship between the magnetic field produced by the 

armature and rotating PM field, is done by switching ON the appropriate phase 

windings by solid-state amplifiers as a function of rotor position [2.13]. 
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Fig. 2- 5. Back emf waveform comparison ofBLDC motor and PMSM: (a) Trapezoidal back emf of 
BLDC motor, (b) Sinusoidal back emf of PMSM . 
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The PM BLDC motors are different from PMS Ms in that the former' s back emf 

waveform is rectangular or trapezoidal, whereas the latter sinusoidal, as shown in Fig. 

2-5. The electrical cycle of BLDC rotor is divided into six sectors in which the motor 

has the similar behaviour as a conventional DC motor. The drive scheme of BLDC 

motors, known as the six-step method, can then be implemented by detecting the rotor 

position to produce signals to control the electronic switches. The most common 

position sensor employed in BLDC motors is the Hall element, or switching Hall sensor. 

The installation position of the sensors is shown in Fig. 2-6. Compared to other rotating 

position sensors, such as encoder, resolver or linear Hall sensors, the Hall elements used 

in the BLDC motor are cheaper and more robust, but they can only produce low 

resolution feedbacks as shown in Fig. 2-7. 
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Fig. 2- 6. Disassembled view of a BLDC motor: PM rotor, winding and Hall elements [2.14] 
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Fig. 2- 7. Feedback signals generated by Hall elements 

The six-step control scheme for BLDC motors could be classified by the inverter 

conduction mode, such as 120° and l 80° conduction modes [2.15]. In the l 20° 
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conduction mode, known as the two-phase feeding mode [2.1 6], only two switches are 

turned on at once and the electronic commutation takes place every 60 electrical degrees. 

The inverter operates as a commutator feeding the DC current into two phases of the 

motor, the third phase being in open circuit. The rotating field is created by 

commutating the DC current from phase to phase at intervals equivalent to 60 electrical 

degrees. The commutation is synchronized to the rotor position sensor signals. In this 

mode, all the power switches only conduct for 120° in one cycle. 

On the other hand, in the 180° conduction mode, the electronic commutation interval is 

still 60 electrical degrees but three switches are turned on at once. All the power 

switches conduct for 180° in one cycle. The 120° conduction method is more popular in 

the controller design and applications (as will be explained below). The inverter status 

at different conduction modes are shown in Fig. 2-8. 
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For a star connected BLDC motor, the overall torque generation depends on the 

conduction modes. For example, when the DC bus current fed to the armature windings 

are fixed and the switches Tl and T2 are turned on in the 120° conduction mode, the 

currents in phase A and C have the same magnitude but different directions. The overall 

electromagnetic torque generated by the machine equals J3ra which can be obtained by 
' 

the vector sum as shown in Fig. 2-9 (a), where Ta is the torque produced by phase a 

current. However, when it is under 180° conduction mode and switches Tl, T2, and T6 

are turned on; the overall torque is only 1.5 Ta, as shown in Fig. 2-9 (b ). 

-0.5Tc 

(a) 

Fig. 2- 9. Torque generation under different conduction modes: {a) Torque composition under 120° 
conduction mode, and {b) Torque composition under 180° conduction mode. 

In 1985, Muir and Neuman implemented the pulse width modulation (PWM) technique 

to BLDC motor drives [2.17]. A BLDC motor is modelled as a discrete linear system 

whose control signal is the pulse-width, under the assumption that the pulse period is 

much smaller than the time-constants of the motor. The controller sampling period and 

PWM pulse period are equal in this implementation. This model enables the application 

of classical linear control engineering to the design of a digital controller for the motor. 

The PWM scheme is then applied to all the digital BLDC motor drive system, with the 

development of the microcontroller and power electronic devices. However, the model 

carried out by Muir and Neuman is established based on the data collected from 

experiments and the transfer function is regressed under the linear system assumptions. 

lt was not an analytical solution for the BLDC motors. 
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Later in 1986, Dreiling derived the dynamic equations of the model [2.18] and a digital 

drive system was proposed by Abdel-Azim and Dreiling in [2.19]. The drive system 

transfer function was developed based on the electrical and mechanical equations of the 

motor and digital PID compensator and phase-locked loop (PLL) compensator were 

designed by using the effective digital system method. The model of BLDC motors was 

summarised by Pillay and Krishnan in 1988 [2.20]. 

As known, the main drawback of six-step method is the unavoidable torque ripples, 

which are undesired for servo applications. Therefore, some other controllers were 

proposed to replace or improve the six-step scheme. In 1991, a discrete time Variable 

Structure Controller (VSC) was designed for BLDC drive based on the sliding mode 

theory. The advantages of VSC control are insensitivity to system parameter variation, 

external disturbances and modelling errors, as well as simplicity of implementation 

[2.21-22]. In (2.23 ], a discrete time VSC designed in continuous time was analysed and 

implemented to a BLDC motor drive. Then a variable-sampling VSC for BLDC motor 

drives was proposed [2.24]. A modification of the conventional discrete time VSC 

control law for BLDC motor drives with Hall sensors was derived to achieve the 

robustness of speed control. Three measurement-error-mitigation methods were also 

presented to reduce the errors due to low resolution position feedback. In 2001, Rubaai, 

et al. developed a hybrid fuzzy logic controller for the six-step algorithm (2.25) . The 

main advantage of this controller is the ease of the design and flexibility. In addition, 

the controller design does not require explicit knowledge of the motor/load dynamics. 

In [2.26], a current con.trol strategy was reported to improve the six-step algorithm to 

reduce the cmTent and torque ripples. It was based on the generation of quasi-square 

currents using only one current controller for the three phases. This strategy has the 

advantages as simple strncture, balanced phase current and current controlled through a 

DC component, so phase over-currents are eliminated. 

However, above improvements require more computing cost of the microcontroller and 

make the overall control structure more complicated, which are conflictive to the 

instinctive advantages of six-step method, such as easy to implement, low cost and 

robust. Therefore, the classical six-step scheme is still widely used . 
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2.3.2 Vector Control Scheme 

The VC or FOC scheme was proposed in 1970s by Blaschke [2.27]. It is a fundamental 

method of controlling AC machines, essentially transforming their dynamic structure 

into that of DC machines. The VC method is developed based on the Park transform 

[2.28], which was proposed to model the synchronous machines [2.29]. The control aim 

is to decouple the stator current is, into its flux producing and torque producing 

components (ids, iqs, respectively). This method enables the control of field and torque of 

the machine independently by manipulating the corresponding field-oriented quantities. 

This system adapts to any load disturbances and/or set-point variation as fast as a DC 

motor can operate. 

However, the VC scheme was not widely applied at that time, because it requires many 

electronic components such as sensors, amplifiers, or multipliers which increase the cost 

and are difficult to adjust and maintain. Until 1980s, due to the availability of 

microelectronics, with the cost of control hardware being no longer a major 

consideration, the VC strategies were reported for drives of induction machines [2.30-

31 ], synchronous machines [2.32], and even PMSMs [2.33-34]. 

In the early stage, the investigation of VC schemes .,vas mainly focused on induction 

machines, which are now wel] developed and widely used. Research was conducted on 

both indirect FOC controJlers as well as direct FOC controllers. The reference frame in 

which the machine equations are written has been altered from the classical rotor flux 

reference frame to the air-gap flux reference frame [2.35] or even to the stator flux 

reference frame [2.36]. In both cases the decoupling network, necessary to obtain an 

independent control of the flux (air-gap or stator flux) and the electromagnetic torque of 

the induction machine, the topology is identical. In 1988, De Doncker proposed a new 

generic Universal Field Oriented (UFO) control scheme which can be aligned to either 

the rotor, the stator, or the air-gap flux space vectors [2.37]. Furthermore, due to its high 

degree of generality the UFO controller lends itself to be fully compatible with all the 

existing field oriented controllers [2.38]. Thus, the UFO implementation achieves and 

maintains correct angular relationship between the stator current vector and one flux 

vector (stator, air-gap or rotor flux) , by either direct or indirect methods [2.39]. The VC 

scheme has become the most popular drive method for variable speed induction 

machine applications. 
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The VC controller for PMSMs was proposed based on the original FOC concepts, 

transferring the electrical excitation field to a permanent magnet based field [2.40]. 

Striving for a sinusoidal emf of the motor, the power and the torque transmitted are 

independent of time and rotor angle. The stator current can be subdivided into its d-axis 

and q-axis components, id and iq, respectively. Only the component iq develops the 

torque for non-salient pole rotor machines, whereas id influences the magnitude of the 

air-gap field. In order to develop the required torque at minimum current, the phase 

angle of the current is chosen such that no id component exists. The locus of stator 

current spatial vector is desired to be a round circle. Fig. 2-10 shows the diagram of the 

classical VC scheme for PMSMs. 
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Fig. 2- 10. Djagram of PMSM drive scheme based on classic VC 

Performance of the cunent regulator is essential for the machine output. An ideal 

current regulator should have fast dynamic response during the transient state, low 

current ripple in the steady-state, stable PWM inverter operation, and robustness against 

the variations of machine parameters. The traditional current regulators for voltage 

source inverter (VSI) fed AC machines are hysteresis controller and ramp comparison 

current controller. The hysteresis controller has the advantages such as fast transient 

response and simple implementation. However, because of large current errors and an 

irregular PWM inverter operaiion, this scheme cannot be used in a high performance 

drive system [2.41]. The ramp comparison current control scheme gives a constant 
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switching frequency. However, there are some unavoidable limitations such as a steady-

state error and a phase delay in the steady-state since this controller is designed in the 

stationary reference frame where P or PI controller cannot exactly track the sinusoidally 

varying reference [2.41]. 

As shown in Fig. 2-11, synchronous frame PI current regulators were proposed for VC 

schemes [2.42]. In the synchronous frame PI current regulator, the regulated currents 

are DC quantities rather than the variables as in the stationary reference frame, as shown 

in Fig. 2-11. By employing the PI control and cancellation inputs for the back emf and 

cross-coupling terms, this control gives ideal steady-state control characteristics 

irrespective of operating conditions [2.43]. 

Pl 
Controller 

PI 
Controller 

Synchronous fra me PI 
current regulator 

Fig. 2·- 11. Diagram of synchronous frame Pl current regulator 

On the other hand, microprocessors or application-specific integrated circuits were 

applied to generate PWM wave fmms in real time instead of earlier analogue generation 

methods. Real time control allows both the amplitude and the frequency of the 

fundamental component of the PWM waveform to be varied on a more or less 

instantaneous basis so that better or more complex motor control strategies may be used. 

Traditional triangulation/sub-harmonic PWM generation techniques determine the 

desired P\VM switching points from the point-on-wave intersections of a high-

frequency carrier waveform and a (three-phase) sinusoidal reference waveform [2.44]. 

One disadvantage with these triangulation techniques, however, is that they inherently 

include redundant computational effort, as the switching points for each of the three 

phases are usually evaluated independently [2.45]. 
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In the late 1980s, another sinusoidal PWM generation technique, the space vector PWM 

(SVPWM) or called space vector modulation (SVM), was proposed [2.46-47]. The 

SVM strategy simultaneously performs the waveform generation for all three phases 

within a two-dimensional (vectorial) reference frame, eliminating the redundancy of 

considering each phase as a separate entity. It is based on the space vector 

representation of the voltages in the a-/3 plane. The a, f3 components are found by Park 

transform, where the total power, as well as the impedances, remains unchanged [2.40]. 

A comparative study of SVM and sub-harmonic PWM was carried out by Handley and 

Boys [2.45]. Analytical model for different kinds of SVM schemes were developed and 

compared. Both the motor harmonic loss and inverter loss were considered and it is 

proved that the SVM method does not generate sub-harmonic components, provided 

that the modulation depth is within the valid range. However, this analysis does not 

incorporate the motor model and machine controllers. 

In 1996, Yamamoto and Shinohara proposed another comprehensive comparison [2.48). 

The PWM voltage generated by the space vector modulation method was compared 

with that generated by the sub-harmonic method for a PMSM servo motor driven by a 

cmTent-controHed PWM inverter. The mach1ne model, speed and current Pl regulators 

were incorporated. The result showed that the SVM scheme could reduce the current 

ripple, which indicates Jess torque ripple as well. F1g. 2-12 . hows the block diagram of 

improved VC strategy for PMSM wjth SVPWM driven inve1ier. 
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fig. 2- 12. Block diagram of SVPWM driven VC scheme for PMSM 
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As discussed above, the VC with SVPWM scheme could satisfy the requirements of the 

high performance PMSM servo systems. This scheme, however, requires the full 

knowledge of machine parameters and operating conditions with sufficient accuracy, 

and gives an unsatisfactory response under the parameter mismatch between the motor 

and controller. The control performance of the PMSM drive is also influenced by the 

uncertainties of the plant, which usually are composed of unpredictable plant parameter 

variations, external load disturbances, un-modelled and nonlinear dynamics. 

The early effort of the PMSM parameters identification oriented from the design point 

of view [2.49]. Parameters were analytically calculated or estimated from finite element 

method (FEM). More attentions were paid on the magnetic field parameters, such as the 

inductance and reactance. In [2.50], the saturated machine parameters of a PMSM were 

firstly determined by using loading magnetic fields. Later, with the development of the 

FEM tools and algorithms, the accurate machine parameters can be obtained for the 

designers. However, this kind of original data is not available for all the machine users 

and control engineers. Therefore, another series of experimental method were proposed 

to test or estimate the machine parameters, assuming the machine as a black or grey box. 

The time series analysis, or ARMA (z-transfonn) estimation usjng least squared error 

coefficjent fitting, has been used to numerically identify system models in the discrete 

time domain ["".51-52]. It is the same idea as system response matching. With input and 

output signals sampled at equal time interval'"' and a linear model structure relating the 

two sets of signals, coefficients of the numerical model can be found using this 

technique. From these coefficients, the physical parameters of the system can be 

calculated. Unfortunately, this method is valid only for the linear system transfer 

functions and will lead to errors when applied to AC machine drives. 

The conventional method for the synchronous machine parameter identification is the 

standstill frequency-response (SSFR) method [2.53]. This method was then extended to 

time-domain to obtain the machine parameters [2.54-55). The time-domain standstill 

test applies some perturbation to the machine terminal. The machine parameters are 

extracted based on the response signals. These methods also estimate the d- and the q-

axes damper winding inductances and resistances. The parameters may be used for the 

simulation of a synchronous machine in a power electronics drive application. The time-

domain standstill method was later applied to estimate the machine parameters of a 
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permanent magnet synchronous motor [2.56]. In this method, the standstill d-q axes 

models are subjected to step input, and the resulting output is used for parameter 

estimation. 

In [2.57], two separate identification experiments were performed to identify the 

physical parameters of an induction machine. The first identified the stator reflected 

transient break frequency, resistance, and inductance from the electrical subsystem 

model. The second identified the rotor break frequency from the model of the magnetic 

subsystem. Uniform white noise was input to the machine as external electrical 

excitation. Then the machine parameters were estimated based on the measured line-to-

line voltages and excited currents. The frequency of the injected noise is different from 

the machine fundamental frequency. 

All the parameter estimation methods above are all separated from the controller design. 

Extra tests or experiments have to be conducted before the drive system design. The 

identified parameters are then utilized to analyse the system response and design the 

speed/current regulators. However, the machine parameters may vary during operation 

due to the changes in the temperature, current level, and operating frequency. The 

controllers designed based on the pre-identified parameters may lead to undesired 

response. 

Some researchers also reported methods for estimating the machine parameters for a 

synchronous machine incorporating the saturation and cross-saturation effects [2.58-61 ]. 

These parameters cannot cover all the ranges of the variables, although they are 

supposed to be close to the real values during the machine operation. This kind of pre-

identification scheme is then named as off-line parameter estimation method, comparing 

to the later proposed self-tunning or on-line estimation methods. 

To overcome the parameter vaiiation and nonlinearity of the plant, many modem 

control theories, such as nonlinear control, optimal control, adaptive control, variable 

structure control (VSC), robust control, fuzzy logic control (FLC) and artificial neural 

network (ANN), have been developed for the PM synchronous motor drive to deal with 

the uncertainties under various operating conditions. 
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In (2.62], a nonlinear control law was derived and was shown to behave well even when 

there were significant modelling and payload inertia uncertainties. The behaviour of this 

control law, however, was shown to deteriorate when accurate measurements were not 

available. To alleviate this problem, a correction term was derived and appended to the 

nonlinear controller to improve the robustness of the system. Later in (2.63 ], the optimal 

control with the quadratic performance index was proposed, in contrast to previously 

considered time-optimal control [2.64]. The optimal (according to the quadratic 

performance index) model-following control method was used in a positioning drive 

system with a PMSM. Fig. 2-13 shows the system structure of the proposed controller. 

However, linear assumptions were made in above schemes to model the machine drive 

systems. A linear time-invariant system which is disturbance free was as a model. The 

difference between the state vectors of the model and those of the real system was used 

in order to generate an additional control signal. The controller perfomrnnce was limited 

by these assumptions and cannot achieve insensitivity to disturbance variations. 

Fig. 2- 13. System structure of the optimal model-following control [2.63] 

Therefore, more efficient parameter adaptive controllers were proposed able to maintain 

the desired dynamic behaviour of the system and to avoid long and accurate tuning of 

the control system. Adaptive control techniques are essential for providing a stable and 

robust control perfom1ance for a wide range of applications and they can modify the 

system behaviour in response to changes in the dynamic of the process and the character 
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of the disturbance [2.65] . The adaptive control system can be mainly divided into two 

categories: the model reference adaptive control (MRAC) and the self-tuning regulator 

(STR). In the MRAC system, a reference model specifies the desired control 

performance, and a control input is generated to drive the controlled system to track the 

response of the reference model as illustrated in Fig. 2-14. On the other hand, the STR 

system estimates model parameters of the plant explicitly, then redesigns the controller 

on-line [2.66]. 
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Fig. 2- 14. Block schematic of an MRAC system [2.66] 

Speed control of converter-fed DC motor drives was faced with the MRAC method in 

[2.67] . Position control of efficiency improvement of PMSM drives were developed in 

[2.68] by the adaptive control approach. A multiple set of parameters of a PID regulator 

was used in an adaptable controller for an electric wheelchair as a solution to the load 

parameter variations [2.69]. A self-tuning regulator devoted to the speed control of a 

permanent magnet synchronous motor was developed in [2.70]. In [2.71] the MR.AC 

technique was practically developed to identify stator inductance and magnet flux of a 

brushless DC motor drive, in view of a digital control of the currents in the motor 

windings. The diagram of the control system is shown in Fig. 2-15. 

28 



v 

j• Curr. cont'l 
algorithm 

Chapter 2. PM Machines and Drive Strategies 

Reference 
model 

Brushless 
motor 

Identification 
algorithm 

Fig. 2- 15. Diagram of current controller [2.71] 

According to the MRAC approach, the regulator parameters are on line tuned by means 

of suitable adjustment procedures based on processing the error between the outputs of 

a reference model and the system. This adaptive control method requires a significant 

reduced amount of computation compared to self-tuning and other adaptive control 

techniques, and represents a good compromise between performances, complexity, and 

costs. 

In [2.72], Melkote proposed an adaptive nonlinear control scheme for stepper motors. 

The voltage-level controller is robust to both parameter and dynamic uncertainties (such 

as variatjons in winding res1stance, mechanical inertia, payload variations, and friction) 

and utilizes full state feedback. In addition, the controller utilizes only two adaptation 

parameters. He improved the adaptive algorithm and applied the controller to a PMSM 

drive [2. 73 ]. Nonlinearities such as magnetic saturation manifest as dynamic 

uncertainties, and their effect was especially pronounced when the motor is commanded 

to move at high accelerations. A dynamic compensator was designed to handle the 

uncertainties such as mechanical inertia and payload variations, gravity force, friction, 

and Coriolis force. 

It is proved that the MRAC schemes can be applied to render the performance of motor 

drives insensitive to parameter variation. However, the reference model, which 

represents the desired drive specifications, is usually difficult to select properly. 

Moreover, all plant states are required to construct the feedback control law for most of 
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the MRAC systems. More computation cost is required. And the systems are difficult to 

implement in many practical applications. 

The VSC strategy using the sliding mode is another effective control technique for the 

control of the AC servo drive systems because the sliding model control can offer many 

good properties, such as insensitivity to parameter variations, external disturbance 

rejection, and fast dynamic response [2.74]. 

The feature of a variable structure control system is that the controller is switched 

between two distinct control structures. In general, variable structure controller design 

can be divided into two phases, the hitting phase and the sliding phase. Before the 

system reaches a switching surface (hitting phase), there is a control directed towards 

the switching surface, and when all the states of the controlled system are constrained to 

lie within a switching hyperplane, the sliding mode occurs (sliding surface). Once the 

states of the controlled system enter the sliding mode, the dynamics of the system are 

determined by the choice of sliding hyperplanes and are independent of uncertainties 

and external disturbances. These advantages of sliding mode control have been 

employed in the position and speed control of AC servo systems [2.21-22). 

In the VSC system, an observer is always required to obtain the machine state. A ful1-

order observer (Luenberger observer) was designed to estimate the system states in 

[2.75]. However, because of the sensitivity of the observer to system parameter 

variations, the state estimation becomes inaccurate under varying parameter conditions. 

Consequently, the speed control performance dete1iorates, and this factor renders 

ordinary state observers unsuitable for robust control. Therefore, an adaptive observer 

[2.76] was applied in [2.77]. The observer can estimate the system states and parameters 

simultaneously to encounter the inadequacy of a Luenberger observer. Fig. 2-16 shows 

the proposed system diagram. 
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Fig. 2- 16. Schematic of the adaptive observer-based system [2.77] 

Later in [2.78] , the MRAC based adaptation mechanisms for the estimation of slowly 

varying parameters were derived using the Lyapunov stability theory. For the 

disturbances and quickly varying parameters, the feedback linearization technique was 

considered as a model-simplifying device for the robust control. A quasi-linearized and 

decoupled model including the influence of inertia variation and speed measurement 

error on the nonlinear speed control of a PMSM was derived and then the robust control 

scheme employing a boundary layer :ntegral sl"ding mode was implemented to improve 

the control performance, as shown in Fig. 2-17. 
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Fig. 2- 17. Block diagram of the robust nonlinear control scheme in [2.78] : TO = asymptotic load torque 
observer; TG = rectilinear asymptotic speed trajectory generator; PE = parameter estimator; SSG = 

sliding surface generator; CIG = control input generator 

A variable-structure adaptive (VSA) controller was investigated to resolve the difficulty 

in which a simple adaptation law was utilized to estimate the uncertainty bounds. 

Furthermore, a variable-structure direct adaptive (VSDA) controller comprising the 

VSA control algorithm and a direct adaptation law proposed in [2.79] was also modified 

to further improve the control performance of the VSC contro11er. Later in [2.80], the 

external load disturbance term was further considered. 

Besides adap6ve schemes, some of the researchers investigated the relationship between 

the integral action and the VSC method in order to improve the machine drive 

performance. Ho and Sen used an integral compensation in the feed-forward path to 

achieve smooth torque control and reduce steady-state error [2.81] . The VSC approach 

of Chern and Wu [2.82] also comprised an integral controller for achieving zero steady-

state error under step input. Chung, et al. [2.83] designed a speed controller for a 

brushless direct-drive motor by an integral VSC (IVSC). The steady-state error is 

minimized by an integral action on the sliding surface. Faa-Jeng, et al. [2.84] designed a 

new switching surface, in which an integral operation was designed. When the sliding 
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mode occurs, the system dynamics behave as a robust state feedback control system. Fig. 

2-18 shows a PMSM drive system with IVSC position controller. 

Novel Sliding Mode 
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I I 
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Fig. 2- 18. Diagram of PMSM drive system with IVSC position controller [2.84] 

In late 1990s, some fuzzy logical control (FLC) based controllers were proposed to 

improve the performance of the VC PMSM drive systems. For FLC based controller, 

the system control parameters are adjusted by a fuzzy rule based system, which is a 

logical model of the human behavior for process control. The advantages of FLC over 

the conventional controllers are: ( 1) the design of FLC foes not need the exact 

mathematical model of the system; (2) the FLC js more robust than the conventional 

controllers; (3) it can handle nonlinear functions of any arbitrary complexity; and (4) it 

is based on the linguistic control rules (LCR) which is also the basis of human logic 

[2.85]. 

The advantages of the fuzzy and PI controllers can be obtained with a hybrid fuzzy-PI 

controller which can be implemented as a speed controller where the PI controHer is 

active near and at steady state conditions, and the fuzzy controller is active during 

transient conditions . Here, the selection between the fuzzy and the PI speed controllers 

is based on a set of simple rules; oscillations have to be detected by comparing the sum 

of errors over a period of time with the sum of absolute errors over the same period. 

Sant and Rajagopal [2.86] reported a VC based PMSM with hybrid fuzzy-PI speed 

controller with switching functions calculated based on the weights for both the 

controller outputs. The proposed switching functions are simple and effective and do 

not demand any extra computations to arrive at the hybrid fuzzy-PI controller outputs. 
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The PMSM drive system block diagram is shown in Fig. 2-19 and the hybrid fuzzy-Pl 

controller with switching function is shown in Fig. 2-20. 
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Fig. 2- 19. Schematic diagram of the vector control of PMSM with hybrid fuzzy-PI speed controller and 
PI ctment controliers [2.86] 
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Fig. 2- 20. Schematic diagram of hybrid fuzzy-Pl contro11er with switching function (2.86] 
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However, the fuzzy rules applied to establish the FLC controllers are highly dependent 

on experience. Thus, the concept of incorporating fuzzy logic into a neural network has 

grown into a popular research topic [2.87-90]. In contrast to the pure neural network or 

fuzzy system, the fuzzy neural network (FNN) possesses both their advantages; it 

combines the capability of fuzzy reasoning in handling uncertain information and the 

capability of ANN in learning from process [2.91]. 

In [2.90], a PI position controller and an online-trained FNN controller were proposed 

to control a PMSM drive. However, this control strategy lacks stability analysis and the 

major drawback of the existing FNN s is that their application domain is limited to the 

static problem due to their feed-forward network structure. 

On the other hand, the recurrent FNN (RFNN) [2.92-93] , that naturally involves 

dynamic elements in the f01m of feedback connections used as internal memories, has 

the same dynamic and robust advantages as the recurrent neural network [2.94]. 

Moreover, the function of the network can be interpreted usmg fuzzy inference 

mechanism. An RFNN control methodology is proposed in [2.95] that utilizes the 

fundamental concepts of FNN with simplified network configuration and inference 

mechanism. As shown in Fig. 2-21, the proposed RFNN sliding-mode control system 

was compared to a total sliding-mode control system based on the rotor position 

controller design of a field--oriented PMSM servo drive. 
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Fig. 2- 21. RFNN sliding-mode control system proposed in [2.95] 

As summarized above, the implementation of the modem control theories could 

improve the performance of the VC driven PMSM system, in terms of handling the 
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parameter variations and nonlinear uncertainties. However, those theories, named as 

intelligent control theories, always require complex control structure and more 

computation load on the processers, which has become the main limitation to extend the 

applications. 

At the same time, the merits of the proposed nonlinear machine state observer are then 

further utilized to estimate the PMSM rotor position and speed information, in order to 

eliminate the mechanical sensor and reduce the system cost. The literature review of 

those techniques about the position estimation and sensorless drive of VC driven 

PMSMs will be presented later in chapters 5 and 6. 

2.3.3 Direct Torque Control Scheme 

In a VC based PMSM drive system, the output torque is controlled indirectly by 

regulating the stator current. Thus, the efforts to improve the system performance are 

mainly focused on estimating accurate machine feedback and developing effective 

current controller, which will unfortunately increase the computation load, and slow 

down the system dynamic response. 

Another drive method for PMSMs is then proposed as direct torque control (DTC), 

which regulates the generated torque and air-gap flux directly. The DTC scheme was 

developed firstly for induction machine, by Takahashi as the direct torque control (DTC) 

[2.96] and by Depenbrock as the direct self-control (DSC) [2.97]. The basic idea of 

DTC for induction motor is to control the torque and flux linkage by selecting the 

voltage space vectors properly, which is based on the relationship between the slip 

frequency and torque. It has been proved that DTC could be used for PMSM drive 

although there is a little difference from that of induction motors [2.98-100]. Fig. 2-22 

shows a typical structure of DTC system. The current controller followed by a PWM 

comparator is not used in DTC systems, and the parameters of the motor are also not 

used, except the stator resistance. Therefore, the DTC possesses advantages such as less 

parameter dependence and faster torque response [2.101] when compared with the 

torque control via VC based current control. The spatial sector definition and a classical 

space vector switching table of DTC are shown in Fig. 2-23. 
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Fig. 2- 22. Diagram of the typical DTC scheme 
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Fig. 2- 23. Classical DTC algorithm: flux linkage control and space vector switching table [2.102] 

Although DTC has the above advantages over VC method, it still has some drawbacks 

as reported. As shown in Fig. 2-22 and Fig. 2-23, the switching state of the inverter is 

updated once only in every sampling interval and it does not change until the output of 

the hysteresis controller change states. Therefore, the ripples in torque and flux are 

relatively high when compared with those of the vector control drive system. Although 

a smaller hysteresis bandwidth may result in less torque ripples, the switching loss of 

the inverter will dramatically increase. Furthermore, the switching frequency of the 

inverter is not constant. The switching action only depends on the observed torque and 

flux linkage values. Therefore, the inverter switching frequency varies against the rotor 

speed, load torque and the bandwidth of the two hysteresis controllers [2.103-104]. 
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Many attempts were carried out to improve the DTC scheme to achieve better 

performance. 

Attempts to achieve more deliverable voltage vectors by subdividing the voltage sectors 

were carried out both for induction machines [2.105] and PMSMs [2.106]. The torque 

ripple reduction was not so remarkable because of the transition between different 

sectors and the inverter switching loss was increased because of the subdividing voltage 

vectors. 

Due to the hysteresis control, the sampling frequency in DTC is always much higher 

than that in FOC with SVPWM of the inverter. It is therefore of interest to determine 

the switching frequency of an inverter for DTC, also on account of the fact that it varies 

with the operating point. In [2 .1 07] the influence of the width of the hysteresis bands of 

the controllers on the acoustic noise radiated from IM was examined, concluding that 

DTC had behaviour similar to the random PWM technique. Paper (2.108] demonstrated 

that the inverter switching frequency is limited, even by zeroing the band of the 

hysteresis controllers, because of the discrete-time implementation of the contro] and 

the machine dynamics; moreover, the usage of a dithering signal was proposed to 

increase the switching frequency. In [2.109) the relationship between the inverter 

switching frequency and the width of the hysteresis bands of the controllers was studied 

in detail, together with the impact of motor parameters and speed. 

ln order to fix the inverter switching frequency and reduce the torque ripple, the SVM 

method was then introduced into DTC scheme, as SVPWM of VC method. The SVM 

DTC was firstly reported for induction machine in 1991 by Habetler [2.11 O]. By 

offering accurate space voltage vectors using the SVM method, the problems of large 

torque and flux linkage pulsations and variable switching frequency were solved 

efficiently with the same hardware topology as that in the conventional DTC. The zero 

voltage space vectors are applied in every sector which is different from conventional 

OTC scheme based on switching table and the switching frequency of the inverter is 

then fixed. 

The SVM DTC strategy was developed quickly in the following years . It was then 

applied to PMSMs [2. I l 1-1I2]. Fig. 2- 24 is the block diagram of an SVM DTC based 

PMSM drive system. 
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Fig. 2- 24. Block diagrams of SVM DTC drive system 

The zero voltage vectors for PMSM are different from that of induction machine. The 

rotor magnetic field is always constant even when zero vectors applied. Jn [2.113], an 

investigation was made about the effect of the zero voltage space vectors in the DTC 

system of PMSM and it was proved that the use of zero vectors can improve the 

perfonnance of the system. Then one zero vector and two nonzero vectors were used in 

every sector to reduce the torque ripple in [2.114] . 

Same as the VC method, the DTC algori thm also benefits from the nonUnear modem 

control theories. A lot of controllers were designed with SVM aiming to a vector 

selection scheme to improve the dynamics of the torque response and minimize the 

torque ripple. 

The predictive current control or generalized predictive control (GPC) appeared during 

the 1980s. Fig. 2-25 shows a typical structure of predictive controlled drive system. In 

contrast to standard closed loop controls, predictive control uses the fact that the 

switching behaviour of an inverter can be predicted. The response of the drive to a 

certain switching state can be described by mathematical equations. The cascade 

structure disappears, because all measured system variables will be considered in only 

one controller. Since there are no cascaded controllers any more, the dynami c of the 

control system will be improved. In [2.1 15], Kennel and Linder classified the predictive 

control strategies into three main groups, hysteresis based, trajectory based and model 
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based predictive control. A family tree of predictive control algorithms and electrical 

drive schemes are summarized as shown in Fig. 2-26 . 

• <p 
-- prediction and switching - power motor lL_ lL_ calculation state - electronics ~ windings !-<~ ..... ~ 

fl inertia gear etc. 

1· I machine and -actual -
power electronics - co -

machine state model --

Fig. 2- 25. Typical structure diagram of predictive control based electrical drive system 
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Fig. 2- 26. Family tree of predictive control algorithms in [2 . l 15] 

In [2.116], the predictive control was applied to PMSM incorporating with DTC scheme 

to dynamic response of the electromagnetic torque. The torque ripples were predictable 

and the switching frequency was constant by using the SVM method. The settling times 

of the torque was reduced, compared with the classical control schemes. However, the 

predictive contro1ler for DTC has not been widely used because the machine and drive 

system model is required to predict the system response, which forsakes the instinctive 

advantage of DTC such as insensitivity of machine parameters. 

Furthermore, the fuzzy logic idea was brought into DTC. The DTC uses errors in torque 

and flux, whether they are too big or too small, to determine switching states. Too big 

and too small are relative terms that contain a certain amount of fuzziness. This seems 

to be a natural situation for use of a fuzzy controller [2.117]. In [2. 1 18], Mir, et al. 

designed a fuzzy controller for DTC method of induction machine. A fuzzy resistance 
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estimator was developed to estimate the change in the stator resistance. The change in 

the steady state value of stator current for a constant torque and flux command was used 

to change the value of stator resistance used by the controller to match the machine 

resistance. Later in [2. 11 9], this fuzzy controller was experimentally implemented for 

DTC scheme of induction machine drive. In 1997, Yang and Oghanna [2.120] designed 

a stator flux angle mapping technique to reduce the size of the rule base to a great extent 

so that the fuzzy reasoning speed increased. Stator flux estimation compensation was 

developed to enable the DTC working at low speed, where the stator resistance drifts 

from its nominal value. 

Then, the fuzzy DTC (FDTC) was introduced to PMSMs [l.122] in 2004. The errors of 

the torque, stator flux linkage and flux linkage angular position of the PMSM were 

fuzzified into several fuzzy subsets in order to select a suitable space voltage vector to 

obtain fast torque response and smooth the torque and flux linkage ripples 

simultaneously. The stator flux linkage vector angle was mapped to one reduced 60° 

region, based on the symmetry of the control rules for each 60° flux linkage angular 

region, so that the torque response performance can be improved because of the 

minimization of the number of fuzzy reasoning rules and hence the reasoning time. 

At the same time, sliding mode theory was also used for the DTC controller design 

[1.122). Based on this theory, variable-structure control (VSC), an effective high·~ 

frequency switching control strategy for nonlinear dynamic systems with uncertainties, 

was developed for the torque and flux control1er [2.123-124]. In [2.125], the VSC 

algorithm was applied to DTC driven PMSM. A VSC based controller was designed for 

the inner torque and flux loops instead of PI regulators. The torque and flux ripples were 

reduced with fixed inverter switching frequency. In order to improve the flux estimator, 

a sliding observer was designed to feedback accurate stator flux based on PMSM 

current model [2.126]. The overall system diagram is shown in Fig. 2-27. 
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Fig. 2- 27. Block diagram of the VSC based DTC PMSM drive [2.126] 

On the other hand, some other researchers tried to modify the SVM method based on 

the novel power electronic techniques in order to not only achieve better performance 

but also improve power efficiency of the control system. In [2.127] and [2.128] hybrid 

space vector pulse width modulation (HSVPWM) techniques, in which different 

switching sequences are applied within one space sector, were developed for reduction 

of current ripple and switching loss, respectively. 

In [2.129] and [2.130], the five zones HSVPWM were applied to DTC scheme to reduce 

the ripples in torque and flux for induction machine drives. In 2006, a seven zones 

HSVPWM method was developed for DTC scheme [2.124]. To reduce the 

computational burden involved in continuous SVPWM, a novel voltage modulation 

technique was proposed in [2.131] using the concept of effective time. To avoid the 

requirement of reference voltage vector, sector identification and angle determination, 

the effective time was determined using the concept of imaginary switching times in 

[2.132-133] and then this concept was used for different switching sequences. A 

deadbeat DTC control was applied to induction motor in [2 .134]. In the deadbeat 

solution, an inverse model was used to calculate the theoretical voltage vector needed to 

move the machine torque and stator flux to the desired values in one sample period. 

This voltage vector was then synthesized over the sample period by the use of PWM 

modulation techniques. However, it required relatively complex calculation of the stator 

voltage equations given in quadratic fonn s in the stationary reference frame. 
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On the other hand, several discontinuous PWM (DPWM) methods were reported 

[2.135-139]. In the DPWM methods, the modulation wave of a phase has at least one 

segment which is clamped to the positive or negative de bus of the voltage source 

inverter. No modulation implies that there are no switching losses. An attempt towards 

unifying all discovered DPWM methods has led to the development of generalized 

DPWM algorithm. Carrier based generalized DPWM (GDPWM) algorithms were given 

in [2.138] and [2.139]. Then a GDPWM algorithm was proposed for sensorless DTC 

scheme for induction motor drive in [2.140]. 

As the bus-clamped sequences [2.141] were used, the switching losses of the inverter 

could be reduced. These new techniques of PWM rely on fuzzy logic or sliding-mode 

controller to handle uncertainties caused by parameter variation and load disturbance, 

but has never been discussed for PMSMs. 

Additionally, the minimization of common mode emissions of DTC motor drives has 

been under consideration. The common mode voltage exists in any type of converter 

[2 .142] and fast switching frequency generates high level common mode voltage 

variations, thus causing the drive itself less reliable. Also the common mode voltage 

results in undesired electromagnetic interference [2.143], fau1t actuation of detection 

circuits [2.1 44] and damage to motor bearings [2.145]. To mitigate the problems of 

common mode voltage, a new DTC algorithm wa. presented jn [2.146], whi h was 

based on the application of only odd or only even voltage vectors in each sector in 

which the stator flux lies. Though, it reduced the common mode voltage variations, but 

it did not overcome the problems like variable switching frequency. To investigate the 

effects of PWM methods on common mode voltage and also to reduce the common 

mode voltage, various space vector based PWM algorithms have been considered in 

[2 .147]. To reduce the common mode voltage, an asymmetrical PWM algorithm and a 

space vector based PWM technique which does not use any zero voltage vectors was 

proposed in [2 .148]. In case of asymmetrical PWM technique the switching number 

inside the sector is not the same and switching pattern is not symmetrical as in 

conventional method and hence increases current disturbance. An SVPWM technique 

was proposed to use the non-zero nonadjacent vectors instead of the zero voltage 

vectors in composing the reference voltage vector can preserve the best of the 

conventional SVPWM in two ways: ( 1) The vector times associated with the proposed 
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technique are the same as that of the conventional SVPWM technique; and (2) The 

number of commutations in a sector and from one sector to the next remains the same as 

that in the conventional SVPWM technique [2.149] . 

In the DTC method, the feedback torque and flux are calculated and compared with the 

reference ones. Then, the errors are controlled directly. The only relevant motor 

parameter in this scheme is the stator winding resistance that makes DTC insensitive to 

the variation of other parameters. Therefore, it is important not only to develop an 

accurate estimation method of the flux and torque, but also to overcome the variation of 

stator winding resistance. The stator winding resistance varies due to the variation of 

temperature to a large extent and to the variation of stator frequency to a smaller degree. 

Such changes deteriorate the drive performance by introducing extra errors in the 

estimated magnitude and position of the flux linkage vector. This in tum affects the 

estimation of the electromagnetic torque, particularly at low speeds. The voltage drop 

across the stator winding resistance at low speeds may become comparable to the back 

emf [2.150) . Fig. 2-28 illustrates the influence of the voltage drop across the stator 

winding resistance on the stator flux, which is more obvjous at low speed . 

.... 
' ' ' \ 

\ 
\ 

Fig. 2- 28. The influence on stator flux caused by voltage drop on stator resistance: (1) The track of stator 
flux at half of rated speed, and (2) The track of stator flux at 0.05 times of rated speed 

Therefore, the machine parameter identification for DTC only is focused on the stator 

winding resistance, which is different from the VC schemes. Several control methods 

were proposed to overcome this problem, but they all have some shortcomings, such as 

restriction of the control range, problem of convergence, and slow dynamic response 

[2.151-153]. In [2.154], a fuzzy observer for the on-line calculation of the stator 

winding resistance was proposed. However, this fuzzy estimator needs many rules, 
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which are based on extensive experiments and therefore, it is not so easy to implement. 

Then, PI and fuzzy estimators, presenting a good performance for tuning the stator 

winding resistance were developed in [2.155]. The main concept of this method of 

stator winding resistance compensation using the stator current phasor error is applied in 

this paper, even though there are no current controllers for the DTC of the PMSM used. 

In [2.155], the error in the current controller was processed through a PI controller. This, 

in effect, determines the change in the controller effort when stator resistance changes 

for some reason. A PI stator resistance compensator was designed in [2.156]. 

Furthermore, the relationship between the reference current vector and the reference 

flux and torque has been revealed and then used for stator winding resistance estimation 

and the rotor position was not needed [2.157-159]. 

In [2.160], an MRAC based system was used by Kyeong-Hwa, et al. , to detect the 

variation of stator resistance from the error between the actual current and the current 

calculated from the mathematical model of the PM machine. The stability of this 

observer can be proved. The variation of the rotor flux linkage can also be estimated by 

this MRAC estimator. However, the model of the PM machine is in the rotor reference 

frame. Hence, the rotor position has to be l<-.nown to carry out this algorithm. In [2.161 ], 

neural network techniques were used to solve the parameter variation issue (torque 

constant and stator resistance) of a PMSM by Elbuluk, et al. An extra estimator in 

stationary reference frame was used to obtain the rotor position, which makes this 

scheme complicated. It should be noted that these three schemes all depend on the rotor 

position; the system either needs an encoder or an extra position estimator, which is not 

preferable. 

On the other hand, there are also some factors cting as the nonlinear part of the DTC 

system for instance de offset and forward voltage drop. In the DTC scheme, the stator 

flux linkage is estimated from the integration of the back emf by using a single stage 

integrator. However, the offset in the measured DC-link voltage and stator currents may 

introduce unacceptable drift in the stator flux estimation. The error in stator flux 

estimation also causes an error in torque estimation, so the drive system may become 

unstable. Drift compensation is an important factor in a practical implementation of the 

integrator since drift can cause large enors of the amplitude and angular position of 

stator flux linkage space vector. Low-pass filters (LPFs) have also been proposed to 
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estimate the stator flux linkage [2.103]. In [2.1 62] , a programmable cascaded low-pass 

filter was proposed to replace the single stage integrator. The torque was still controlled 

via current control, however. Simulation results presented in [2.162] demonstrated the 

ability of the cascaded filter in calculating the stator flux linkage. Chapuis et al. [2.163] 

proposed a method to eliminate the de offset. However, a constant level of de offset was 

assumed, which is often not the case. In [2.164], the approach proposed in [2.162] was 

investigated further and implemented for a DTC driven PMSM drive. Fig. 2-29 shows 

the implementation block diagram. 
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Fig. 2- 29. Block diagram of the DTC drive with compensation for the offset error [2. 164 ] 

It is also found that the voltage drop on power switches and power diode is not 

negligible for flux and torque estimation. The effect of the forward voltage drop 

becomes more important for the flux estimation, when the machine operates at lower 

speed because of the decrease of the applied voltage on the machine terminals. Holtz 

and Quan have examined and compensated the effect of the voltage drop on a vector 

controlled induction motor drive [2.165]. In [2.166) , the authors examined the effect of 

the forward voltage drop on a DTC IPM drive. A compensation method based on look 

up table was used, which had been verified by modelling. 

As discussed above, for a DTC drive system with position and speed sensor, the 

calculation of torque and flux almost determines the performance of controller. Its 

accuracy can be improved by making some necessary compensation to nonlinear factors. 
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However, when it comes to sensorless DTC scheme, the calculation of torque and flux 

is always integrated with rotor speed estimation as a motor state observer. Another 

separate survey for initial rotor position detection and sensorless DTC drives for 

PMSMs will be given later in chapters 5 and 6. 

2.4 SIX-STEP CONTROL OF PMSM 

As stated above, the trapezoidal excitation or six-step control method was oriented to 

drive BLDC machines with trapezoidal back emf waveforms. In many applications, 

however, the trapezoidal excitation is used to drive PMSMs with sinusoidal back emf 

waveforms because the trapezoidal excitation or six-step method based drive is robust 

and low cost. 

In the six-step control scheme, the stationary reference frame is always used to model 

the PMSM. The phase variables are used to express the machine equations as they can 

account for the real waveforms of the back emf and phase cuffent. It has been assumed 

that the stator resistances of all the windings are equal. The three-phase voltage 

equations of the motor can be written as 

0 
(2.1) 

where va, vb, Ve are the phase voltages; 

i0 , ib, ic are the phase currents; 

ea, eb, ec are the phase back emf, 

Rs is the phase resistance; 

p represents the operator %t ; 
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Lha Lhh Leh is the inductance matrix, including both the self- and mutual-
[

Laa Lba Lea l 

Lea Leh Lee 

inductances. 

Assuming further that the reluctance is independent to the rotor position, one obtains 

Therefore, the voltage equation can be simplified as 

0 

L-M 

0 

(2.2) 

Fig. 2- 30. Stator equivalent circuit of six-step controlled PMSM 

The stator equivalent circuit is shown in Fig. 2-30. The machine model in state space 

form can be expressed as 

0 

0 ][ia l [ea]] ~' :: - :: (2.3) 
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The generated electromagnetic torque is given by 

(2.4) 

where Wm is the mechanical angular speed of the rotor. 

The mechanical equation of the machine is 

(2.5) 

where J is the inertia of the machine rotating part; 

Fis the friction coefficient; 

TL is the load torque on the rotor shaft. 

The drive scheme could be described as the block diagram in Fig. 2-31. The drive 

system is operated with the feedback information of rotor position, which is obtained at 

fixed points, typically every 60 electrical degrees for commutation of the phase currents. 

Speed 
Controller 

Speed 
Estimation 

Current 
Controller 

PWM& 

DC voltage source or 
regulated from AC p ower 

Jl 
1----t~ Inverter 

Commutation 1-----tM 

Hall 
Sensor 

i c 

Fig. 2- 31. Block diagram of PMSM six-step drive system 

The 120° conduction mode is applied to drive the PMSM. The voltage may be applied 

to the motor every 120 electrical degrees, with a current limit to hold the currents within 

the motor's capabilities. Because the phase currents are excited in synchronism with the 

constant part of the back emf, a constant torque is generated. A simulation model is built 

in MA TLAB/SIMULINK and the block structure is shown in Fig. 2-32. 

49 



Chapter 2. PM Machines and Drive Strategies 

T 

Load Torque 

Han Tmj 

A 

~~} Width g g 
Habc B 

Ip c 
SWitch inverter PMSM 

Current Feedback 

Speed Calculation 

Fig. 2- 32. Simulation block diagram of six-step controlled PMSM d1ive system 

Table 2-1. Inverter switching state based on Hall feedback 

Ha Hb He Ql Q2 Q3 Q4 Q5 Q6 

0 0 0 0 0 0 0 0 0 

0 0 1 0 0 0 l 0 
0 0 0 0 0 0 

0 l 0 1 0 0 ] 0 
0 0 1 0 0 0 0 1 

0 1 0 0 1 0 0 

0 0 0 0 0 1 

0 0 0 0 0 0 -- --

As shown in Fig. 2-32, the rotor position information comes from Hall Effect sensors, 

which are integrated in the machine model by SIMULINK. The resolution of the 

feedback signals is only 60 electrical degrees. Most applications require a stable speed 

output and a speed feedback loop is employed. Therefore, the rot.or speed information is 

needed to be abstracted from the low resolution Hall signals, which is marked as Speed 

Calculation in Fig. 2-32. Typical1y, the average speed in one 60° section is used as the 

speed feedback. 

However, by using the average speed, there is always a lag when the motor speed is not 

constant in accelerating or other dynamic state. To overcome this, the rotor position can 

be expressed in Taylor 's series as the following: 
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where tk is the last commutation time; 

e(l) - tr/ 3 
Ik - is the average speed of last section; 

tk - tk-1 

e(') e(1) 
eJ~) = Ik - i(k-1) is the average acceleration of last section. 

tk -tk-1 

As shown above, by the higher order calculation, more accurate speed and position 

information can be deduced, whereas the computing cost rises. As a compromise, in the 

simulation and experimental study presented below, the following equations are used to 

estimate the rotor position and speed: 

(2 .7) 

2.5 VECTOR CONTROL OF PMSM 

For a PMSM t.nder sinusoidal excitations, the original voltage equations can be 

expressed in the stationary reference frame as the following 

(2.8) 

where Aa, Ab, Ac are the three-phase flux linkages, respectively. 

Equation (2.8) represents a system of differential equations with time varying (periodic) 

coefficients. For sinusoidally distributed windings, a Park-Clark transformation can be 

used to transform the above equations to a system of differential equations with constant 

coefficients, represented in a coordinate frame attached to the rotor. The reference 

frames are shown in Fig. 2-33. 
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A 

B c 
Fig. 2- 33. Stationary and rotating reference frames 

The Park-Clark orthogonal transformation can be expressed in the matrix form as 

where e is defined as the ang]e between two reference frames. 

The subscripts d, q, and 0 in (2.9) represent some fictitious windings attached to the 

rotor. The variables (}'d, (}'q, (}'o, (}'a, (}'b, and (}'c may represent voltages, currents, or flux 

linkages. As a result, the transformed set of electrical equations describing the 

behaviour of PMSM in the d-q rotating frame become 

(2.10) 

where vr1, vq, v0 are the phase voltages; 
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iJ, iq, io are the phase currents; 

AJ, Aq, Ao are the phase flux linkages. 

For the linear PMSM model, the magnetic saturation saliency is not considered. The 

flux linkages of the d- and q-axes can be further expressed as 

(2.11) 

where LJ and Lq are the constant d- and q-axes inductance, respectively; and 

Am is the flux linkage caused by the rotor permanent magnet. 

On the other hand, the voltage equation of the 0 axis in (2.10) is always ignored by 

assuming well balanced three-phase windings for the controller design. Therefore, the 

electrical equations in the rotor reference frame can be rewritten as 

j 
. did . dB 

vd = Rszd + Ld --Lqzq -
dt dt 

. diq . dB 
v = R 1 + L --+ (L z +A. )--· 

l/ ·' q q df J d m df 

(2 .12) 

The torque expression after the application of the trnnsforn1ation becomes 

(2.13) 

where Pm is the number of the machine pole pairs. 

By this transformation, the flux and torque control of the PMSM are decoupled. The q-

axis current, in the VC method, is regulated to produce sufficient torque while the d-axis 

current is controlled to modify the air-gap flux linkage. For normal operation, the d-axis 

current is set to zero to achieve maximum torque-to-ampere ratio, and for the flux 

weakening control , the d-axis current is modified to weaken the air-gap flux . 
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2.5.1 Typical Vector Control for PMSMs 

The reference speed value is the main input for the drive system and the electromagnetic 

torque and rotor speed are the output. Two feedback loops are added to provide desired 

performance, current or torque loop and speed loop. The output of the speed controller 

will be the reference value for the q-axis current while the d-axis current is set to zero. 

Both of the d- and q-axes currents are controlled to generate torque and achieve 

maximum efficiency drive. Fig. 2-34 shows the implementation diagram of the typical 

VC scheme, where the traditional PWM method is applied for the variable speed drive 

by the vectoral vaiiable voltage and variable frequency control strategy. 

Posjtion and 
Speed 

estimation 

DC voltage source or 
regulated from AC power 

VSI 

Fig. 2- 34. Implementation diagram of VC scheme for PMSM dri e 

Same as six-step method, a simulation model of the VC scheme based PMSM drive is 

built in MA TLAB/SIMULINK. The sinusoidal back emf machine model is selected 

from the SimPowerSystem tool box, in which the current sensors and rotor position 

sensor are integrated. The Park and Clark transformations are synthesized as one 

'abc_to_dq' block to transfer the variables between the stationary and rotating reference 

frames, as shown in Fig. 2-35. Two discrete PI controllers are used for the speed and 

current feedback loops. 
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abc alx. pulses 
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theta----------------------~ 

abc_to_dq 

Fig. 2- 35. Simulation block diagram of typical VC based PMSM drive system 

The traditional triangulation PWM generation technique is applied. A triangular carrier 

wave sampling signal is compared directly with a sinusoidal modulating wave to 

determine the switching instants, and therefore the resultant pulse widths. 

2.5.2 Vector Control with Space Vector PWM 

As summarized above, the SVPWM method could achieve better performance m 

electrical variable speed drive. The SVPWM technique is based on the concept of 

approximating a rotating reference voltage space vector with those physicalJy realisable 

on a three-phase (two-level) PWM inverter. 

Fig. 2- 36. Space vectors of the inverter 

As shown in Fig. 2-36, the rotating reference vector u5 is shown superimposed on the 

stationary locus of the inverter output voltage vectors, namely the six 'active ' voltage 

vectors u 1, u2, . . .• u6 spati all y distributed at n/3 intervals plus two null (zero) voltage 
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vectors, u0 and u7. Here, a single PWM cycle, annotated as stages 1-8, is given by the 

sequence 

where the vectors Ua and ub represent the two inverter output vectors immediately 

adjacent to Us, which are u1 and u2, respectively, in the case of Fig. 2-36. 

Equating the volt-second integral of vector Us, with the inverter output voltage vectors 

over a single space vector modulation cycle gives 

(2.14) 

where the switching periods t0, t1, .. . , t7 denote the time spending at the respective 

inverter vector states and overall switching interval T = to+ta+tb+t1. 

Then, the switching times can be calculated as 

t = 2ju IT(cos a _ _!_sin a) 
(I ? s {j 

- \i 

tb =~ J3!u .. IT sin a (2.15) 

t + t = T --- (t + t ) = T -- T ! 0 7 a h m 
L 

where a represents the angle of vector Us in the sector; 

Tm is the ' active ' modulation time (ta + tb). 
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Fig. 2- 37. ImpJementation diagram of SVPWM for VC scheme based PMSM drive 

The implementation diagram of the SVPWM for VC based PMSM drive is shown in 

Fig. 2-37. It can be found that the SVPWM generation is under two-phase stationary 

reference frame, a-fJ axes. The DC bus voltage is utilized to calculate the voltage vector 

switching times. Fig. 2-38 shows the simulation model structure of this system and Fig. 

2-39 is the modulation waveform generated from the SVPWM model. 

8 ---
ld_raf 

dq 

EJ---+-
n_ref Speed lq Controller 

theta 

Controller dq_to_abc SVPWM 

dq 

theta ......... ~-------------------~ 

abc_to_oq 
~------------------------------------~ 

Fig. 2- 38. Simulation block diagram of SVPWM VC based PMSM drive system 
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Fig. 2- 39. Modulation waveform generated by the SVPW1v1 algorithm 

2.6 DIRECT TORQUE CONTROL OF PMSM 

0.03 

In the DTC strategy, the flux linkage and torque are calculated in the two-phase stator 

reference frame, i.e. the a.-/J frame, which is transferred from the three-phase a-b-c 

reference frame by using the Clark transformation. The Clark transformation can be 

expres ed in the matrix fonn as 

2 
f3 (2 .16) 

2 

After the measured phase voltages and currents are transferred to the a.-fJ frame, the flux 

linkage components of the a- and /J-axes can be calculated as 

(2.17) 

The torque observer can then be designed as 

(2.18) 
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2.6.1 Basic Concepts of DTC for PMSMs 

Fig. 2-40 shows the implementation diagram of typical DTC scheme for PMSM drive. 

Two hysteresis controllers are applied to the flux linkage and torque control loops. The 

calculated flux linkage is also sent to the switching table to identify the current flux 

vector position. 

rpref erp Hysteresis 
controller 

Hysteresis Controller er 
controller 

n 

Flux & Torque 
calculation 

l /S 

Switch 
table 

rps 

vd 

1a 

~ 

Encoder 

DC voltage source or 
regulated from AC power 

Inverter 

Fig. 2- 40. Implementation diagram of typical DTC scheme based PMSM drive 

From (2.17), the stator flux linkage is 

<ps = J (v.1 - R/ 1. )dt (2.1 9) 

where Vs and is are the stator voltage and current spatial vectors, respectively. 

In the case of a PMSM, <fJs always varies even when the zero voltage vectors are applied 

because of the rotating rotor magnets, and thus, zero voltage vectors are not used for 

DTC driven PMSM. <fJs should always be in motion with respect to the rotor flux. 

According to (2.18), the electromagnetic torque can be controlled effectively by 

controlling the amplitude and rotating speed of (/Js· For counter-clockwise operation, if 

the actual torque is smaller than the reference, the voltage vectors that keep (/Js rotating 

in the same direction are selected. The angle increases as fast as it can, and the actual 

torque increases as well. Once the actual torque is greater than the reference, the voltage 

vectors that keep <fJs rotating in the reverse direction are selected instead of the zero 

59 



Chapter 2. PM Machines and Drive Strategies 

voltage vectors. The angle decreases, and the torque decreases as well. By selecting the 

voltage vectors in this way, (/ls will rotate all the time in the direction determined by the 

output of the hysteresis controller for the torque. The switching table for controlling 

both the amplitude and rotating direction of is shown in Table 2-1, in which the inverter 

voltage vector and spatial sector definitions are illustrated in Fig. 2-41. 

Table 2- 1. Switching table of typical DTC scheme for PMSM drive 

(} 
<p T 

(} {1) (} {2} (} {3} (} (4) (} (5) (} {6} 
r=l Vi{110} VJ{OlD} Vi011) Vs{OOl} V6{101} V1{100} 

<p = 1 
r=O V6{101} Vi{lOO} Vi{110} VJ{OlD} Vi011} V5{001} 

r=l VJ(OlD} Vi011} V5{001} V6{101} Vi{lDO) V2{110} 
cp=O 

r=O V5{001} V6{101} V1{100} Vi{110} VJ{OlD} Vi011) 

U4(0 J. 1) 
~----- () l 

Fig. 2- 41 . Voltage vectors and spatial sector definition 

Fig. 2-42 shows the simulation model bui]t based on the typical DTC scheme. The 

inverter switching status and DC bus voltage are utilized to calculate the stator voltage. 

The stator flux linkage is obtained in the observer. The traditional two-level hysteresis 

controllers are appljed and the switching table is designed based on Table 2-1. 
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Fig. 2- 42. Simulation block diagram of typical DTC based PMSM drive system 

2.6.2 DTC with Space Vector PWM 

Speed 

Stator Current 

In the SVM strategy, three voltage vectors (one zero and two non-zero vectors) are 

employed in each sampling period to synthesize a desired voltage vector, i.e. the stator 

flux linkage increment, exactly. The implementation of the SVM strategy, shown in Fig. 

2-43 , is similar to the SVPWM for VC, where uo, u1, . . . , u7 are the space voltage vectors 

generated by VSI, Us is the equivalent synthesis voltage vector, T s, the sampling period, 

T0, T1, and T2 are the app]ying time of each voltage vector in one sampling period, and e 
is the angle of the flux llnkage increment dq;s. 

Fig. 2- 43 . SVM and equivalent synthesis voltage vector 

Based on trigonometric function, the equations for implementing the SVM are: 
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l u~i . T = · sm e 2 2n iu2 !x sin -
3 

(2.20) 

(2.21) 

(2.22) 

(2.23) 

By introducing the SVM to DTC, any desired voltage vector can be obtained for 

accurate flux linkage and torque control. Therefore, the torque and flux linkage ripples 

can be minimized. Meanwhile, the switching frequency is almost fixed by the space 

voltage modulator. 

(/Jref 

* n 

Speed 
controller , 

+ 
Flux vector 
calculator 

B 

Flux & Torque 
estimation 

SVM 

DC voltage source or 
regulated from AC power 

Inverter 

Fig. 2- 44. Implementation diagram of SVM DTC scheme based PMSM drive 

In the SVM DTC system, SVM algorithm is employed to synthesize a desired voltage 

vector in a sampling period, which results in a precise flux linkage increment vector dqJ5 • 

Therefore, both the amplitude of the stator flux linkage (/Js and the load angle 0 can be 

controlled accurately, and furthennore, the electromagnetic torque of the system can 

also be controlled accurately and rapidly. This theory is equally applicable to both 

induction and synchronous machines although there are some differences in 
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implementation. The system diagram and the SIMULINK block diagram of SVM based 

DTC scheme are shown in Fig. 2-44 and Fig. 2-45, respectively. 

Speed Controller 
flux 1-----

flux_ref s 
Stator Current 

Load~T A-Aw s B-B ~ m 
c-----c 

Speed 

INVERTER PMSM 

SVM 

fai 

theta 

Observer 

Fig. 2- 45. Simulation block diagram of SVM DTC based PMSM drive system 

2.7 COMPARISON OF DRIVE STRATEGIES FOR PMSM 

As shown above, a set of simulation models are developed in MATLAB/SIMULINK to 

assess the performance of different strategies for PMSM drive. A comprehensive 

comparison is carried out on the drive system perfonnance and cost. 

For the performance comparison, both the system steady state and dynamic 

performances are compared. Tests are designed to simulate the steady state performance 

and the dynamic load torque change process. 

On the other hand, the system construction cost and the algorithm computing cost are 

considered as an implementation matter of the drive strategies. Tables are designed to 

compare the system parts cost and the calculation procedure of the schemes. 

2. 7.1 Steady State Performance 

When a PMSM is operated at a constant speed, the rotor shaft speed and output torque 

ripples are the main criterions to evaluate the drive performance. In order to underline 

the performance of the drive algorithm itself, traditional PI regulators are applied to the 

speed and current feedback loops for all the drive strategies and two-level hysteresis 

controllers are utilized in flux linkage and torque control loops of typical DTC drive. A 

six-pole SPMSM is used in the following tests. It has the rated torque at 50 Nm. 
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The six-step method has the largest torque ripples in steady state, because it is 

developed based on the trapezoidal excitation and more harmonics will be generated 

when applied to a machine of sinusoidal back emf. Fig. 2-46 shows the simulated steady 

state torque performance. In each 60° sector, the DC bus current is not constant enough 

as expected, which induces large torque ripple. 
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Fig. 2- 46. Simulated output torque of six-step method based PMSM drive, TL = 0 Nm. 
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Fig. 2- 47. Simulated phase currents ofVC based PMSM drive under 50Nm load 

J 
I 

0.1 

Compared to the six-step method, the VC scheme is proposed especially for sinusoidal 

back enif machines. Three-phase sinusoidal currents could be obtained from the terminal~ 

as shown in Fig. 2-47. The speed and output torque ripples are smaller. Fig. 2-48 shows 

the torque output when the load torque is set to 50Nm. 
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Fig. 2- 48. Simulated output torque of VC based PMSM drive under 50Nrn load 

Furthermore, when the SVPWM method is applied to drive the inverter, the phase 

current and torque harmonics can be reduced as shown in Fig. 2-49 and Fig. 2-50. 
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Fig. 2- 49. Simulated phase currents of SVPWM VC based PMSM drive under 50Nm load 
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Fig. 2- 50. Simulated output torque of SVPWM VC based PMSM drive under 50Nm load 

In the typical DTC scheme, the hysteresis controller bandwidth will affect the DTC 

drive performance, which is the same as the PI controller parameters in the VC schemes. 

In the simulation model, the bandwidth is chosen as 1 % of the rated torque/flux linkage. 

The typical DTC method could also achieve good steady state performance as shown in 

Fig. 2-51. The flux linkage is set to be constant as an input reference. Therefore, the 

three-phase currents should be balanced indirectly. 

Same as the VC scheme, the SVM method is then added to DTC to reduce the torque 

ripples. The major comparison between ffl C and VC methods will be carried out Jater 

on the dynamic performance. 
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Fig. 2- 5 1. Simulated output torque of typical DTC based PMSM drive under 50Nm load 
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2.7.2 Dynamic Performance 

As its name, DTC is designed as a direct control method compared to the VC, which is 

sometimes called indirect control. The control objective here is the machine output 

torque. In the conventional VC scheme, the torque related q-axis current is regulated 

with the feedback signal to indirectly modify the shaft output torque. In DTC, however, 

the machine torque is observed and taken as the controller feedback. The controller is 

designed for torque control directly. Switching table is implemented to perform a bang-

bang control to drive the machine. 
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Fig. 2- 52 . Simulated output torque of SVPWM VC based PMSM drive, when load, teps to 50Nm 
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Fig. 2- 53. Simulated output torque of DTC based PMSM drive, when load steps to 50Nm 
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Subsequently, DTC is supposed to react faster than the VC system, when there is a 

disturbance or load change on the shaft. A step signal is set to simulate the load torque 

change. Fig. 2-52 shows the torque response of the SVPWM VC driven PMSM, when 

the load torque changes from zero to 50Nm. The torque dynamic response of DTC is 

shown in Fig. 2-53. It can be found that the DTC could conduct faster modification of 

the torque and the new balanced value could be reached quickly without large 

oscillation. Fig. 2-54 and Fig. 2-55 show the phase currents response in this dynamic 

process. 
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Fig. 2-· 54. Simulated phase currents of SVPWM VC based PMSM drive, when load steps to 50Nm 
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Fig. 2- 55 . Simulated phase currents of DTC based PMSM drive, when load steps to 50Nm 
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2. 7 .3 Computing Cost 

The microprocessor or micro-controller is essential for digital control systems. As the 

central process unit (CPU) of the controller, the microprocessor always combines the 

data collection, control algorithm implementation and control signal generation 

functions. In the modem MCU or DSP chipsets, the data capture AID channels and 

PWM generation units are always integrated to the hardware. Subsequently, the 

software design mainly focuses on the control algorithm implementation and the 

processor computing speed, more or less becomes the bottle neck of the development. 

Although many fancy control algorithms were proposed and simulated, the required 

large amount of calculation is still a major barrier to implement them. The simple and 

robust schemes are still widely applied. 

Table 2- 2. Comparison of computing costs of various PMSM drive schemes 

Six-step Typical VC SVPWMVC Typical DTC SVMDTC 

Speed Average speed 
from Hall Encoder output Encoder output Encoder output Encoder output Estimation feedback 

>--· ·-------->-·-------
Qpeed 

PJ controller I PI controller PI controller PI controller PI controller Controller 
f--·------- -·-----1------ --------1---------·--------

abc-to-afi abc-to-afi 

Flu· -linkage 

I 
transformation transformation 

Estimation NIA NIA NIA + + 

Integrationx2 Integrationx2 
-- I 

Flux-linkage NIA NIA NIA Hysteresis NIA Controller controller 

Calculation Calculation 
Current/Torque DC bus current abc-to-dq abc-to-dq from flux- from flux-

Estimation transformation transformation linkages and linkages and 
currents currents 

Cunent/T orque PI controller PI controllerx2 PI controllerx2 Hysteresis NIA Controller controller 

dq-to-abc dq-to-a.fi 

Inverter transformation transformation 

Control/PWM Triangulation + + Look-up table Space Vector 

Generation PWM PWM 
Triangulation Space Vector 

PWM PWM 
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For the PMSM driver, the collected rotor speed, phase voltages and currents are sent to 

the microprocessor to generate the gate signals of the inverter, associating with the 

current rotor position. Table 2-2 shows the calculation required in one control interval 

for different drive schemes, assuming that the traditional PI regulators are applied for 

the feedback loops. With the same microprocessor, the algorithm complexities or 

computing requirements could be compared based on Table 2-2. 

It can be found that the six-step method is the simplest method to implement, although 

its performance is not the best. Therefore, this scheme is always applied to some 

applications requiring low cost and average performance. 

On the other hand, DTC scheme is faster and requires less calculation than that of VC 

method. The hysteresis controllers are simpler than PI regulators and there is less effort 

putting on the reference frame transformation. 

As discussed in performance comparison, the space vector modulation method could 

significantly reduce the current or torque ripples for both VC and DTC schemes. 

However, more calculation is needed to implement the SVM method and more powerful 

and expensive processors have to be employed, which will further increase the product 

total cost. 

2. 7.4 Productive Cost 

The computing cost of a scheme is a main selection criterion for the microprocessor, 

which will affect the cost of the machine driver. However, there are some other 

components related to the productive cost and these components also depend on the 

drive strategy applied. 

Table 2- 3. Comparison of productive costs of various PMSM drive schemes 
--

Six-step Typical VC SVPWMVC Typical DTC SVMDTC 
Position/Speed Hall Sensors Encoder Encoder Encoder Encoder Sensor --------- · 
Current Sensor Bus current 2 or 3 phase 2 or 3 phase 2 or 3 phase 2 or 3 phase 

sensor current sensors current sensors current sensors current sensors 
Power 

Electronic Three phase DC-to-AC inverter 
Converter ------·--·-------------------------------

Microprocessor Depends on the algorithm 
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Table 2-3 lists the components needed for the implementation of various PMMS 

schemes. Comparing to the current sensor, the high resolution encoder is much more 

expensive and sensitive. Thus, the sensorless drive methods for PMSMs were widely 

investigated and reported in the literature, mostly integrating the rotor position and 

speed estimations in the microprocessor as a digital observer. These ideas are becoming 

more realistic with the fast development of more powerful and faster microprocessors. 

The position identification methods and sensorless drive schemes will be reviewed later 

in chapters 5 and 6. 

2.8 IMPROVED DISCRETE SVM DTC SCHEME 

The SVM based DTC scheme has some attractive characteristics such as fixed 

switching frequency and reduced torque ripples. However, there are also some 

drawbacks, such as the requirement of high computing power for real time calculation 

of complicated equations and the sensitivity of PI controllers to the variation of motor 

parameters, speed and load. 

Another alternative to reduce the flux and torque ripples is an on-line modulation 

behveen active and nuJl vectors, in order to obtain a theoretically infinite number of 

applicable vectors in each of the six spatial directions by replacing the simple switching 

table of the typical DTC with several switching tables to obtain a combination of three 

voltage vectors into the prefixed sampling period, which is known as the discrete space 

vector modulation (DSVM) [2.167]. This method was then further improved to 

minimize the computing cost by modifying the switching tables to reduce the number of 

switching required to synthesize the resultant voltage vector, i.e. switching frequency, 

so as to reduce the switching loss and dead time [2.168-170]. 

2.8.1 The Improved Switching Tables 

In a voltage source inverter, eight switching combinations can be obtained, two of 

which generate two null voltage vectors and the rest six are equally spaced voltage 

vectors with same magnitude. Fig. 2-56 (a) shows the voltage vectors, u2, u3, u5 and u6 

that are usually employed in the typical DTC scheme when the stator flux vector lies in 

sector 1. 
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It has been reported that the torque control effect of applying the same voltage vector 

highly depends on the working condition of the motor [2.169] . The motor operation 

status of DSVM could be classified based on the torque error value and the emf, which 

is related to the rotor speed. Fig. 2-56 (b) shows the available voltage vectors that can be 

chosen in a sampling cycle with three equal time intervals when the stator flux is in 

sector 1. 

When the resistance loss is negligible, the torque is maintained at its actual value if the 

applied voltage vector effect coincides with the induced emf If the feedback torque is 

close to the reference value a voltage space vector indicating approximately the emf 

should be chosen. The space vectors close to the emf are used for small torque enor 

corrections. \Vhen a large torque error is observed, the vectors such as u333, u222, u 555 

and u666 are selected in order to compensate the deviation as fast as possible. The 

different levels of torque error are obtained by a new five-level hysteresis controller as 

shown in Fig. 2-57. 

333 332 223 222 

Sector 1 + 
- -- - --- Sector 1 
Sector 1-

U5 555 556 665 666 
(a) (b) 

Fig. 2- 56 . (a) Voltage vectors utilized in the conventional DTC when the stator flux is in sector l; (b) 
Voltage vectors obtained by using DSVM. 
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c • +2 - - -- ------------1---~--.,...-

+ 1 

0 

-1 
-2 __ ____JL.--___;~-~-------- ------------

Fig. 2- 57. Five-level hysteresis controller 

Therefore, several switching tables are carried out depending on the value of emf 

voltage or rotor speed. Table 2-4 is a set of switching tables for DSVM DTC method 

when the stator flux is in sector 1 for different speed regions, in which Z represents the 

zero vectors u0 or u7. 

Table 2- 4. New switching table of DSVM DTC for sector l 

Torque 
Speed Sector Flux 

-2 -1 0 +l +2 
-· 

-1 555 5ZZ zzz 3ZZ 3 3 
Low 1 

+1 666 6ZZ zzz 2ZZ 222 
------- ·- >-·-·-

,_ ____ 
>---

-1 I sss zzz 3ZZ 33Z 333 
Medium 1 

+I 666 zzz 2ZZ 22Z 222 

-1 555 3ZZ 23Z 332 333 
1- ·---

+ l 666 2ZZ 22Z 222 222 
High >---·-·--·-·-

-1 555 3ZZ 33Z 333 333 
l+ 

+1 666 2ZZ 22Z 222 222 

2.8.2 Optimization of Vector Sequence 

Same as the typical DTC scheme, the inverter switching frequency in the DSVM DTC 

system is non-constant. More vectors are applied in one sampling cycle. Theoretically, 

there could be more switching times in one sampling period. It was reported that the 

mean switching frequency will be doubled compared to typical DTC scheme [2.167]. 
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To minimise this, an optimal vector selection algorithm is developed by the author 

[2.169-170]. The inverter status of the previous cycle is recorded as a feedback to the 

vector selector. After a vector set is chosen from Table 2-4, the applying sequence of 

these three vectors is not fixed. Alternately, this sequence is adjusted based on the 

previous inverter output or the current inverter status. 

The implementation order of the three vectors is changed, aimmg to maintain the 

inverter status or minimise the switching number of the bridges if possible. In one fixed 

sampling period, the system operates as an open loop system without any feedback from 

the motor, so the same torque control effect could be obtained by any applying sequence 

of the three vectors. Therefore, this algorithm can reduce the switching frequency and 

the dead-time of the inverter without affecting the machine torque output. Fig. 2-58 

shows the block diagram of the improved DSVM DTC drive system. 
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Fig. 2- 58. Implementation diagram of improved DSVM DTC scheme based PMSM drive 

2.8.3 Simulation of Improved DSVM DTC Scheme 

In order to show the effectiveness of the proposed DSVM technique, a set of 

comparative simulation has been carried out based on a 4-pole PMSM model. The 

sampling period is chosen as 30 µs for both the typical DTC and DSVM DTC. 0 shows 

the steady state performances of torque and speed in different speed regions for the 

same sampling period L'.11 = 30 µs. The rotor speed is set to 100 rpm in Fig. 2-59 (a) and 

(b) and 1000 rpm in Fig. 2-59 ( c) and ( d). The load torque is kept at 10 Nm all the time. 
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An appreciable reduction of torque and speed ripples has been obtained by using the 

DSVM technique. 
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Fig. 2- 59. Simulated performance with reference speed at 100 rpm, 1000 rpm and load torque at IO Nm 
of typical DTC (TDTC) and DSVM DTC: (a) TDTC, 100 rpm; (b) DSVM DTC, 100 rpm; (c) TDTC, 

1000 rpm; (d) DSVM DTC, 1000 rpm. (Top row is speed and the bottom row is torque.) 

In the typical DTC and DSVM DTC schemes, the number of switching times per 

second is observed to identify the inverter operation because the switching frequency is 

non-constant. As three vectors are chosen for one sampling cycle, the switching 

frequency of the inverter is increased in the DSVM DTC method for same sampling 

period as shown in Fig. 2-59. This frequency is related to the sampling time interval and 

the hysteresis controller band width. Here, the band value of the torque hy. teresis 

controller in typical DTC is set to ±0.2 Nm while the five-level controller band in 

DSVM scheme is et to :.t0.1 1 m and ±0.2 Nm. Fig. 2-60 shows the switching 

frequency of different sampling time intervals for both typical DTC and DSVM DTC 

schemes. 
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Fig. 2- 60. Number of switching per second (mean switching frequency) by using TDTC and DSVM 
DTC 
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In Fig. 2-60, fbdtc and fdsvm represent the switching frequency of basic DTC method 

and the improved DSVM DTC scheme, respectively. The switching frequency of 

DSVM DTC decreases towards that of the typical DTC scheme when the sampling 

period increases. When the sampling interval of DSVM DTC is larger than 40 µs, the 

sampling period does not need to be doubled in order to achieve a mean switching 

frequency practically equal to that obtained with the basic switching table as reported in 

[2.167]. 

Another comparison is made to demonstrate that the DSVM DTC method could achieve 

better performance at the same inverter switching frequency as the basic DTC scheme. 

In Fig. 2-61 , the sampling period of basic DTC is set to 60 µs and that of DSVM 

scheme is set to 7 5 µs so that an approximately same switching frequency could be 

obtained. The steady state performance is simulated at 1000 rpm with a load of 10 Nm. 

The dynamic response with respect to load change is simulated assuming a load of 10 

Nm is added to the rotor shaft at t = 0.2 s. 

As shown in Fig. 2-61, the modified DSVM DTC scheme can achieve better steady and 

dynamic performance than the typical switch table based DTC (TDTC) at the same 

switching frequency. The steady state speed and torque outputs are shown in (a) and (b ). 

The DSVM DTC could achieve less speed and torque ripples. Similarly, the DSVM 

DTC also has less speed and torque ripples in dynamic state as shown in Fig. 2-61 ( c) 

and (d). 

1000 

roo~~-~~~ 

0.3 0 35 0-4 0 45 0.5 

10 

0 

0.35 0 4 0 45 0.5 
(a) 

1000 ~~-.-~~---i 

800 -·····---:-

600~~-~~~ 

0 3 0.35 0.4 0.45 0 5 

-10..______~--~-' 
0 3 0.35 0.4 0.45 0.5 

(b ) 

1200 ..--~---~ 1200..------~ 
: : : 1: ,,~. 

800 -·------i-- ·-·----: ......... j ... ... -
600 600 

0. 18 0.19 0 2 021 0.22 0 18 0 .19 0 2 0.21 0.22 

. ' ' 

·~·· -20 ············-·····- ··-
0. 18 0 .19 0 .2 0.21 0 .22 0. 18 0 19 0.2 0.21 0.22 

(c) (d) 

Fig. 2- 61. Simulated performance ofTDTC and DSVM DTC with the same switching frequency: (a) 
TDTC, 1000 rpm, L1 t = 60 µs; (b) DSVM OTC, 1000 rpm, L1t = 75 µs ; (c) TDTC, with load step to JO Nm 

at! = 0.2 s, L1t = 60 µs; (d) DSVM DTC, with a load step to 10 Nm at t = 0.2 s, L1t = 75 µs 

76 



Chapter 2. PM Machines and Drive Strategies 

2.8.4 Experiment of Improved DSVM DTC Scheme 

The optimized DSVM DTC scheme proposed by the author is verified by experimental 

testing results on a I kW surface mounted PM synchronous motor (SPMSM) controlled 

by the typical DTC and improved DSVM DTC schemes, respectively. The experiments 

were carried out on a dSP ACE ControlDesk platform. Table 2-5 lists the electrical 

machine parameters. 

Table 2- 5. Rating and known parameters of SPMSM (Model: IFT 6071-6AC21-2-Z) 

Ratings and Parameters Value Unit 

Rated power output 1000 w 

Rated current 6.5 A 

Rated voltage 128 v 

Rated torque 4.8 Nm 

Number of poles 6 poles 

The sampling interval of the torque loop for the improved DSVM DTC and the typical 

DTC schemes are both set to 60 µs. As shown in Fig. 2-60, when the sampling 

frequency is larger than 120 µs, the switching frequency of the impro ed DSVM DTC 

scheme is approximately the same as that of the typical DTC scheme. When operating 

at 1000 rpm, the steady state perfo1mance of the typical DTC and the DSVM DTC are 

shown in Fig. 2-62 and Fig. 2-63. 
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Fig. 2- 62. Experiment results of typical DTC scheme: (a) speed, (b) torque versus time. 
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Fig. 2- 63. Experiment results ofDSVM DTC scheme: (a) speed (b) torque versus time. 

As shown in Figs. 2-62 and 2-63, the speed error of the typical DTC is ±85 rpm and that 

of the DSVM DTC is ± 73 rpm. The speed ripple of the DSVM DTC scheme is smaller 

than that of the typical DTC, and the improvement of torque ripple is much more. For 

the typical DTC, the torque error is ±9.5 Nm and it is reduced to ±6 Nm. In Fig. 2-62 

(b ), the torque is more stab]e and there is less harmonic noise than that in Fig. 2-63 (b ). 

As shown by the simulation and experimental results, the proposed DSVM DTC 

scheme can effectively reduce the torque ripple at a comparable switching frequency 

with the typical DTC method. At the same time, the proposed scheme preserves the 
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advantages of DTC, such as fast torque response and insensitive to the machine 

parameters. 

2.9 CONCLUSION 

In this chapter, a thorough literature survey on the control of PMSM drives has been 

conducted. The machine definition and classification were introduced firstly. The drive 

strategies of PMSM were then studied, including six-step method, VC scheme and DTC 

scheme. The fundamentals and the state of the art of each strategy were reviewed. 

Reported improvements for each method were summarized. 

Then, the principle of each drive method was described with the conventional machine 

model. Traditional PI regulators were employed to all the schemes to avoid 

misjudgement of the drive algorithms. Simulation models were developed for all the 

strategies in MATLAB/SIMULINK to conduct the performance comparison. 

Steady state and dynamic performance of the following drive strategies were simulated 

and compared, six-step method, typical VC, SVPWM VC, typical DTC and SVM DTC 

schemes. Furthennore, the computing cost and productive cost of each scheme were 

derived and compared. DTC strategy was then recognized as simple, robust and fast 

reaction to disturbance, although it suffers from bigger torque ripples and uncertain 

switching frequency. 

An improved DSVM DTC scheme was proposed to reduce the torque ripple and, at the 

same time, preserve the instinctive advantages of typical DTC method. After 

introducing the principle of the proposed method, simulation was conducted and the 

results showed that the new algorithm could effectively reduce the torque ripple without 

dramatically increasing the inverter switching frequency. Experiments were then carried 

out to ve1ify the proposed method. 
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CHAPTER3 

NUMERICAL NONLINEAR MATHEMATIC MODEL OF 

PMS MS 

3.1 INTRODUCTION 

As discussed in Chapter 2, high performance PMSM drive systems are very attractive 

due to their advantages and it is proved that PMSM can replace the traditional induction 

machines and DC motors in some industry applications. Different types of drive scheme 

for PMSM, such as FOC and DTC, were successfully developed and implemented [3 .1] . 

The drive strategies and the further improvements of the driver were all developed 

based on the traditional PMSM mathematical model [3.5] as shown in Chapter 2. 

The drive schemes developed are still in use for the PMSM based systems and could 

achieve good performance. However, the traditional linear machine model is not 

sufficient for analysing the dynamic perfonnance because the stator magnetic saturation 

effect [3 .11] of the machine is not incorporated. On the other hand, the saturation effect 

has to be utilized when developing sensorless dtive schemes and identifying the rotor 

polarity, which were widely recognized as the major low cost solution for the drive 

system [3 .13]. Therefore, a nonlinear machine model is desired, incorporating the 

saturation effect. 

In PMSM, the saturation effect is highly nonlinear and it is depends on the magnetic 

saturation curve of the stator core [3 .17]. It may vary with the stator materials, structure 

and also the excitation cunent in the stator windings. There is not an effective model to 

describe the saturation effect besides finite element method (FEM), which requires huge 

computing cost and cannot be applied to the dynamic perf01mance simulation. One 

possible approach is to model the stator inductance as nonlinear functions [3.18]. A 

numerical function can be established based on collected inductance data from the 

measurement tests and curve fitting process. 
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In this chapter, the detail of traditional linear mathematic model for PMSM is firstly 

introduced in section 3 .2, including the linear assumptions within this machine model. 

Section 3.3 presents a nonlinear model for PMSM in vector form and the saturation 

effect is modelled as the saturation curve of the inductance. Then the nonlinear 

inductance model is proposed in section 3 .4, and a composite function is designed to 

express the inductance value based on the rotor position and stator current. The 

parameter matrix is expressed. The inductance measurement test will be conducted in 

section 3.5. The parameter identification will be carried out and the parameter matrix 

will be regressed and the nonlinear inductance function can be established. Then the 

numerical nonlinear PMSM model is built up and the performance of the proposed 

model will be compared with the traditional linear model in section 3.6. 

3.2 CONVENTIONAL PMSM MODEL 

The mathematical model of a machine, in terms of controller design and performance 

analysis, is usually one or several equations, in which the relationship between the 

machine input and output variables is analytically expressed, most of the time, by using 

the machine parameter . This relationship could be generally classified as the electrical 

and the mechanical processes in the device [3.19] . 

The conventional PMSM model described in this sector was oriented for sinusoidal 

back e111f PMSM and widely used to develop the machine drive strategies. It was firstly 

derived in stationary reference frame and then transformed to rotating reference fame to 

achieve field-oriented control. Linear assumptions were made to simplify the magnetic 

properties in the model and the nonlinear saturation effect is not incorporated. Therefore, 

this kind of model is named as linear machine model, compared to the nonlinear model. 

3.2.1 Conventional Mathematic PMSM Model 

For a PMSM, it is assumed that the three-phase stator windings are symmetrical, and the 

corresponding parameters for each phase are the same. The electrical model of the 

device is similar as that of electrically excited synchronous machines (SM) and it is 

normally expressed by using the per phase voltage equation, in which the phase current 

is a function of the input voltage signal and the machine electrical parameters, i.e. 
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resistance and inductance. Fig. 3-1 shows the per phase equivalent circuit of traditional 

SM. 

Fig. 3- 1. Per phase equivalent circuit diagram for SM. 

It is different from the electrically excited SM that the emf in PMSM is induced by the 

permanent magnets fixed on the rotor and it is related to the magnet rotating speed. 

Therefore, the per phase flux linkage is always utilized to express the machine electrical 

equation. The voltage equation for the stator phase can be expressed as 

R
. d)., 

V = I +--" 
s s s dt (3.1) 

where Vs is the stator phase voltage; 

is is the stator phase current; 

Rs is the stator resistance; and 

As is the phase flux linkage. 

It is assumed that this flux linkage is contributed by both the three-phase stator currents 

and the rotating magnet. Then, the tradjtional method for PMSM modelling in 

stationary reference frame is 

(3 .2) 
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where Va, Vb and Ve are the three-phase voltages; 

ia, hand ic are the three-phase currents; 

Aa, Ab and Ac are the three-phase flux linkages; 

Lael Lbc is the inductance matrix, including both the self- and mutual-

Lcc 

inductances. 

The final part in (3 .2) is usually defined as the back emf of the machine and it can be 

found that the emf values are proportional to the rotating speed. 

As discussed in Chapter 2, the three-phase reference frame is usually used to derive the 

six-step control method. To achieve decoupled control of the flux and torque, the two-

phase orthogonal reference frame in stationary and rotation are then developed, marked 

as a-/3 and d-q reference frames . The spatial vector relationship between those 

reference-frames is shown in Fig. 3-2, where B is defined as the angle between the 

stationary and rotating frames. 

a 

fJ 

b c 
Fig. 3- 2. Relationship between different reference frames . 

The transformations applied to convert the variables between those reference-frames are 

Park and Clark transforms [3 .20], defined as 
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1 

2 
J3 
2 

(3.3) 

Therefore, the machine electrical variables in stationary form could be expressed by 

using d-q reference frame variables. The voltage, current and flux linkage of phase a 

could be expressed as 

ia = H(id cosB-iq sinB) 

va = H(vd cosB-v9 sinB) 

An= H(Ad cosB-A.9 sinB) 

Substitute (3 .5) in (3 .1 ). a simplified expression can be obtained_ 

(
dA,d d() . \ I( dAq dB . J . --- - A -- + R l - v I cos e + -- --- - A --- -- R I + v sm e = 0 dt q dt s d d J dt d dt s q q 

/ \ 

(3.5) 

(3.6) 

This equation should be satisfied for any value of 8. Therefore, the following d-q axes 

voltage equations are always valid. 

(3.7) 

In conventional machine model, the d- and q-axes flux linkages are usually defined as 

where Ld and Lq are the inductance of d- and q-axes respectively; 
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Am is the flux linkage generated by the permanent magnet. 

It can be found that the q-axis flux linkage is produced by the q-axis stator current only. 

Along the d-axis, the flux linkage is produced by both the d-axis stator current and the 

permanent magnet on the rotor. The electrical model in (3.7) can be rewritten as (3.9) 

and the equivalent circuit in d-q reference frame is shown in Fig. 3-3. 

(3.9) 

(a) 

(b) 

Fig. 3- 3. PMSM equivalent circuit in d-q reference frame: (a) d-axis equivalent circuit; (b) q-axis 
equivalent circuit. 
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When the machine operates as a motor, the total input power of the device could be 

expressed by using three-phase terminal voltages and currents, which can also be 

transferred to d-q rotating reference frame. 

(3.10) 

(3.1 1) 

Substitute (3.9) in (3.11), the input total power expression can be derived as a composite 

function of d-q axes currents. 

(3 .12) 

Eliminating the terms of the copper losses and the variation of magnetic energy, the 

developed electromechanical power becomes 

(3 .13) 

where w,. is the rotor mechanical speed converted from the electrical speed w.,. 

(3. 14) 

where p is the number of poles. 

Dividing the electromagnetic power by the rotor mechanical speed, the electromagnetic 

torque expression can be obtained. In this model, the damping effects are ignored 

because there are no damping windings in the PMSMs. 

(3 .15) 

For the mechanical equation of the model, we have 

d(J),. 
T =T + J-+F·(J) 

em /. d! r 
(3 .1 6) 
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where TL is the load torque applied on the rotor shaft; 

J is the inertia of the motor; and 

Fis the shaft friction coefficient. 

3.2.2 Linearization Assumptions 

Above is the conventional mathematical model for PMSMs, in which the output or 

response signals could be expressed or derived by using the input signals and the 

machine parameters. The derivation is based on some assumptions that simplify the 

machine modelling in terms of the machine structure and magnetization. 

The following assumptions are made in the conventional PMSM model: 

A. The machine has sinusoidal back emf 

The machine is a traditional PMSM and the flux in the air-gap has sinusoidal 

distribution. It is possible to project the spatial voltage, current and flux vectors to 

different reference frames . Vector operation laws are eligible to be applied to the spatial 

va1iables calculation. 

B. Three-phase stator windings are ymmetrical , and the corresponding parameters for 

each phase are the same. 

The resistances of all the phases are the same and the sel f- and mutual-inductance 

curves of the phases have the same profile with 2rr/3 phase difference. 

Therefore, the same voltage equation could be derived for each phase as in (3.1 ). After 

converting to d-q reference frame, there is no zero-sequence voltage or current. A 

complete 3-to-2 transformation is available. 

C. Eddy currents and hysteresis losses are negligible. 

The machine core loss is neglected. The three-phase self- and mutual-inductances are 

function of the rotor position and will not vary with the current frequency. 

D. The machine parameters, i.e. resistances of stator windings, are constant and will not 

vary during operation. 
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E. Magnetic saturation effect is neglected. 

The magnetization curve is assumed to be a straight line and the flux generated in the 

air-gap is proportional to the current magnitude. When it is expressed in two-phase 

reference frame, there are no mutual-inductances between orthogonal phases and the 

phase self-inductances, Ld and Lq in d-q rotating reference frame are constant values. In 

interior PMSMs (IPMSMs), there is structural saliency caused by the interior structure. 

The self-inductances, Ld -I Lq. On the other hand, in surface mounted PMSMs 

(SPMSMs), the self-inductances are almost the same. 

In the stationary reference frame, the inductances are only the function of rotor position 

and will not vary with the stator current magnitude. The inductances are second order 

sinusoidal function of rotor electrical position. The self-inductance curve are normally 

written by using the d-q axes inductances as 

(3.17) 

As shown above, the conventional PMSM model has the linear assumption that 

simplified the flux composition and inductance expression. Howe er, the rotor position 

infmmation a 'Sociated with the current variation in inductance curve is neglected as 

well. The rotor magnetic polarity cannot be expressed in this model. Therefore, the 

experimental trial and error methods have to be employed to develop the rotor position 

identification strategies. 

3.3 A NONLINEAR COMPREHENSIVE PMSM MODEL 

In order to improve the development efficiency and reduce research cost, a 

comprehensive mathematical model incorporating both the structural and saturation 

saliencies is required to analytically develop the sensorless and rotor polarity detection 

methods. Different from the linear model, the magnetic saturation effect has to be 

considered in the nonlinear model. 
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3.3.1 Saturation Effect 

In a PMSM, the characteristic of the magnetic core has nonlinear profile as in Fig. 3-4, 

which is simplified from the magnetic B-H curve. The flux linkage is a function of the 

current applied to the circuit. 

0 

-Ii:- - - -= IAsm =- PI 
I I 
I I 
I I 
I I 

I ism I ism I 
1 .. ... , .... , 

I I I 
I . 

lJ 
Fig. 3- 4. Magnetization curve and linearization assumption. 

. 
l 

The field produced by the rotor magnets is usually the dominant component which 

determines the operatjng point of the magnetic core. The nonnal working point is 

marked as P(zj, A.,J in Fig. 3-4. An equivalent current variable, i1 is assumed, which 

represents the permanent magnet on the rotor and the generated flux linkage is Am. The 

classical definition of inductance is the derivative of the flux linkage at particular 

current values. At the point P, the inductance Lp can be calculated as 

L -- d).,I 
p - d" l . 

t = / f 

(3.18) 

Based on the linearization assumption, the inductance around P is constant at Lp. The 

incremental flux linkage will be in Asm when the stator magnetisation current is assumed 

as ism· However, a inductance error, Lerr exists when the saturation effect is considered. 
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Lerr =LP - d~I dz .. . 
1=11+'sm 

(3.19) 

Therefore, the flux linkage and the inductances are function of the current in the 

nonlinear model. As the equivalent rotor current i1 is pre-fixed in PMSMs, the main 

variable is the stator current magnitude. 

(3.20) 

The machine model has to be derived again, because the flux vector compositions are 

no longer valid in nonlinear model and the inductance values are not varying with only 

the stator current magnitude. 

3.3.2 Nonlinear Vector Model of PMSM 

The PMSM spatial vector diagram is shown in Fig. 3-5. The current vectors are is, i1and 

i,, which represent the stator current, equivalent rotor current and equivalent total 

current, respectively. The equivalent current vectors satisfy the vector composition. 

- - -
i, = i; + (. (3.21) 

Assume that separate flux linkages are produced by the rotor and stator currents as Am 

and As. In the linear model, as in Fig. 3-5 (a), the total flux linkage can be drawn by 

compositing the stator and rotor flux vectors. The direction of the total flux vector Atp is 

the same as the total current vector. 

(a) (b) 

Fig. 3- 5. PMSM spatial vectors composition: (a) . Linear model; (b). Nonlinear model. 
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However, in the nonlinear model, the composited total flux vector Atp is not on the 

direction of the total current, because the saturation levels on current vector directions 

are not the same. Therefore, the d-q axes flux linkage expressions in (3 .8) are no longer 

valid. 

Actually, the observable flux vectors in PMSMs are the total flux and rotor permanent 

flux vectors. The stator flux linkage can be defined as the projection of the total flux 

linkage on the stator current vector direction. With the saturation effect, three-phase 

self- and mutual-inductances are composite function of the rotor angle and the stator 

current. 

3.4 THE NONLINEAR INDUCTANCE MODEL 

The rotor electrical angle and the stator current value are the two variables for the 

inductance curve, which represent the machine structural and saturation saliencies, 

respectively. The structural saliency is pre-fixed by the machine design and the 

saturation saliency will not be affected by the rotor position. Therefore, those saliencies 

can be decoupled after transferring to d-q reference frame, in which the d- and q-axe. 

inductances are function of the stator current. 

3.4.1 lnductance Varying against Stator Current 

Once the rotor position is fixed, the flux linkage could be expressed in terms of stator 

current as the magnetization curve. 

1 { ·) k k . k ·2 k ·m+l A l = 0 + 11 + 21 + ... + m+l 1 (3.22) 

where ko, k1, .. . km+J are identifiable parameters. 

The inductance at that rotor position is then defined as 

d 
L(i) = - A-(i) = l + l i + l i2 + · · · + l t 11 

di 0 I 2 /11 
(3.23) 

where lo, 11, ... lm are identifiable parameters. 
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The multinomial order, m depends on the magnetization curve. The identification of the 

coefficients will be provided later in section 3.5. 

3.4.2 Inductance Varying against Rotor Position 

On the other hand, when the stator current magnitude is fixed, the self- and mutual-

inductances of the stator windings are periodical function of the rotor electrical position. 

For the linear machine model, this function could be expressed as in (3.17). 

However, for the nonlinear machine model, this function will be a non-sinusoidal curve, 

because of the saturation effect. When the rotor N pole aligns with the stator excitation 

phase, the inductance value will be smaller than that under S pole. Therefore, this 

function has to be expressed by using Fourier Series: 

aJ 

L(B)= a0 + ~]a,1 cos(nB)+ b11 sin(ne)] (3.24) 
n=I 

where ao, an and bn are the Fourier Series coefficients; 

n is the Foutier Series order. 

3.4.3 Composite Inductance Function 

The rotor position and stator current are linear independent. Therefore, a composite 

function can be derived by combining the above functions. 

L(i, B) = l(i) ·A · C(B) {3.25) 

where l(i) = [l i 1 i2 
• • • im] 1s the current vector indicating the magnetization 

curve; 

C(B) = [1 sin(B) cos(B) · · · sin(nB) cos(nB)f is the Fourier Series vector 

indicating the periodic rotor angle function; 

aO ,O 0 0 . 1 

and A= al ,O a1 .1 is the identifiable parameter matrix . 

am ,O 0 111 . I am .2n 
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In this function, the nonlinear inductance can be calculated and updated against both the 

current value and the rotor position angle. The function can be applied to both three-

phase self- and mutual-inductance curves by varying the parameter matrix A. The 

magnetization curve and Fourier Series order will be defined later and the parameter 

matrix will be identified by experimental method. 

3.5 PARAMETER IDENTIFICATION FOR THE NONLINEAR MODEL 

In order to obtain the parameter matrixes for the inductance curves, data regression 

method is employed. Measurement of the self- and mutual- incremental inductances by 

taking the structural and saturation saliencies into account is conducted. The influence 

of both the rotor and stator flux should be considered. On one hand, the inductances 

incorporating the rotor flux information can be measured at different rotor positions, 

which are related to the structural saliency. On the other hand, DC offsets with different 

amplitudes and positions are used to emulate the saturation effect of the three phase 

stator currents, which corresponds to the saturation saliency due to the stator flux . 

Inductance data will be collected on a surface mounted PMSM (SPMSM). The test is 

conducted under various rotor positions with different amplitude of the stator fluxes. 

The rotor position is set by a mechanical dividing head, while various DC offsets, 

whose values can produce stator fluxes with different amplitudes, are injected in the 

three-phase stator windings to emulate the effect of various stator fluxes. In this way, 

several specified stator fluxes due to the DC offsets can be obtained and employed to 

observe the influence of the three-phase stator currents. Meanwhile, a small AC current 

is applied to one phase while the other two are open-circuited. The power, voltage and 

current of the excited phase are measured and the voltages of the other two phases are 

also recorded by a power analyser. The self- and mutual-inductances of phase a, b, and 

cat different rotor angles and stator fluxes can be calculated via circuit analysis. 

The nonlinear regression is carried out after collecting the inductance data. Two 

different regression methods are compared to minimize the regression error. Finally, 

separate parameter matrixes are calculated for both self- and mutual-inductances. 

Therefore, the nonlinear inductance model can be established. 
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3.5.1 Experimental Measurement of Inductance Data 

3.5.1.1 Measuring Principle 

In order to accurately identify the two-dimensional parameter matrixes, both the rotor 

position and stator current should be controlled to satisfy the whole variation range. On 

one hand, the rotor position variation could be controlled mechanically by using the 

dividing head attached on the rotor shaft. On the other hand, electrical excitation has to 

be applied to the stator windings to emulate the stator flux and to calculate the 

incremental inductance values around the operation point on the magnetization curve. 

In this test, a DC offset current vector is applied to the stator windings to simulate an 

instantaneous condition of the rotating stator current vector, which has a constant 

magnitude at steady state operation. The amplitude of the offset current determines the 

saturation effect and will set the operation point to different levels on the magnetization 

curve. 

The inductance at the operation point is defined as the derivative of the flux linkage, 

which is difficult to measure in the test. An incremental inductance is then defi ned to 

represent that value. Based on the DC offset current, an AC excitation signal has to be 

added to measure the incremental inductance value as shown in Fig. 3-6. 

0 

f~1 =-PI 
I I 
I I 
I I 
I I 

I Ai I Ail 
14 ... ,4 ... , 
I I I 
I 

Fig. 3- 6. Incremental inductance calculation. 
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L _ d).,I 
p-

dt . . 
/=Ip 

(3.26) 

where L1i is the magnitude of the AC excitation signal. 

The stator core saturation effect could be described by measuring the inductance and 

varying the DC offset current at the same rotor position. The measured inductance curve 

will agree with the magnetization curve. On the other hand, the structural saliency of the 

rotor could also be tested by fixing the DC offset current value and varying the rotor 

position evenly. Therefore, the nonlinear inductance data will be experimentally 

collected. 

3.5.1.2 Test System Setup 

Based on the measuring principle, the block diagram of the test setup to measure the 

inductances is designed and illustrated in Fig. 3-7. There are mainly three parts in this 

test system, power source (including AC and DC supplies), signal measurement (by the 

three-phase power analyser) and PMSM machine with dividing head. 

Fig. 3- 7. Block diagram of inductance measurement system. 

For the composited excitation, the DC signal component is provided by a constant DC 

power supply. A function generator followed by a power amplifier provides the AC 

signal component. The AC voltage frequency and magnitude could be controlled by 

using the function generator and the power amplifier, respectively. The rms value of the 

AC current signal is set to 0.3 ± 0.02 A, by trial and error method. This value is small 

enough to eliminate the influence of the AC signals to the total magnetic field produced 

by the permanent magnets on the rotor and the stator DC offset current. On the other 
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hand, this value could produce an observable voltage in unexcited phases for the 

mutual-inductance measurement and guarantee the measuring prec1s1on of the 

instruments due to the difficulties of measuring small signals. 

More or less, some DC offset error will be generated by the function generator, 

amplified by the power amplifier, and delivered to the stator windings. It will affect the 

accuracy of the DC offset current control on the power supply. A capacitor, Cl is then 

inserted to the circuit to block the DC components associated in the AC current signal. 

The capacitor C 1 is chosen as 160 µF. 

At the same time, the sinusoidal AC voltage component is parallel connected to the DC 

power source, which will produce the constant DC offset current to the stator windings. 

An inductor Ll is adopted to filter the AC harmonics from the DC power source, which 

may lead to errors on incremental inductance calculation. In this experiment, the 

inductor LI is chosen as 82 mH. Therefore, the voltage Vs, injected to the machine and 

measurement units contains both AC and DC components, which can be regulated 

separately according to the test. 

The stator windings of the PMSM are marked by using the line colours, white, blue and 

red. The black line is the neutral point of the star-coru1ected three-phase and the green 

line is com1ected to the ground. Fig. 3-7 shows an example diagram of the inductance 

test on the red phase. TI1e composited voltage signal Vs is input to the red phase through 

the third channel of the power analyser. The voltage, current and power of the third 

channel are recorded to calculate the self-inductance of the red phase winding. 

The other two phases, white and blue phase windings are open circuit connected. The 

voltages of the stator phases are measured by using the first and second channels of the 

power analyser and used to calculate the mutual-inductances. In order to calculate the 

incremental inductances, only the AC components of the voltages and currents are 

recorded from the power analyser. 

In addition, for the connection of the power analyser, the inner resistance of the 

ammeter cannot be neglected because the phase resistance of the stator windings is 

rather small. Fig. 3-8 shows the equivalent diagram of measuring circuit connection. 
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Fig. 3- 8. External connection diagram of the power analyzer. 

On the machine side, a mechanical dividing head is clamped onto the shaft of the 

SPMSM. The rotor position could be smoothly adjusted or fixed by using the dividing 

head and the highest resolution of the dividing head is 1 mechanical degree per scale. 

Throughout the inductance test, the rotor position is adjusted between 0 and 120 

mechanical degrees to obtain an electrical cycle, because the pole pairs of this SPMSM 

is three. The voltage, current and power readings were taken for every two mechanical 

degrees at each DC current offset. Fig. 3-9 shows the photo of the overall inductance 

test system. 
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Fig. 3- 9. Photo of the inductance test system. 

The nameplate-parameters of the SPMSM, DC power supply, power analyser and the 

power amplifier are shown jn Table 3-1, Table 3-2, Table 3-3 and Table 3-4, 

respectively. 

Table 3-1. Nameplate-Parameter of the PM Machine. 

Mode] IFT 6071-6AC21-2-Z 

Number of Poles 6 

Number of Phases 3 

Rated Voltage 128 v 
Rated Current 4.7 A 

Rated Speed 2000 rpm 

Rated Torque 4.5Nm 

Rated Power lOOOW 
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Table 3-2. DC power supply 

Model GEN300-11-D 

Output Voltage 0 V to 300 V 

Output Current 0 A to 11 A 

Insulation Resistance 100 M Ohm 

Table 3-3. 3-4 Universal Power Analyzer 

Model PM3000A 

Voltage Range 0.5 V to 2000 V pk 

Current Range 0.05 A to 200 A pk 

Frequency Range DC and 0.1 Hz to 500 kHz 

Table 3-4. Australian Monitor AL\11600 Power Amplifier 

Model AM 1600 

Frequency Response 20 Hz-20 kHz ±0.5 dB 

Damping Factor >650:1 - ~-----------------

Output Impedance < 15 m ohm 
>-- ·- ·-

Input Impedance 25k ohm 

Input Sensitivity 0.92 V + 1.5 dB 
---· 

Signal to Noise 105 dB 
---·-·-·-·-·----·-·-·-·-·--·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-

During the test, the frequency of injected AC signal can be controlled by using the 

function generator. As introduced in the literature survey chapter, the drive schemes of 

PMSM are mainly based on variable frequency method and the frequency of the stator 

current depends on the rotor speed. On the other hand, most of the reported sensorless 

rotor position estimation methods are designed base on high frequency electrical signal 

injection. Therefore, the inductance curves at different frequencies are measured to 

investigate the influence of the AC signal frequency on the inductance variation. A 

series tests were carried out and the excitation frequency was set at 50 Hz, 250 Hz, 3 50 

Hz and 550 Hz, respectively. 

At the same time, the DC offset current was set at different levels, i.e. 0 A, 1 A, 2 A, 3 

A, 4 A, 4 .5 A, SA, and 6 A, respectively. The maximum DC offset current in this test is 

chosen as 6 A, because at this value the stator core is fully saturated and the motor 

temperature rise to a quite high value (about 90 degrees inside). Additionally, when the 

DC offset current is bigger than 3 A, it varies slightly due to the resistance change at 
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higher temperature and this current is manually controlled at a steady state error of± 

0.01 A. 

The AC component frequency and magnitude are fixed firstly and the rotor position is 

set at 0 = 0°, which is randomly selected and marked mechanically outside the rotor. 

The three-phase voltage, current, and power are recorded from the power analyser. Then 

the rotor is rotated to the following mechanical position, i.e. e = 0° + k x 2°, (k = 1, 2, 

3, ... , 60) by using the dividing head. The maximum mechanical angle range is chosen 

from 0° to 120°, which stands for one electrical cycle for the tested 6-pole SPMSM. 

Then a series of data were collected to calculate the incremental inductances varying 

against the rotor position with the same DC offset current or saturation effect. 

After one electrical cycle test, the rotor was rotated back to the initial position as 

marked, 0 = 0°. Then the DC offset current is varied to another value, which makes the 

saturation effect to a new level. The above inductance test was repeated. Therefore, the 

incremental inductances varying with both rotor position and DC offset current could be 

calculated. 

3.5.1.3 Data Process and Analysis 

As shown above, the AC components of the voltage, current and power for each phase 

are co1Jected during the test. The algorithm to process the experimental data is discussed 

in this section. For a motor at standstill, there is no emf generated in the windings. When 

one of the three-phase stator windings is excited, the equivalent circuit can be drawn as 

in Fig. 3-10. 

.. 

Fig. 3- 10. Per-phase equiva lent circuit of inductance test. 

122 



Chapter 3. Numerical Nonlinear Mathematic Model of PMSMs 

In Fig. 3-1 0, Rs represents the resistance of the excited phase winding, Rel represents the 

resistor accounting for the core loss, and Ls is the self-inductance of the excited phase 

winding. lph, Vph and Pph are the measured terminal phase current, voltage and power 

from the power analyser. 

By analysing the circuit, the power factor of the circuit can be obtained as in (3.27). 

The reactance and the inductance can be derived as 

L = IXsl 
.I" 2ef 

(3.27) 

(3.28) 

(3.29) 

where f is the AC component signal frequency depending on the output signal 

frequency of the AC function generator. 

By using the similar method, the mutual inductance between the excited phase and one 

of the other two phase windings can be calculated by 

(3.30) 

where Vind is the measured emf in the unexcited phase winding. 

Based on (3 .29) and (3.30), programmed Excel files have been designed to calculate the 

phase self- and mutual-inductances from the collected data. The calculated inductance 

curves and discussions will be presented in the following sections. 

3.5.1.4 Calculated Inductance Curves 

Based on the test procedure and data analysis method, the SPMSM machine stator self-

and mutual-inductance curves were then calculated . Curves were calculated for different 
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frequencies and different DC offset values. Fig. 3-11 and Fig. 3-12 show a comparison 

of the self-inductance curves at different excitation frequencies. 
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Fig. 3- 11. Self-inductance at different DC offset currents,f = 100±1 Hz. 
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Fig. 3- 12. Self-inductance at different DC offset currents,f = 550±0.2 Hz. 

As shown in Fig. 3-11 and Fig. 3-12, when the DC offset current is set to zero, the 

magnetic field is mainly generated by the permanent magnets on the rotor. In the stator 

core, there is no additional saturation caused by the external electrical excitation. The 

self-inductance curve varies against the rotor position has a second order sinusoidal 

profile. 

When the DC offset current is not zero, the applied DC offset current results a magnetic 

field offset in the magnetic core, combined with that produced by the permanent 

magnets on the rotor. Once the magnetic field becomes more saturated, the magnetic 
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reluctance of the magnetic core will become larger and the value of the inductance at 

that point will decrease. While the rotor is rotated by the dividing head, the stator 

magnetic field overlaps with the rotor magnetic field at some rotor positions. Therefore, 

the magnetic core becomes more saturated at those rotor positions and the value of the 

inductance decreases. On the other hand, the magnetic core will become less saturated 

at other positions so that the value of inductance becomes larger, as shown in Fig. 3-1 1 

and Fig. 3-12. 

This DC magnetic field offset greatly affects the saturation saliency caused by the 

permanent magnets on the rotor. Based on the test results, it has been concluded that the 

higher the applied DC offset, the more apparent the saturation or flux weakening of the 

magnetic field can be. 

The initial rotor position of this test is randomly selected on the rotor shaft and it is 

marked as zero degree in the inductance curve figures. The rotor electrical position 

could be read out from the self-inductance curves as in Fig. 3-11 and Fig. 3-12. Without 

DC offset, the self-inductance reaches to the minimum value twice in one electrical 

cycle. That can be recognized as the position of the rotor d-axis. On the other hand, the 

positions that the self-inductance value reaches to maximum point are the rotor q-axis 

positjon. 

When the DC offset cmTent is added, an excited stator field is then generated. It will 

strengthen or weaken the field at particular rotor polarity position, N- or ci-poles. 

Therefore, the d-axis inductances wilJ decrease or increase. When the N-pole of the 

rotor aligns with the axis of the corresponding stator winding, the magnetic core 

becomes most saturated and the self-inductance at that point becomes the smallest. The 

rotor N pole position can be read out from the figures at about 42.5 °. 
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Fig. 3- 13. Mutual-inductance measured in white phase when red phase is excited,f = 100±1 Hz. 
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Fig. 3- 14. Mutual-inductance measured in blue phase when red phase is excited,/= 100±1 Hz. 

The calculated mutual-_inductance curves at different DC offsets are shown in Fig. 3-13 

and Fig. 3-14. The mutual-inductance from red phase to white phase is recorded as Lm1 
_,.. .. •. 

and red to blue as Lm2. The mutual-inductances reach their valleys and peaks while the 

saturation saliency related inductance variation at different rotor positions is apparent. 

Similar mutual-inductance variation can be observed from Fig. 3-15 and Fig. 3-16, 

where the excitation AC signal frequency is about 550 Hz. 
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Fig. 3- 15. Mutual-inductance measured in white phase when red phase is excited,f = 550±0.2 Hz. 
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J 
As shown above, the inductance of the SPMSM is related to the DC offset current 

amplitude and the magnetic rotor position. According to the comparisons above, the 

inductance values also vary against the stator current frequency, which is always 

varying in the modem machine drive system. It can be found that the self-inductance 

values slightly vary with the current frequency~ but the profiles of the curves are close, 

which indicates that the saturated ratio of the stator core is almost constant for different 

frequencies . For different frequency operation, the rotor magnetic saliency has the same 

traceable position. Once a sensorless injection scheme is proposed to detect the rotor 

position, the injected signal frequency will only affect the practical impedance values 

but not the profiles of the impedance curves. The inductance variation under saturation 

saliency is much bigger than that caused by the AC frequency variation. Therefore, the 
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inductance model in this thesis will be based on the inductance data collected at 100 Hz 

AC excitation, which is specified as the rated frequency of the machine. 

In this section, the measurements of the incremental self- and mutual-inductances have 

been elaborated and investigated. Various DC offsets applied to the three-phase stator 

windings have been employed to simulate the operating condition of a PMSM drive 

system and/or a sensorless drive strategy. In order to further utilize the SPMSM model 

considering structural and saturation saliencies in performance estimation and control 

scheme simulation, the self- and mutual-inductance at arbitrary rotor and stator flux are 

necessary. With the experimental results corresponding to several rotor and stator fluxes, 

the identification of the parameter matrixes of the self- and mutual-inductances will be 

discussed later in the following sections. 

3.5.2 Determination of Parameter Matrix Order 

After obtaining the inductance data, curve fitting or regress10n methods are then 

available to identify the parameter matrixes in the inductance function, as in (3.25). The 

parameter matrix in the inductance function can be expressed as 

(3 .31) 

where /(i) = [1 i1 i2 
• • • im]; 

C(B) = [1 sin(B) cos(B) · · · sin(nB) cos(nB)f; 

m and n are the current vector and Fourier Series vector orders. 

The order of the current vector comes from the polynomial function of magnetization 

curve, which is expressed based on the relationship between current and flux linkage. It 

is always simplified as 5th or ih order polynomial function and the derivative of the 

curve could be applied to describe the inductance profile. Therefore, the matrix order m 

in the inductance function is set as 6 to obtain a good regression result. Then the current 

vector is 

/(i)=[l i 1 ,') 6 z- . . . i ] (3.32) 
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On the other hand, the periodical inductance variation is described by using Fourier 

Series function. The order n of Fourier component vector C(O) is chosen based on the 

harmonics weights of the inductance curves. In order to analyze the harmonics, FFT 

analysis is taken to the inductance-position curve at different DC offset current values. 
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Fig. 3- 17. FFT of the self-inductance versus rotor position without DC offset,f= 550Hz. 
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Fig. 3- 18. FFT of the self-inductance versus rotor position at 6A DC offset,/= 550Hz. 
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Fig. 3- 19. FFT of the self-inductance versus rotor position without DC offset,/= lOOHz. 
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Fig. 3- 20. FFT of the self-inductance versus rotor position at 6A DC offset,/= IOOHz. 
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Fig. 3- 21. FFT of the mutual-inductance Lm1 versus rotor position at OA DC offset,/= 1 OOHz. 
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Fig. 3- 22. FFT of the mutual-inductance Lm1 versus rotor position at 6A DC offset,/= 1 OOHz. 
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Fig. 3- 23. FFT of the mutual-inductance Lm2 versus rotor position at OA DC offset,/= 1 OOHz. 
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Fig. 3- 24. FFT of the mutual-inductance Lm2 versus rotor position at 6A DC offset,/= 100Hz. 

Figures from Fig. 3-17 to Fig. 3-24 show the FFT analysis results of the measured self-

and mutual-inductance curves. Based on above figures, the harmonics of the inductance 

functions mainly converge in the first 8 orders for both the self- and mutual-inductance 

curves. In order to regress the inductance-position curve accurately, the Fourier Series 

order n is set to 8. Then the rotor angle vector can be expressed as 
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C(B) = [1 sin(B) cos(B) · · · sin(8B) cos(8B)f (3.33) 

The composite inductance function can be rewritten as 

I 

ao,o ao,1 
ao,16 l sin(e) 

L(i,B) = [1 .) . 2 i6] . al ,O a1 ,1 a1,16 cos(e) (3.34) l l ... 

aG,o a6,1 aG,16 sin(se) 
cos(se) 

As shown above, for a fixed AC excitation frequency, 8 groups of inductance were 

measured at different currents. In each group, inductance test was carried out on 61 

rotor positions with 2 mechanical or 6 electrical degrees resolution. Totally, 8 x 61 

inductance values were collected, which satisfies the parameter matiix A order and 

accurate regression results could be obtained. 

3.5.3 Nonlinear Regression for Parameter Matrix 

3.5.3. l Curve Fitting for Self-Inductance Curves 

The measured inductance curves at different DC offsets are combined together in one 

sample space, marked as Lte t(i, ()). The residual sum of square of the inductance 

function is defined as 

6 120 

f(A)= LL[I(i)· A. c(e)-Ltest(i,B)f (3.35) 
t=O 8=0 

in which the current i and the rotor angle e are not continuously changing. The current 

values are chosen as 0, 1, 2, 3, 4, 4.5, 5, and 6 A, the same as those in the inductance 

tests. On the other hand, the rotor angle e is set as 0, 2, 4, 6, . .. , 120, with a resolution 

of 2 mechanical degrees. 

In order to minimize the residual sum of square, f{A), the least residual sum of square 

(LRSS) method was firstly employed. The parameter matrix A could be calculated by 

using the equations set as in (3 .36). 
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af(A) 8/(A) 8/(A) 
aoo aO,I ao 16 

8J(A) 8/(A) af(A) 
al,O a1 ,1 al ,16 =0 (3.36) 

af{A) af{A) af{A) 
a6,o a6,1 a6 ,16 

A MATLAB function is designed to calculate the matrix A based on (3 .35) and (3.36). 

Fig. 3-25 shows the regression result for the self-inductance function. To get a better 

display, the transpose of A is shown. Fig. 3-26 and Fig. 3-27 show the measured and 

regressed self-inductance surface. The residual sum of square of this regression, f{A ) is 

l .289816e-7. 

The inductance f unction is: 

L Ci, the-ra)=I*A"C 

whe re I=[1, i, i"2 ..... i~·6) 

1-lhere C=[l; sin(thet:a); co.s( t heta) ..... . s i n(8 .. theta); cos(S"'thet a)} 

Transpose <lf the identified matrix A are shown below: 

1. 033231e-002 1. 787590e-004 -2. 907424e- 004 1. 813919e-004 -5 . S94016e-005 B. 307581e-006 -4. 722309e-007 
7. 933936e-005 -2 .162355e-004 2 . 798573e-004 - 1. 672480e-004 4 . 92971 9e-005 -6 . 933705e-006 3. 722116e-007 

-1. 7 51234e-006 5. 208011e-005 -1. 60962Se-004 9. 603321 e -OOS -2. 681787e-OOS 3. 500470e - 006 -1. 747161e-007 
-1. 4 2 5147e-007 4. 374926e-006 - 4. 584370e-006 3. 435298e-006 -1. 2 55837e-006 2. 230 899e-007 -1. 4 60339e-008 
-2 . 1 51708e-004 -2 . 982 594e-004 4 . 638710e-004 -2. 9071.lSe-004 8. 618078e-005 -1. 21 0161e- 005 6. 4 89975e-007 
-2. 019239e-OOS 3.439878e-005 -4.435921 e -005 3. 2478S3 e -005 -1.1 5906Se-005 1.884071e-006 -1. 126979e -007 

8. 378671e-007 -2. 035716e-005 4 .140119e- 00 5 -1. 948175e-005 3. 878847e- 006 -2. 949232e-007 3. 818289e-009 
2. 2142 32e-005 -9 . 37 37 38e-005 1. 5824 59e-004 -1. 059156e-004 3. 346480e-OOS -4. 9574M e-006 ? . 771683e-007 

-3. 849588e-005 l. 63S930e-005 ··Z. 71l295e-005 1.40833Se-OOS -3. 25695-6e-006 3 . 3310Sle-007 -1.196578e-·008 
, - ~. 009697e-007 - 5. 027 341ie-006 1. 8650il0e-005 - 1. 632030e-OOS 5. 791419e-006 -9 . v22696e-oo;r 5.1479.?0e-006 

1

1. -4655Se-005 -7. 72592?e-005 l. llHSOe-004 - 6. 833850e-005 2. 014083e-005 -2 . 822413e-006 1. 513108e- 007 
-1 . 956692e-005 B. 810826e-OOS -1. U3361e-004 S. 28262Se-005 -2 . 502169e-005 3 . 55152le-CI06 -1. 9S0817e-007 
- 3. 54 592Se-OOS 6. 2537 31e-·005 -8. 668504e- OOS 5. 257293e-005 -1. 557023e-005 2. 21 7969e-006 -1. 2134 56e-007 

t
t. 28298'!le- 005 -4 . 990?60e··005 6 . 90484 Se··005 - 4. B4100e-OO> 1. 205081e-OOS -1. 68!"16?9e-006 9 .112876e-008 
9. 561414e-006 3. 415790e-OOS -4. 365539e-005 ? . S0094Se-005 - 6 990231~-006 9 . 338915e-007 - 4 . 777614e-008 
l.ll?670e-005 - 4 878286e-005 6 . 969232e-005 - 4 . 415196<=-005 1 . 341675e-005 -1.917677e-006 l.036191e-007 
3 . 2 5039e-006 -4. 746152e-005 6. 76fi875e-005 -4 .159821e-005 1. 240621e-005 -1. 771185e-006 9. 68819Se-008 
-----------------------------------------------------------------------------------------

Fig. 3- 25. Curve fitting for self-inductance parameters by using LRSS method. 
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Fig. 3- 26. Tested self-inductance function surface . 
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Fig. 3- 27. LRSS estimated self-inductance function surface. 

For a fixed DC offset, the measured and estimated inductance values are shown in Fig. 

3-28, Fig. 3-29 and Fig. 3-30. It can be found out that the regressed inductance function 

can be used to accurately calculate the inductance values at arbitrary rotor positions. 
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Fig. 3- 28 . Measured and LRSS estimated inductance-angle curves at OA offset,/= lOOHz. 
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Fig. 3- 29. Measured and LRSS estimated inductance-angle curves at 4A offset,/= lOOHz. 

0.011 -----~---- -~--

0.0108 

0.0106; 

g 0.0104~ 
i 0.0102 
:l 
-o I c 
~ 
Q) 0.01 
en 

0.0098 

0.0096 

20 40 60 80 
Mechanical rotor position (degree} 

-------,b- Ls measured j 
--Ls estimated 

100 120 

Fig. 3- 30. Measured and LRSS estimated inductance-angle curves at 6A offset,/= IOOHz. 
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The inductance curve is periodical in terms of rotor position and the inductance 

variations are relatively small. The relative residual sum of square is then introduced to 

examine the regress result. It is defined as 

(3.37) 

It can be found that the relative residual sum of square focuses more on the relative 

error. By minimizing this value, the regressed inductance curve could be limited within 

an acceptable band around the measured curve. Based on LRSS method, the parameter 

matrix as shown in Fig. 3-25 has the relative residual sum of square 0.1207842%. 

Therefore, another regression method is available aiming to minimize the relative 

residual sum of square,f,-e(A). This algorithm is named as the least relative residual sum 

of square (LRRSS) method. The parameter matrix A then could be calculated by using 

the equations set as 

8f,e(Aj q[,JA) Bf,e(A) 
0 o.o aO.I ao .16 

8f,e(A) 8fr<'(A) ojjA) 
a l ,O a1,1 0 1,16 

=0 (3.38) 

qf,)A) of,.e.(A) ~(e.(A~ 
a 6,o a G.1 a 6,16 

Another Matlab m-file function is designed to calculate the matrix A based on (3 .37) 

and (3.38). Fig. 3-31 shows the regression result for the self-inductance function. To get 

a better display, the transpose of A is shown. The relative residual sum of square of this 

regression,f,-e(A) is reduced to 0.1207656%. 
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The inductance function is: 

l (i, t:het.a)=I*A*C 

where 1=(1, i, i A2 ..... i A6] 

where c-[1; sin(t:het:a); cos(t:het:a) . . . . . . sin(8"theta); cos(8"'t:het:a)] 

Transpose of t:he identified matrix A are shown below: 

1. 033161e-002 1. 826616e-004 -2. 964326e-004 1. 848164e-004 -5. 692404e-005 8. 441806e--006 -4. 792239e-007 
7 . 961604e-005 -2 . 178127e-004 2. 822324e-004 -1. 6S7079e-004 4. 971831e-005 -6. 990749e-006 3. 7 514 50e-007 

-2.697391e-006 5. 747257e-005 -1. 689034e-004 1. 008563e-004 -2. 821 S20e-OOS 3. 692633e-0-06 -1. 848052e-007 
- 3. 24 5813e-008 3. 777973e-006 -3. 708625e-006 2. 897571e-006 -1. 098561e-006 2. 01316Se.-007 -1. 345508e--008 
-2.151661e-004 -2. 982116e-004 4. 637074e--004 -2. 905583e-004 8. 612218e-005 -1. 209168e-005 6.483820e-007 
- 2. 023202e-005 3. 463247e- 005 -4. 47415le-OOS 3. 271982e-005 - 1.165886e-005 1 . 892861e- 006 -1.131193e-007 
1. 384118e-006 - 2. 343029e-00.5 4. 5913 33e-005 -2. 2B562e-005 4. 683547e-006 -4. 066563e-007 9 . 739848e-009 
2. 220408e-005 -9. 910784e-005 1. 587962e-004 -1. 06246-0e-004 3. 355900e-OOS -4. 970170e-006 2.l78212e-007 

- 3. 835927e-OOS 1. 5S7006e-OOS - 2 . 588199e-005 1. 331768e-005 - 3. 03007Se - 006 3. 01217le-007 -1. 025621e-008 
-4 . 11103-0e-007 - 5. 058673e- 006 1. 8 70218.e-005 -1. 633403e-005 5 . 78 7 54le-006 - 9.00SOSOe-007 s .132110e- 008 
1. 838878e-OOS -7 . 67678le- OOS 1 . 103879e-004 - 6. 78537-0e-005 1. 999289e-OOS - 2. 800970e- 006 1. 501270e- 007 

-1. 95S725e-005 8. 798353e- 005 - 1. 311051.e-004 S. 26616Se- 005 - 2 . 496681e-OOS 3. 572919e- 006 -1. 945733e-007 
-3. S4414 6e-005 6. 229436e-OO S -8 . 630772e-OOS 5. 233725e-005 -1. 550063e-005 2. 208250e-006 -1 . 208284e--007 
1. 263231.e-OOS -4 . 9024 57e-OOS 6 . 771658e-OOS -4. 04 715le- 005 l.177823e- 005 - 1. 64921.Se-006 B. 885831e-008 

- 9. 38505Se - 006 3 . 329189e- 005 -4. 246642e-OOS 2 - 4 29400e-OOS - 6. 77 7156e- 006 9.0335.22e-007 - 4 . 610219e-008 
1. 094 569e- 005 -4 . 734164e-005 6. 747005e-005 - 4 . 267503e-005 1. 294548e-005 -1. 846851e-006 9. 960156e-008 
3 . 20 0770e-00 6 -4. 736682e- 005 6. 744323e-OOS -4 .14 5098e-005 1. 2363 32e - 005 - l. 7 6537 3e-006 9. 6584 53e -008 

Fig. 3- 31. Curve fitting for self-inductance parameters by using LRRSS method. 

Fig. 3-32, Fig. 3-33, Fig. 3-34 and Fig. 3-35 show the comparison between the 

measured and estimated inductance-angle curve at OA, 4A and 6A DC offsets, based on 

LRRSS method. The ±0.5% relative error band was added to demonstrate the relative 

error range. 
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Fig. 3- 32. Measured and LRRSS estimated inductance-angle curves at OA offset,/= I OOHz. 
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Fig. 3- 33. Measured and LRRSS estimated inductance-angle curves at 2A offset,f = lOOHz. 
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Fig. 3- 34. Measured and LRRSS estimated inductance-angle curves at 4A offset,f = lOOHz. 
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Fig. 3- 35. Measured and LRRSS estimat~d inductance-angle curves at 6A offset,/= lOOHz. 

With the relative error bands, it can be found that the regression outcome has good 

agreement with the test results. Later the regressed parameter matrix A will be used to 

build the inductance function for arbitrarily selected rotor position and current 

magnitude. 

3.5.3.2 Curve Fitting for Mutual-Inductance Curves 

Same as the regression for self-inductance, both LRSS and LRRSS methods are applied 

to identify the parameters for mutual-inductances, L m1 and L m2- Firstly, the LRSS 

method was applied, the red-white mutual-inductance Lm1 was regressed and the 

identified parameters are shown in Fig. 3-36. 

The inductance f unct i on i s : 

L(i ;theta)-I•A"'C 

where r~[l , i, i 1Q ... . . i h6} 

where c-[1; si n(theta) ; cos(theta) . . . ... sin(8"'theta); cos(S•theta)J 

Transpose of the identified matr i x A are shown below: 

3. 620-0&4e-003 
6. 729864e-005 

-4. 229034e-OOS 
- 3. 53414Se - 004 
- 2.175607e- 004 
1. 806426e - 006 
1. 7 52802e-005 

- 3.15611Se-005 
1. 502831e-005 
6. 920647e-OOG 
3 . 643167e - 006 

- 3 .173400e - 006 
1. 0 3144le-OOS 

-1. 548329e - 006 
· l . 82 3387 e - 006 

2 . 4 31~66e -005 
l.111849e-005 

2. 698109e-004 
-2. 795443e-004 
1. 990691e-004 

- 2. 897249e - 004 
- 1. 217946e-004 
·4 . 013179e-oos 
-4. 019042e-oos 
-1. 649514e-005 
1. S7 3312 e-005 

- 3. 971974e-005 
- 2. 672:422e-005 

3. 4 34S?Oe - 005 
-2 . 245235e-005 

7 . B62244e-006 
-7 . 5 54 682e-006 
-5 . 482529e - 005 
- 2. 319995e-OOS 

-4.19%03e-004 
3 . 217103e-004 

- 3. 07 3194 e-004 
4. 412 503e-004 
1. 838885e-004 
7. 703009e - OOS 
3. 875-l72e-005 
3. 513780e-005 

-3. 080883e - 005 
6 . 413300e-OOS 
3. 729058e--005 

- 4 . 8 71693e-QOS 
3.416142e-005 

· 1. 348829e- OOS 
2. 671656e-005 
G. 996560e-005 
3. 2 7li52e-005 

2. 695417e-004 
-1. 783218e-004 
1. S09755e-004 

-2. 783826e-004 
-1. 085662e-004 
- 4. 854295e-005 
- 1. S74503e -·0-05 
- 2 . 877166e-005 
1. S45440e-005 

- 4. 275070e-005 
-2.114493e-005 

2. 959715e-005 
-2.16Q945e-005 

9. 74 5465e-006 
-2. 32282Se-005 
-3. 863866e-OOS 
-1. S86030e-005 

·8. 199380e-005 
4. 810271e-OOS 

-5.071561e-OOS 
8. 302221e-005 
2. 979057e - 005 
1. 429505e-005 
5. 035026e-006 
1. 03907 3e-005 

· 5. 01H65e-006 
1. 341780e - 005 
5. 74 566le- 006 

- 8. 731201e-006 
6. 494698e- 006 

-3.162210e - 006 
8 . 480965e-006 
1. 02 307 Se-005 
5 . 194406e- 006 

1.18<! SSle-005 
-6. 229875e - 006 

6. i'358S3e-006 
-1. ll2986e-00 5 
-3. 870020e- 006 
- 2. 005131e - 006 
-6. 900016e-007 
-1. 68041le-006 

6. 211 ? S7e-007 
- 1. 968574e-006 
- 7. 487459e- 007 

1 . 228631e-006 
- 9. 21'15S3e- 007 

4. 712841e-007 
-1. 382 506e-006 
-1. 283913e-006 
-6. 820528e- 007 

-6. 516563e-007 
3 . 098634e-007 

-3. 422112e- 007 
6. 3159lle- 007 
1. 929416e-007 
1. 079552e- 007 
3. 685135e - OOS 
9. 968086e- 008 

- 2 . 867923e- OOS 
1. 091048e- 007 
3. 7910S7e-OOS 

-6 . 603944e- OOS 
4. 976923e-OOS 

- 2. 633?00e-008 
8 . 2?1271e-OOS 
6 . 1S77 8 2e - 008 
3 . 440421e-OOS 

Fig. 3- 36. Curve fitting for mutual-inductance Lm 1 parameters by using LRSS method. 
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Fig. 3-37 and Fig. 3-38 show the measured and regressed mutual-inductance Lm1 surface. 

The absolute residual sum of square,.f{A) and relative residual sum of square,f,-e{A) are 

1.947353e-7 and 1.274647%, respectively. 
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Fig. 3- 37. Tested mutual-inductance Lm1 function surface. 
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Fig. 3- 38 . LRSS estimated mutual- inductance Lm 1 fu nction surface. 
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For a fixed DC offset, the measured and estimated inductance values are shown in Fig. 

3-39, Fig. 3-40 and Fig. 3-41. It can be found out that the regressed inductance function 

can be used to accurately calculate Lm1 values at arbitrary rotor positions. 
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Fig. 3- 39. Measured and LRSS estimated Lm1 cw-ves at OA offset,f = lOOHz. 

0.0045 ------r-----r------.-------,.-

0.00425 - y-

./ 
w 0.004 .. / 

c I I 
~ I . 

1 Q00375v 
2 ·~ 

~ Q::::~ 
0.0030L_ __ ~--

20 40 60 80 
Mechanical rotor position (degree) 

, Lm1 measured 

1 
---Lm1 estimated 

100 

Fig. 3- 40. Measured and LRSS estimated Lm1 curves at 4A offset,/= lOOHz. 
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Fig. 3- 41. Measured and LRSS estimated Lm1 curves at 6A offset,/= 1 OOHz. 

On the other hand, the LRSS method was applied to regress the red-blue mutual-

inductance Lm2 and the identified parameters are shown in Fig. 3-42. 

The inductance function is: 

l (i. thHa)-I*A~c 

wher e I=(l, I, i>'-2 ..... ih6] 

where Cu[l; sin(theta); cos(the"ta) ...... sin(8*theta); cos(s~-rhet a)) 

Transpose of the i dentified matrix A a r e shown below: 

3. '554268e-·003 
4 .174?42e-·006 

-7.il45725e-006 
4. H6886e-Q04 

-1. 9811Sle-0-04 
-2. 312542e-005 

3. l.31604e-006 
3. Bl472e-OOS 
4. 72301 Se-006 
1. 063475e- OOS 
7 .1!78l4Se-006 

- 1.. 51507Se-\Xl5 
l. 258092e--005 

- 3. 795635e-006 
-S . 75511.0e--006 
-9.161'122e-006 I i. o8s954e-oos 

l. 4 6U12e-004 
t:. 132605e- 00~ 
1. 21i394e-004 
7. 514565e--005 

-t. 704798e-004 
7. 928827e-1105 

-9. 296812e-OOS 
-«(. 399888e-OOS 

S. 031729e-005 
-4. 837825e-OOS 
. 2. 2412 8P.-005 

>. 1B141e-vos 
-4. 4394 Sle-005 

2. 8882SOe-005 
1. 366955e-005 
9. 073893e-006 

-1. 802364e-OOS 

- 3. 923670e-004 
-2. 299601.e-OOS 
··2. 2"'2297e-004 
-1. 2ll 5SOe-004 

2. 6S2420e-004 
-l. 068222e-004 
1. 571462e-004 
6. 754812e-005 

-5. tB9164e-005 
7. 342399e-005 
3. 67424.Se-005 

-5. 54490/·e-OOS 
6. 885494 e-005 
4 . 956536e-OOS 

-1. .169620e-OOS 
-~ .06 5497e -005 

2. 089134 e-005 

2. 5722l?e-004 
1. 425865(:-005 
1. 4 004 90e-004 
8. 6~8867e-OOS 

-1. 665195e-004 
5. 63939-9€: - 005 

-9. 579206e-005 
-4 .182936e-OGS 

2. 581125e-005 
-4 . 51l639le-OOS 
-2. ~18370 -005 
:L 519025e-OOS 

-4.443149e-005 
3. 446511e-005 
S.468504e-006 
1. 682204 e - 00 5 

-9. 425630e-006 

-7 . 969827e-L105 
-4. 01324.le-006 
-d .129174e-005 
-2. 7B700e -OOS 

1: . 9292 56e-005 
-1.<121223e-OOS 

2 . 697969e··005 
l. 252017e-005 

-4. 837977e··006 
1. 362905e-OOS 
7 . 9-!!9114e-006 

-9.065748e-006 
l. 357984e-005 

-1. 12S504e-005 
- 5. 295860e-007 
-6. 050766e-006 
1. 898961 e-006 

1.16901?e-OOS 
s. 563763e-007 
S. 729901e-006 
3. 995891e-006 

-6. 8!l6351e-006 
1. 687802e-006 

-3. 562230e-006 
-1. 794070e --006 
3. 382903e-007 

-1. 922803~-006 
-1.1.75086e-006 
1.104460e-006 

-1. 95792le-006 
1. 72564 Se-006 

- 7. 2 564 62e-ooa 
9. 863403e-007 

-1. 59?610e - 007 

-6. 508164e··007 
-2. 9319 2e-008 
-3. 03l191e-007 
-2. 207300e-007 

3. 66021 Se-007 
-7. 6131 ne-008 
l. 818243e-007 
9. 8227 57e-008 

-3.181649e-009 
1. 036672e -007 
6. 49937:ie -008 

- s. U41B3e-ooa 
1. 074158e-007 

-9. 9.23318e- 008 
1. 092218e-OOS 

- s. 924136e- 008 
3. 5S0500e-009 

Fig. 3- 42. Curve fitting for mutual-inductance Lm2 parameter by using LRSS method. 

Fig. 3-43 and Fig. 3-44 show the measured and regressed mutual-inductance Lm2 surface. 

The absolute residual sum of square, j{A) and relative residual sum of square, f~e(A) are 

1.901326e-7 and 1.30049%, respectively. 
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Fig. 3- 43. Tested mutual-inductance Lm2 function surface . 
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Fig. 3- 44. LRSS estimated mutual-inductance Lm2 function surface. 

For a fixed DC offset, the measured and estimated inductance values are shown in Fig. 

3-45, Fig. 3-46 and Fig. 3-47. It can be found out that the regressed inductance function 

can be used to accurately caJculate Lm2 values at arbitrary rotor positions. 
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Fig. 3- 45. Measured and LRSS estimated Lm2 curves at OA offset,f = IOOHz. 
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Fig. 3- 46. Measured and LRSS estimated Lm2 curves at 4A offset,f= 100Hz. 
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Fig. 3- 47 . Measured and LRSS estimated L 111 :: curves at 6A offset,f = 1001-Iz. 
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Secondly, the LRRSS method is also applied to mutual-inductance regress10ns. A 

similar Matlab m-file function is designed to calculate the matrix A based on (3.37) and 

(3.38). Fig. 3-48 shows the regression result for the mutual-inductance Lm1 function. To 

get a better display, the transpose of A is shown. The relative residual sum of square of 

this regression,f,-e(A) is reduced to 1.269914%. 

The inductance funct:ion is: 

t(i ,thet:a)~I•A•c 

where I=[l, i, it'2 ..... i A6] 

where C=[l; sin(thet:a); cos(theta) .. . ... sin(8"theta); cos(a•theta)) 

Transpose of the idem:ified mat:rix A :are shown belad: 

3. 622042e-003 
6. 484606e-OOS 

-4 . 173228e-005 
-3. 555877e-004 
-2.193693e-004 
2. 344987e-006 
1. 722543e-005 

- 3 .12671 0e-005 
1. 504560e - 005 
6. 335344e-006 
3. 29?251e-006 

- 2. 958D60e-006 
1. 004928e-005 

- 2. 877982e- 006 
-1. 066324e-006 
2. 4 53981e-005 
1.072064e-005 

2. 579483e-004 
-2. 651677e-004 
1. 955369e-004 

-2. 770792e-004 
- l.111852e - 0-04 
- 4 . 308831e-OOS 
-3. 8435S6e-005 
-1. 807364e-005 
1. 889248e-OOS 

-3. 670534e-oos 
-2. 476023e-OOS 

3. J14021e-005 
- 2. 113216e-005 
1. 315636e-OOS 

- 9 . 454983e-006 
- S.185944e-005 
-2. 049216e-0-05 

-4.018900e-004 
3.002907e-004 

-3.0l7666e -004 
4 . 219 54 9e-004 
1. 679576e-004 
S .12264 3e-OOS 
3. 605956e-005 
3. 753133e-005 

- 3.121832e-OOS 
5. 985357e-005 
3.433556e-OOS 

- 4. 688962e- 005 
3. 2291 >le-005 

- 1. 995168e-OOS 
2. 812327e-OOS 
6. 654072e-OOS 
2. 889815e-OOS 

2 . 583:148e-004 
-1. 652186e-004 
1. 774281e-004 

-2. 663263e- 004 
-9 . 875396e-005 
- 5. 099169e-OOS 
-1. 70746le-005 
-3. 024657e-OOS 
1. 8808-03e-OOS 

-4. 01 9356e-005 
- 1. 930518e-OOS 

2 . 849578e-005 
- 2 . 046433e-005 
1. 321796e-OOS 

-2 . 36<J133e-005 
-3.674770e-005 
-1. 648900e-OOS 

-7. 867525e-OOS 
4. 42947Se-005 

-4. 96'l 354e-005 
7 . 94482Se-005 
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Fig. 3- 48. Curve fitting for mutual-inductance Lm 1 parameters by using LRRSS method. 

Fig. 3-49, Fig. 3-50, Fig. 3-51 and Fig. 3-52 show the tested and estimated Lm1 

inductance-angle curve at OA, 4A and 6A DC offset. The ±1.00% relative error band 

was added to show the estimated results. 
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Fig. 3- 49. Measured and LRRSS estimated Lm 1 curves at OA offset,/= lOOHz. 
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Fig. 3- 50. Measured and LRRSS estimated Lm1 curves at 2A offset,/= 1 OOHz. 
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Fig. 3- 51. Measured and LRRSS estimated Lm1 curves at 4A offset,f = I OOHz. 
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Fig. 3- 52. Measured and LRRSS estimated Lm1 curves at 6A offset,/= I OOHz. 

For Lm2, the transpose of A is shown in Fig. 3-53, with which the relative residual sum 

of square of this regression,f,-e(A) is reduced to 1.293897%. 

The inducrance funct:ion is: 

L(i ,t:het:a)~I"'A .. C 

where I=[l, i, i ·'2 ..... iA6] 

where c-[1; sin(t:heta); cos(theta),,,, . . sin(8 .. theta); co.s(8"theta)) 

Transpose of the identified rnat:rix A are shown below: 
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Fig. 3- 53 . Curve fitting for mutual-inductance Lm2 parameters by using LRRSS method. 

Fig. 3-54, Fig. 3-55, Fig. 3-56 and Fig. 3-57 show the tested and estimated Lm2 

inductance-angle curve at OA, 4A and 6A DC offset. TI1e ± 1.00% relative error band 

was added to show the estimated results. 
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Fig. 3- 54. Measured and LRRSS estimated Lm2 curves at OA offset,f = lOOHz. 
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Fig. 3- 56. Measured and LRRSS estimated Lm2 curves at 4A offset,f = 1 OOHz. 
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Fig. 3- 57. Measured and LRRSS estimated Lm2 curves at 6A offset,f = 1 OOHz. 

As shown above, it can be found that the regression outcomes of mutual-inductances 

based on LRRSS method have better agreement with the tested results. Later those 

regressed parameter matrixes will be used to build the mutual-inductance functions for 

arbi trarily selected rotor position and current magnitude, as well as the self-inductance 

function. 
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3.6 COMPARISON BETWEEN THE LINEAR AND NONLINEAR PMSM 

MODELS 

A nonlinear simulation model of PMSM is built up in MA TLAB/SIMULINK based on 

the estimated self- and mutual-inductance functions. The saturation effect of the 

machine stator core is considered, which makes the new model more accurately 

describe the machine performance than the linear model. In this section, the structure 

and principle of this new model is introduced and the simulated performance of this 

nonlinear model will be compared with the traditional linear PMSM model. 

3.6.1 Nonlinear PMSM Model in SIMULINK 

As indicated in sections 3.2 and 3.3, the main improvement of the nonlinear model is 

the inductance estimation. In the traditional PMSM linear model, the inductance values 

of the stator windings are given by the d- and q-axes inductance values. The structural 

saliency or interior structure is incorporated by the different values of the d- and q-axes 

inductance. For dynamic simulations, such as in SIMULINK, the machine electrical and 

mechanical responses for particular input are always modelled as shown in Fig. 3-58. 

Machine 
electrical 
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Voltage inpu t 

Electrical 
equations 

Torque 
calculation 

Mechanical 
equations 

Speed&Position 
output 

Fig. 3- 58. Structure of the linear PMSM simulation model. 
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As shown in Fig. 3-58, the machine model always takes the voltages as input and the 

response currents, rotor speed & position, and the generated electromagnetic torque as 

the output. The machine electrical parameters, indicated in the figure, are pre-set as the 

values of stator resistance, and d-q axes inductances. On the other hand, the machine 

mechanical parameters, shown in the figure, are pre-set as the values of rotor inertia, 

rotor shaft friction coefficient and the permanent magnet flux linkage generated by the 

rotor permanent magnet. The 'Electrical equations' and 'Torque calculation' equation 

are the same as introduced in section 3 .3. Response stator currents are generated by the 

electrical equations with the rotor position information and the rotor movement 1s 

calculated based on the generated electromagnetic torque and load torque. 

During the simulation, the machine parameters are fixed and the stator self-inductance 

can be expressed in terms of rotor electrical angle. 

L +L L -L 
L = d q + d q cos(2e) 

s 2 2 
(3 .39) 

It can be found that the inductance values only vary against the rotor position, but not 

with the stator current, which indicates that the saturation effoct has not been 

incorporated. This traditional PMSM model has been widely accepted and used. Drive 

methods, such as FOC and D'TC are both oriented based on this linear model. However, 

it is not enough to investigate the machine magnetic field, i.e. the rotor polarity position, 

when sensorless drive schemes are desired. 

In the new nonlinear model, the saturation effect can be incorporated, by using the 

previously estimated inductance functions. The self- and mutual- inductance functions 

regressed in section 3.5 are used as the inductance estimator/observer to dynamically 

calculate the inductance values during the machine operation. The structure of the 

nonlinear model is shown in Fig. 3-59. 

As shown in Fig. 3-59, an inductance estimation block is added in the nonlinear model. 

Once the stator current and rotor position are calculated, the values are not only 

connected as the machine output, but also applied to the inductance functions to 

calculate the inductance values for next sampling interval. The current and rotor angle 

vectors will be generated as in (3.34). The self- and mutual-inductance parameter 

matrixes are embedded in the estimator and the accurate inductance values are then 
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calculated and output to the electrical process unit. The torque generation unit is the 

same as the linear model. By using this new nonlinear model, the stator core saturation 

effect will be observed regarding to the inductance value variations under different 

current values. 
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Fig. 3- 59. Structure of the new nonlinear PMSM simulation model. 

3.6.2 Simulation Results and Comparison 

According to the new structure diagram of the machine, a SIMULINK block is designed 

as the new PMSM model as shown in Fig. 3-60. The machine input is taken from the 

three-phase voltages and the final output is a bus signal including the response phase 

currents, rotor angle, speed and the generated torque. The electrical and mechanical 

processes are masked as several blocks. 

An inductance estimator is inserted to provide inductance values, in which the 

instantaneous phase currents and rotor position are used to calculate the self- and 

mutual-inductances. After obtaining the inductance matrix in stationary reference frame, 

Park-Clarke transform is then applied to transfer the inductance matrix to rotating 

reference frame to get Ld and Lq. 
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Fig. 3- 60. Established nonlinear machine model in SIMULINK. 
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The parameter matrix es regressed in section 3 .5 are embedded in the inductance 

estimator to calculate instantaneous inductance values for three phases. In order to test 

the performance of the model and compare with the traditional model, a set of 

simulations were carried out. Both the no-load and loaded performance of the models 

are simulated and compared. 
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Fig. 3- 61. Speed performance of the linear mode] at no-load. 
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Fig. 3- 62. Speed performance of the nonlinear model at no-load. 

Fig. 3-61 and Fig. 3-62 show the no-load speed curves for both the linear and nonlinear 

models. The motors are simulated at rated speed without load torque applied on the 

rotor shaft. The speed responses show good agreement with each other, because the 

saturation effect at no-load is very small or nearly zero. The armature current of the 

machine is close to zero when there is no load applied. The inductance values estimated 

from the inductance estimator are almost equal to the linear condition. Therefore, the 

model responses are similar. 

Furthermore, the load tested were conducted, in order to observe the saturation effect on 

the machine performance. The load torque is set to 2 Nm firstly and then increased to 

4.5 Nm, which is the rated load of the tested SPMSM. 
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Fig. 3- 63. Speed performance of the linear model at 2 Nm load. 
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Fig. 3- 64. Torque output of the linear model at 2 Nm load. 
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Fig. 3- 65. Phase current of the linear model at 2 Nm load. 
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Fig. 3- 66. Speed performance of the nonlinear model at 2 Nm load. 
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Fig. 3- 67. Torque output of the nonlinear model at 2 Nm load. 
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Fig. 3- 68 . Phase current of the nonlinear model at 2 Nm load. 

0.2 

As shown above, a 2 Nm constant load was added on the rotor shaft. The machine 

speeds dropped because they were operation at self-synchronous open loop mode and 

no speed and torque feedback schemes were conducted. 

It can be found that the torque responses are similar for both models. However, the 

nonlinear one has more harmonics on the torque output, because there are some 
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periodical errors in the estimated inductance values, when the current value increases. 

The inductance estimation errors mainly come from the saturation effect, inductance test 

and the function regression. The errors are relatively small compared with the 

inductance variation caused by the saturation effect. 

At the same time, it can be found that the phase-current magnitudes are quite different at 

nearly the same load torque and rotation speed. When load torque is applied, the stator 

current increases to a higher level compared to the no-load condition, so the inductance 

values will be different from the no-load or linear condition. Therefore, the response 

currents are different. This difference can be further observed when a higher load torque 

is added, under which the stator core will be more saturated. 
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Fig. 3- 69. Speed performance oft.he linear model at rated load. 
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Fig. 3- 70. Torque output of the linear model at rated load. 
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Fig. 3- 71. Phase current of the linear model at rated load. 
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Fig. 3- 72. Speed performance of the nonlinear model at rated load. 
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Fig. 3- 73. Torque output of the nonlinear model at rated load. 

161 



40 

30 

20 

10 
<( 

c 0 
~ 
:l 
0 -10 

-20 

-30 

-400 

Chapter 3. Numerical Nonlinear Mathematic Model of PMSMs 

0.05 0.1 

I ------,--------

0.15 
Time (sec) 

0.2 0.25 

Fig. 3- 74. Phase current of the nonlinear model at rated load. 
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Fig. 3-69 to Fig. 3-74 show the speed, torque and phase-current responses of both 

models under rated load. A constant 4.5 Nm load toque was applied. The torque outputs 

are similar and the speeds drop as well. The saturation effect can be easily found from 

the phase-current curves. The current magnitudes are different and, additionally, the 

steady state speeds are also different, because the stator core i · fully saturated now and 

the observed inductance values are quite different from the linear values, as shown in 

section 3.5. 

Based on above tests, it can be found that the saturation effect can be described by using 

the nonlinear numerical model. In oth~r words, the saturated inductance values can be 

accurately estimated by the new inductance model, which makes the simulated 

performance of the machine more accurate and more importantly, the nonlinear 

magnetic properties are included. The new model can be used as a virtual model to test 

the drive methods for the machine. It is also possible to track the rotor position and rotor 

magnetic polarity as shown in section 3.5, which means the sensorless strategies can be 

developed and tested on this model as well. 
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3.7 CONCLUSIONS 

In this chapter, the traditional linear mathematic model for PMSM is firstly introduced. 

The electrical and mechanical processes included are expressed as separate equations, 

based on the equivalent circuit of the stator. The linear model is the basis for most of the 

drive schemes of PMSM and is widely accepted. The linear assumptions in this model 

are introduced in this chapter as well. 

In order to improve the linear model and conduct accurate magnetic analysis, a 

nonlinear PMSM model is proposed. In the new model, a nonlinear function is designed 

to calculate the inductance values, taking both th.e rotor position and the stator current as 

variables. A parameter matrix is setup for each inductance function. 

Then a series of inductance test were carried out based on a prototype SPMSM. The 

self- and mutual- inductance values at different rotor position, stator current frequencies, 

and stator current magnitudes were measured. FFT analysis was conducted based on the 

measured inductance curves and the order of the parameter matrix is determined. On the 

other hand, the inductance variation against the current frequency j s considered and the 

te .. t frequency is finalised at the rated frequency, 100 Hz. 

Therefore, a group of inductance curves were observed for self- and mutual-

inductances, in which the rotor position and the stator current magnitude are the major 

variables. Curve fi tting is then applied to identify the parameter matrixes. LRSS and 

LRRSS methods are applied in regression and compared. It is found that the LRRSS 

method can give better regression result for the inductance curves. By applying the 

same LRRSS method, the parameter matrixes in the nonlinear inductance function were 

all identified. 

Furthermore, a simulation model of PMSM is developed in MA TLAB/SIMULINK, 

based on the nonlinear inductance function. An inductance estimator is designed to 

estimate the instantaneous inductance values during the operation. The proposed model 

was compared with the traditional linear PMSM model in SIMULINK. Simulation tests 

were conducted on open-loop system. The no-load and loaded tests were carried out and 

the speed, torque and phase-current responses were compared. The simulation results 

163 



Chapter 3. Numerical Nonlinear Mathematic Model o(PMSMs 

show that the nonlinear model could incorporate the saturation effect and describe the 

system. 
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CHAPTER4 

ANALYTICAL NONLINEAR MODEL OF PMSMS 

4.1 INTRODUCTION 

As discussed in previous chapters, an accurate mathematical model for PMSMs is 

desired for the drive system development. The major consideration is incorporation of 

the nonlinear saturation saliency. An accurate mathematical model can be used to 

accurately simulate the machine performance, access the drive strategies, and 

effectively develop novel control scheme from theoretical point of view. 

In Chapter 3, a numerical nonlinear model for surface mounted PMSM (SPMSM) is 

developed based on the inductance values collected and regressed from measurement. 

This model has been verified and can be applied as a virtual model for the real machine. 

However, the model is developed based on measurement and data regression. It is not 

possible to apply the numerical model to other PMSMs. Similar inductance test and data 

regression have to be conducted again to build numerical model for other machines. 

Therefore, an analytical mathematical model is desired as a comprehensive solution to 

express the nonlinear PMSM properties. In this proposed model, it is supposed that all 

the variables can be easily obtained and essentially, the model can be easily applied to 

any PMSMs with less modification. As a comprehensive PMSM model, the nonlinear 

saturation effect is to be incorporated. 

In this chapter, a survey of literatures w111 be presented firstly to summary the efforts 

which have been made for the analytical PMSM model. The various methods to model 

the magnetic saturation effect will also be reviewed in section 4.2. Section 4.3 will start 

from a generalized PMSM flux model and then the magnetic saliency in the air-gap will 

be further classified and expressed separately. Saliency ratios will be defined for both 

the structural and saturation saliencies. Then the machine voltage equations will be 

derived again following the nonlinear magnetic properties in section 4.4. The analytical 

expression for PMSM will be developed in both stationary and rotating reference frames, 
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with the analytically expressed inductance matrixes. Section 4.5 will be the inductance 

verification for the new model. The calculated inductance curves will be compared with 

the inductance values collected from the inductance test in Chapter 3. Finally, 

performance verification will be conducted in section 4.6. Simulation model based on 

the proposed analytical model will be built up and the machine performance will be 

simulated and compared with the tested real machine performance. 

4.2 LITERATURE SURVEY 

As introduced in Chapter 3, the traditional PMSM model has been developed since early 

1990' s. The linear magnetic property assumption is applied that the saturation effect is 

ignored. The linear PMSM model has been widely used to develop drive schemes and 

analysis the machine performance. However, the traditional PMSM model is not very 

accurate especially for dynamic analysis. 

Researchers are seeking improvements for the model to have higher accuracy. Main 

efforts on the improved modeling are about iron loss estimation [ 4.1 ], spatial harmonic 

analysis [ 4.4][ 4.5] , online parameter identification [ 4.6] and saturation effect modeling. 

Several methods have been reported to dynamically model the machine and to cany out 

satisfactory accuracy. For the nonlinear PMSM models 1n this thesis, the saturation 

effect is the major consideration. 

The magnetic saturation effect in electrical machines has been proved and studied in 

[ 4.9). Brown incorporated this saturation effect in the generalized equation of induction 

machines [ 4.1 2]. A new set of generalized equations describing the transient and steady-

state performance of an AC machine, with currents deliberately chosen as the state 

variables which take account of saturation of the main flux path was derived. The 

equations are completely general and not restricted to the asynchronous operation of 

uniform air-gap machines. Then the inductances were recognized as function of the 

magnetization currents for synchronous machines [ 4.13 ]. Comprehensive series of 

experiments were described, which show the significant distortions (control errors) 

introduced by the variable inductances due to changing saturation and cross-saturation 

effects. Adaptive control system was also designed for the saturated magnetic circuit. 
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However, the saturation effect was discovered by using experimental method, and there 

was no analytical expression for the inductance functions. 

Then the drive strategies for synchronous machines [4.14] and induction machines 

[ 4.15][ 4.16] were investigated considering the saturation effect in order to develop high 

performance controller. In [4.14], a synchronous reference frame model of a 

synchronous machine including saturation and iron losses was developed. The model 

developed is more likely an observer for the saturation effect. The behavior of a vector 

controlled synchronous machine was analyzed based on the mode and the influences of 

saturation effect and iron losses were shown. In [ 4.16], the idea of Chord-inductance 

and Tangent-inductance were introduced. In each operating point the nonlinear 

magnetizing inductance was described by those two values. The inductance was 

concentrated on one side of the nonlinear magnetizing inductance and the stator 

resistance was neglected. This model could obtain better transient performance than the 

nonnal model of induction machine. 

Several publications were about analytical model for electrical machine [ 4.17]]. 

However, those reported models are not applicable, because they were developed in 

terms of the analytically expressed magnetic circuit. They focused on the magnetic flux 

densities and induced flux linkages from machine design point of view. This kind of 

magnetjc circuit model cannot be applied for the machine dynamic performance 

anal ysis, since huge computing cost has to be spent. Most of time, the computation by 

finite element method (FEM) has to be employed. 

Therefore, some efforts have been made to improve the computing time for FEM 

[ 4.20][4.21]. In [ 4.21 ], an integrated FEM based machine model was developed with the 

machine drive system. This model could achieve faster simulation speed than traditional 

FEM models and as well more accurate result than the linear PMSM models. However, 

the saturation effect was not incorporated. The desirable model shou]d be developed in 

terms of machine electrical equations with the saturation effect built-in and could be 

further applied to derive the drive solutions. 

FEM modeling and calculation were reported to be applied to sensorless drives of 

PMSM in order to investigate the drive performance in terms of magnetic field 

[ 4.22][ 4.23]. In [ 4.24 ], an initial rotor position detection method was proposed based on 
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transient FEM. Both the rotor position and the rotor polarity were identified based on 

DC pulse injection method. However, the computing cost of FEM based scheme is too 

large to be applied for the dynamic performance simulation. 

At the same time, some new methods have been reported to enable fast performance 

simulation by developing numerical machine models incorporating saturation effect. In 

[ 4.25], an inductance model for switch reluctance machine (SRM) was developed by 

decoupling the stator current and the rotor position. Numerical method was applied and 

the coefficients in the nonlinear inductance function were calculated. Then the 

nume1ical model could be used to simulate the nonlinearity of the machine. Later in 

[ 4.26], this method was extended to PMSM. Based on the similar inductance function, 

numerous inductance tests were done to collect inductance values and to regress the 

coefficients. The machine nonlinear behavior is involved in this numerical simulation 

model. However, the model was built based on a specific permanent magnet machine 

prototype and cannot be extended to other machines. 

Considerations were also taken to calculate the machine inductance variation associated 

with the saturation effect. This looks like a result oriented method, because the 

inductance change is the only observable indicator for the saturation effect involved in 

the voltage equations. In [ 4.27], a new method was reported to identify the PMSM 

parameters, including the inductances. Among several parameters) wruch need to be 

calculated for characteristic analysis, d-and q-axis inductances and iron loss resistance 

are computed. The d- and q-axis inductances are obtained as the functions of the d-· and 

q-axis currents, _i.n order to incorporate the saturation effect. The iron loss resistance is 

obtained considering load condition and the motor speed. However, the parameters and 

functions were still obtained by using statjc FEM, which cannot avoid complex 

calculation. 

Later in [ 4.28], the inductances Ld and Lq variations were numerically modeled and 

regressed by using recursive least square (RLS) method to reduce the torque ripples. 

Saturation effect was modeled in the variable inductance values. Then the more accurate 

inductance values would bring more precise feedback control and less torque ripples. 

This torque tipple reduction method could improve the overall performance of the 

machine driver. However, the saturation effect or the inductance variation was not 
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analytically expressed and those methods did not consider the nonlinear cross-saturation 

effect between orthogonal axes. 

The cross-saturation effect was discovered in l 980's and it is proved that the cross-

saturation also exists even if the magnetic motive force distributions are assumed to be 

sinusoidal [ 4.29]. Later, Melkebeek [ 4.30] proved that the mutual-inductances in the 

dynamic analysis of saturated machines must be reciprocal not only for a uniform air-

gap machine but also for a salient-pole-type machine. 

In [ 4.31 ], the mutual-inductance between the orthogonal d- and q-axes was tested from 

a SRM. Later this mutual-inductance was calculated for PMSM by Meessen based on 

FEM [ 4.32]. In [ 4.33], a high frequency signal was injected to the stator windings to 

measure the cross-coupling inductance between d- and q-axes. The measured results 

were verified by using FEM as well. It is proved that the estimated cross-coupling 

inductance could be applied to reduce the reported rotor position detection errors for 

sensorless drive schemes, but it was not expressed by using the machine parameters and 

could not be utilized to develop new sensorless algorithms. 

For the ana1ytica1 machine model, Melkebeek proposed a nonlinear inductance model 

[4.34], in which the nonlinear inductances were defined from coenergy and flux point of 

view. An analytical expression of the inductance matrix of synchronous machine was 

canied out. A parameter was defined to indicate the operation point of the machine 

according to the magnetization curve. This model was successful and later applied to 

develop rotor-position estimator for synchronous machine [ 4.35). However, this model 

does not decouple the structural and saturation saliencies and requires very accurate 

magnetization-curve data to model the saturation effect. It has not been applied to 

analytically access the drive schemes. 

Later in [ 4.36], a nonlinear analytical machine model was proposed by the author. This 

mathematical model is developed based on the phase voltage equations. The Park-Clark 

transformation is proved to be applicable for nonlinear conditions. Therefore the 

magnetic saturation saliency is decoupled with the rotor structure saliency. Saliency 

ratios are defined respectively. This model was verified by both FEM calculation and 

experiments. Furthermore, it is applied for sensorless drive development of PMSMs 

[4.37]. 
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4.3 MAGNETIC SALIENCY OF PMSM 

As shown in Chapter 3, the rotating magnetic field saliency in PMS Ms is contributed by 

both the permanent magnet rotor and the electrical excitation in the stator. Those two 

variables could be modelled together as a composite function for the machine 

inductance or flux linkage. In order to identify the saliencies contributed by the rotor 

and stator sides separately, structural saliency and saturation saliency are defined to 

represent the permanent magnet and stator current saturation effect, respectively. 

Furthermore, indicators, structural saliency and saturation saliency ratios, are defined to 

analytically express the magnetic saliencies. By using the ratios, a relationship between 

the variables, rotor angle and stator current, and the stator inductances could be 

established and analytical expression of the stator inductances can be expected. 

4.3.1 Structural Saliency Ratio of PMSMs 

The structural saliency is mainly formed by the rotor structure and the permanent 

magnet on the rotor. It is always prefixed for a PMSM when it has been designed. It is 

usually easy to be obtained from the inductance value . 

In rotating d-q reference frame, the difference between d- and q·-axis inductances 

jndicates the mat;,1fletic saliency of the rotor stmcture. As well know, the d-· and q-axis 

inductances are almost equal for SPMSM, where the structural saliency is very small 

and sometimes could be ignored. On the other hand, the salient rotor structure of interior 

PMSM (IPMSM) is always represented by using unbalanced d- and q-axis inductance 

values. 

In stationary reference frame, the stator inductances are periodic functions of the rotor 

position. Once the saturation effect is neglected, the stator self-inductance is 

approximate} y expressed as 

L +L L -L 
L* = d q + d q (2B) " cos ,, 2 2 (4.1) 

where Ls* is the stator self-inductance expressed in sinusoidal way; 

fJ is the rotor electrical angle; 
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Ld and Lq are the linear d- and q-axes inductances, when there is no excitation in 

the stator windings. 

(Ld+Lq)/2 

2 3 4 5 6 
Rotor angle (rad) 

7 8 

Fig. 4- 1. First-order sinusoidal fo1m of phase self-inductance. 

9 10 

It can be found out that the rotor structural saliency is a function of d- and q-axes 

inductance values. The difference between those inductances determines the magnit-ude 

of the saliency. Therefore, a ratio is defined to express this saliency magnitude as 

Structural Saliency Ratio (StrSR). 

Ld -Lq 
K =---

sir L + L 
d q 

At the same time, the average linear inductance is defined as Lav· 

(4.2) 

(4.3) 

According to ( 4.2), StrSR is always set to zero for traditional SPMSM model. However, 

in this thesis, the structural saliency of SPMSM is still considered and a small StrSR 

value is applied. 

(It seems that structural saliency consists of no saturation. Jn fact, rotor PMs only may 

saturate the machine already). 
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4.3.2 Saturation Saliency Ratio of PMSMs 

On the other hand, the saturation saliency is caused by the saturation effect of the stator 

core and exists in both IPMSMs and SPMSMs. As discussed in previous chapters, the 

saturation of the stator core mainly takes place in the direction of the total flux vector. 

As a result, the inductance in this direction can be treated as a function of the equivalent 

total stator current. It is assumed to follow the magnetization curve of the stator core 

and not always a constant value as defined in the traditional PMSM model. 

Lchord 
Lrangent 

-----l·-~(i) 

l 
. 
lA 

Fig. 4- 2. Magnetization curve of PMSM. 

As shown in Fig. 4-2, the magnetization curve of PMSM is plotted out. For operation 

point A on the curve, the chord-slope and tangent-slope inductances are defined as 

(4.4) 

(4.5) 

It can be found that the difference between chord-slope and tangent-slope inductances 

varies against the operation point position and this difference increases when the 

machine enters higher saturation region. Based on the saturation curve, Saturation 

Saliency Ratio (SatSR) is then defined as the difference ratio between the chord-slope 

inductance and the tangent-slope inductance. 
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. _ T-~I;.;, 
K sat(zA)- A(iA) (4.6) 

iA 

Different from StrSR, the SatSR is not a fixed number for a PMSM. It is a function of 

stator current and follows the saturation curve. In traditional PMSM model, the 

inductance values are always assumed to be independent of the stator current, which 

means that SatSR equals zero. 

4.4 ANALYTICAL NONLINEAR MATHEMATICAL MODEL FOR PMSMS 

The StrSR and SatSR exist m all PMSMs, but only the StrSR is involved in the 

traditional linear PMSM mathematic model. In order to obtain accurate model for 

PMSMs, an improved analytical model with SatSR is desired. The major consideration 

of the new model will be the electrical equation in PMSMs. The inductances, both self 

and mutual, will be expressed according to the current variation. Compared with the 

conventional linear model, this new mode] is called nonlinear model, as the nonlinear 

SatSR fonction has been considered. 

4.4.1 Coordinate Transformation for Nonlinear Condition 

In derivation of the machine electrical equations, transformations between different 

reference frames were introduced as Park and Clarke transfonns. They are widely 

accepted as efficient methods to build the electrical equations in different reference 

frames for most rotating AC machines. 

The stationary three-phase voltage equations m ( 4. 7) can be transferred to rotating 

reference frame as in ( 4.8). 

. dA v= Rz+ -a 
a s a dt 

. dAh 
vh = R.1h + -.\ dt (4.7) 

dA v=Ri+-c 
C .I C df 
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(4.8) 

where Aa, Ab, Ac, Ad and Aq are the flux linkages of the axes in each reference frame 

calculated from the axis current and inductances. 

The flux linkages in the d-q reference frame can be calculated from the equivalent d-q 

currents directly. It is assumed that there is no mutual inductance between orthogonal d-

q axes. 

(4.9) 

where Am is the rotor permanent magnet flux linkage. 

The foundation of those transforms is the assumption of the sinusoidal distribution of 

the spatial voltage, current and flux vectors of the rotating machines. When the 

nonlinear aturation effect is considered, it is necessary to prove that the Park-Clarke 

transforrn can stilJ be applied and derive the voltage equations again in nonl ·near 

condition. 

In the nonlinear PMSM model, the vector composition method can still be applied for 

the voltage and current vectors calculation. The total equivalent spatial voltage or 

current vectors can also be calculated from the per-phase vectors as in linear model. 

However, the linear vector composition cannot be applied to calculate the total flux 

linkage, because of the nonlinear saturation profile between the cun-ents and flux 

linkages. 

There are mainly two observable flux vectors in PMSM, the rotor permanent magnet 

field Am without any excitation in stator windings and the total flux vector in the air-gap 

Ar under three-phase AC excitation. When saturation effect is considered, the total flux 

linkage is not equal to the composition of all the per-axis flux linkages. 

On the other hand, the total flux linkage is still assumed to have a sinusoidal distribution 

in the air-gap, which is the same as in traditional linear model. Therefore, the flux 
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linkages on the axes are then calculated or projected from the unique total flux linkage 

in the air-gap, which is contributed by both the rotor and stator sides. In other words, the 

per-axis flux linkages are not calculated directly from the corresponding currents. 

In the stationary reference frame, per phase-voltage equations have the same form as 

(4.7). 

(4.10) 

where )1-:, A,:, A,: are the projections from the total flux linkage in the air-gap. 

Once the standard Park-Clarke transform is applied to the currents, voltages and 

projection flux linkages, the phase A variables could be expressed as 

( 4.11) 

where A,: and A,: are the projections from the total flux linkage in the air-gap. 

Substitute ( 4.11) in the first equation of ( 4.10): 

dA,: * dB . dA-: * d() . . (--A. -+R z -v )cosB+(---A. -+R z -v )smB dt q dt s d d dt d dt s q q 

1 dAa . + -- ( --- + R z -- v ) = 0 12 dt \' 0 0 

( 4.12) 

Therefore, the voltage equations in rotating reference frame can be derived as 
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(4.13) 

It can be found that the d-q axes equations have the similar form as in linear condition, 

but the flux linkages now come from total flux linkage projection and ( 4.9) cannot be 

used to estimate them anymore. 

Similarly, the nonlinear voltage equations in stationary a.-/3 reference frame can be 

obtained in terms of the flux linkage projections. 

( 4.14) 

In order to analytically express ~he nonlinear machine model, the flux linkage 

projections have to be derived i~ both stationary and rotating reference frames. 

4.4.2 Analytical Nonlinear Model in Stationary Reference Frame 

In order to easily compare with rotating d-q reference frame, the two-phase orthogona] 

a.-/3 stationary reference frame is used to express the machine electrical model instead of 

a-b-c frame. The voJtage equation of PMSM machine can be described as in ( 4.14). The 

major consideration will be the differentiation of the flux linkage, which is nonnally 

simplified as inductance matrix in the traditional linear model. 

In order to differentiate the per-axis flux linkage, two equivalent current vectors are 

assumed as i_; and ;,*, which produce the rotor flux linkage and the total flux linkage. 

The equivalent value for i; can be approximately obtained by d-q inductances. Fig. 4-3 

shows the current and flux vectors in stationary reference frame and the angles are 

defined as 
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( 4.15) 

a 

fJ 

Fig. 4- 3. Phasor diagram in a-fl stationary reference frame. 

The flux linkages projected on a.-fJ axes can be expressed by the total flux linkage and 

the angle as 

{
A: = }.,; cos(t; + 0) 
A~ =A; si11( t; + fJ) 

(4.16) 

The total flux linkage induced by the total current vector follows the magnetisation 

curve, which is a nonlinear function and it is assumed as 

(4.17) 

The equivalent total current vector is still composited from rotor and stator currents with 

the structural factor. However, it is no longer a linear composition. A factor should be 

added as 

( 4.18) 

where K1is the composition factor. 

Once the inductance on the is direction is assumed as ( 4.19), K1 is defined as ( 4.20). 
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( 4.19) 

(4.20) 

When the current vectors are projected on o.-/3 reference frame, the total equivalent 

current and the factors are then defined as 

i,* = )u: )2 + u; )2 

= )[Ka(ia +i; cos8)]2 +[K.B(i.B +i; sin8)]2 
( 4.21) 

where Ka and Kp are the structural saliency factors on o.- and /J-axes, respectively. 

ia and ziJ are the axis currents projected from the stator current vector. 

i: and i; are the axis currents projected from the total equivalent current vector. 

I !:_d__!_~_q_ + Ld_=_ Lq__ cos 28 
K = _ 2 2 = 1 + Kstr COS 28 

a Ld + Lq Ld - Lq 1 + K _ cos 2p --- + - COS 2p Sii 

- 2 2 

l Ld +L~ __ !:_~ Lq cos28 

K __ 2 2 _ 1 -- Kstr~s2(} 
.B - -

Ld + Lq Ld - Lq . 1 + Ks/r cos 2 p ---+ ---- cos 2p 
2 2 

Substituting ( 4.21) into ( 4.16) and ( 4.17), the projected flux linkages are 

{
A: =A-() K~ Ua + i; cos 8) 2 + K;(ip + i.;. sin B)2 )cos(t; + B) 

A~ = A() K~ (ia + i.;. cos 8)2 + K; (i /3 + i;. sin B)2) sin( t; + B) 

where the angle (is also a function of the rotor and stator current magnitudes: 

Ka (ia + i; COS 8) 
cos( t; + B) = - Iv 2 ( • =.*==8=)=2 =· =K=2=( =. = .• =. =8=)=2 

1.) I\.a la +II COS + /3 l fJ + lf Sill 

] 81 

(4.22) 

(4.23) 

(4.24) 
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Finally, it can be found that the flux linkage on a-axis is a compound function with 

multi-variables. Four variables are identified as the rotor current, stator current a- and /3-
components and rotor position. 

(4.25) 

As a part of the voltage equation, the flux linkage differential part can be derived as 

partial differential terms. 

(4.26) 

For a PMSM machine, the rotor flux linkage is constant and the equivalent rotor current 

is assumed to be constant too. Therefore, the differentiation of the equivalent rotor 

current is zero. 

di! 
- =0 
dt 

(4.27) 

The last part of ( 4.26) is a] ways defined as the back emf of phase a, caused by rotation. 

It is defined as: 

aA-: de e = ----
a ae dt 

(4.28) 

On the other hand, the a-axis flux linkage was expressed from the total equivalent flux 

linkage and the pai1ial differential can be rewritten as 

(4.29) 

For the mutual part, the simil ar method is applied as well. 
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aA-: dli,; a( (r B) ,* 8(cos(s + B)) 
-=--cos~+ +A 
8i /J d( 8i /J I 8i /J 

dl A,* 
= -+ K fJ sin( c; + B) cos( c; + B) - -+ K /J sin( c; + B) cos( c; + B) 

d11 11 

(4.30) 

As shown in ( 4.29) and ( 4.30), the chord-slope and tangent-slope inductances are 

involved in the expression. 

(4.31) 

(4.32) 

Then ( 4.29) and ( 4.30) can be simplified as 

(4.34) 

Finally, the flux linkage differential part in the voltage equation can be analytically 

expressed as 

d)": -f[l-K (·*)]L c·*)K 2(,Y B) L c·*)K . 2(r e)-i. . dia dt - l sat 11 ('/uml l, a COS ':i + + Chord 1r a Sill L:i + J dt 

+ { [1- K .1.0 1(() ]Lc,10ri( )K /J sin(s + B)cos(s + B) (4.35) 

·* . di fJ 
-Lchari11 )K/J sm(s + B) cos(s + B)} · dt +ea 

A simplified form is 

dA-: .* 2 dia 1 .* . di/J 
- = L('/10ruC 11 )Ka (1 - K W/ cos (s + B))- - - - L ('/md(ll )K fJ KVI/ Sill 2(s + B) . - +ea dt . dt 2 ( . l dt 

( 4.36) 
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In ( 4.36), it can be found that the self- and mutual-inductances are analytically 

expressed. The same derivation is applied to /3-axis voltage equation as well. Then the 

voltage equations are rewritten in a vector form to isolate the inductance matrix. 

where the nonlinear inductance matrix can be expressed as 

- ~ LCho,iOK pKw sin 2( S + B) l 
Lc1ioriir*)K p (1- Ksa1sin 2 (s + B)) 

4.4.3 Analytical Nonlinear Model in Rotor Reference Frame 

(4.37) 

(4.38) 

Rotating orthogonal d-q axis is a widely used rotor field oriented reference frame, where 

the stator side variables couJd be converted into rotor side rotating with the rotor field. 

The projected current and voltage vectors are relati 1ely motionless to the rotor flux. The 

Park-Clarke transform can also be applied to the nonlinear machine model because the 

flux vectors are all obtained from the total flux linkage projection. Then the voltage 

equation was carried out as in section 4.4. l. It is assumed that the three-phase stator 

windings are balanced well and three-phase power supply is also symmetrical. Then the 

d-q axes voltage equations can be expressed as 

(4.39) 
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d 
<Pt 

---------- <Pi 

·* 
l d 

q~~~~~~.~*---~~~~o 

l q 

Fig. 4- 4. Phasor diagram in d-q reference frame. 

The PMSM phasor diagram in the d-q reference frame is shown in Fig. 4-4 and the 

angles between the vectors are defined same as 

I u;.; () = c; 
l u; ;() = P 

(4.40) 

The flux linkages projected on a-/J axes can be expressed by the total flux linkage and 

the angle. 

( 4.41) 

The total flux linkage induced by the total current vector follows the magnetisation 

curve, which is also assumed to be a nonlinear function of the total current. 

( 4.42) 

The equivalent total current vector is still composited from rotor and stator cutTents with 

the structural factor. However, it is no longer a linear composition. A factor should be 

added as 

(' = (. + K 1i; (4.43) 

where K1 is the composition factor. 
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Once the inductance on the is direction is assumed as (4.44), K1is defined as (4.45). 

(4.44) 

(4.45) 

When the current vectors are projected on d-q reference frame, the total equivalent 

current and the factors are then defined as 

( =~(i;)2 +(i;)2 

= ~[Kd (id+ i; )]2 + K:i: 
(4.46) 

where Kd and Kq are the structural saliency factors on a- and /J-axis. 

id and iq are the axis currents projected from the stator current vector. 

i; and z; are the axis currents projected from the total equivalent current vector. 

K - Ld 
d- Ld +Lq Ld -Lq 

_ __ 1_+_ ... _T<:_str __ 
] + Ks!r COS 2p --- + ----·cos 2p 

2 2 
K = - Lq . = _ _ _!_~Kstr ----

q Ld + Lq Ld - Lq 1 + K str cos 2 p ---- + ---- cos 2p 
2 2 

Substitute (4.47) and (4.46) into (4.41), the projected flux linkages are 

{

;(, =A,(~ K~ (id + i.; )2 + K(~ i{~ ) cos s 
A: =A(~K3(id +i.;)2 + K(~i:)sins 

(4.47) 

(4.48) 

where the angle (is still a function of the rotor and stator current magnitudes. It can also 

be expressed in terms of d-q axes current. 

(4 .49) 
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Finally, it can be found that the flux linkage on d-axis is a compound function with 

multi-variables but independent with rotor position, which is different from the flux 

projection in o.-/3 reference frame. Variables are identified as rotor current and stator 

current components. 

(4.50) 

As a part of the voltage equation, the flux linkage differential part can be derived as 

partial differential terms. 

( 4 .51) 

For a PMSM machine, the rotor flux linkage is constant and the equivalent rotor current 

is assumed to be constant too . Therefore, the differentiation of the equivalent rotor 

current is zero. 

di! 
-=0 
dt 

(4.52) 

On the other hand, the d-axis flux linkage was expressed from the total equivalent flux 

linkage and the partial differential can be rewritten as 

(4.53) 

For the mutual part, the similar method is applied as well. 

(4.54) 

The same chord-slope and tangent-slope inductances expressions are introduced to the 

differential equations. 
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(4.55) 

(4.56) 

Then ( 4.53) and ( 4.54) can be simplified as 

(4.57) 

(4.58) 

Finally, the flux linkage differential part in the voltage equation can be analytically 

expressed as 

(4.59) 

A simplifi ed fonn is 

* d. 
d J.,d -L c·*)K (1 K ·"2 1") dir1 I L c·*)K K . 21' 'q d! -- Chord 11 d - sat COS '::i • dt - 2 · Chord l t q sat Sill ~ · -df (4.60) 

In ( 4.60), it can be found that the self- and mutual-inductances are analytically 

expressed. The same derivation is applied to q-axis voltage equation as well. Then the 

voltage equations are rewritten in a vector form to isolate the inductance matrix. 

I ~dl = i;d l J ~dd ~d· l_q_l:dl +I -~: 10Je l q l q l qd qq _J dt l q l Ad 

(4.61) 

where both the self- and mutual-inductances are named and the self-inductances are 

defined as Ldd and Lqq, which are different from the well known d-q axes linear 

inductances, Ld and Lq. 
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The nonlinear inductance matrix can be expressed as 

4.4.4 Comparison with Linear Models 

_ _!_ LChori()KqKsat sin 2c; l 
Lc~,iOK. (I - K,m sin 2 S) 

(4.62) 

The PMSM models in section 4.4.2 and 4.4.3 are built up as a comprehensive machine 

model considering both the structural and saturation saliencies. The StrSR and SatSR 

are used in the expressions to indicate the field saliency. To verify the machine model, 

this model is simplified to match traditional linear machine models. 

For a linear IPMSM model, it is assumed that there is no saturation effect and the 

magnetization curve is a straight line. SatSR is assumed to be zero and the structural 

saliency factors can be simplified by using the linear inductance. Then in the stator 

stationary reference frame the voltage equation can be expressed as 

(4.63) 

The mutual inductance between a- and /J-axis 1s zero and the self-inductance is a 

function of the rotor angle. For the d-q rotor reference frame, the voltage equation can 

be expressed as 

(4.64) 

where Lai,(1 + Ksrr) = Ld is the linear d-axis inductance, 

Lm,(1- K,,,,.) = Lq is the linear q-axis inductance. 

It can be found that the models in (4.63) and (4.64) are the same as the traditional linear 

IPMSM model. 

Similarly, for an ideal linear SPMSM model, the structural saliency ratio and the 

saturation saliency ratio are all zero. 
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(4.65) 

Then in the stator stationary reference frame the voltage equation can be expressed as 

(4.66) 

As shown in (4.66), the mutual inductance is also zero. For the d-q rotor reference frame, 

the voltage equation can be expressed as 

(4.67) 

It can be found that the model in ( 4.66) and ( 4.67) are the same as the traditional linear 

SPMSM model. 

4.5 PROTOTYPE BASED VERIFICATION 

As shown above, StrSR and SatSR are applied in the nonlinear analytical PMSM model 

or in the nonlinear inductance matrixes. In order to verify the proposed PMSM model 

and identify the saliency ratios, the numerical inductance model carried out in Chapter 3 

is used. The prototype is chosen as an SPMSM because both the structural saliency in 

SPMSM is far smalier than that of IPMSM and the nonlinear saturation saliency can be 

easier identified. 

The self- and mutual-inductance data have been collected for different rotor positions 

and also for different stator current levels. The test results have been regressed to a 

nonlinear function to model the inductance. A numerical model is built up in 

MATLAB/SIMULJNK, in which the inductance is calculated by using the stator current 

and the rotor position. 
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The self- and mutual-inductances were expressed as composite functions of both the 

current and rotor position 

L(i, B) = J(i) ·A· C(B) (4.68) 

where l(i) = [1 i1 i 2 
• • • im], in which m is set to 6 to fit a seven order saturation 

curve, 

C(B) = [1 sin(B) cos(B) · · · sin(nB) cos(nB)]7, in which n is set to 12 to 

get a better regression function, 

ao,o aO,I a0,2n 

A= al ,O a1 ,1 al,2n which is the regressed inductance parameter matrix. 

am,O a m,I am ,2n 

Based on the regressed nonlinear inductance functions, a simulation model for the 

inductance calculation is built up as shown in Fig. 4-5. 

[a-·--

r$J---, l__--:1~ -~·'·~ "'•"• 
ITT _j lm=i l.abc~~es:hape ~t.abc 
lCQJ ~+O theta I R-h I es ape Q] .,.. __ ___J ~--~ 

Ldqf----+' 

Ld-q 

theta alfa-beta 

la-bl-----... 

Lalfa-beta 

Fig. 4- 5. The simulation model for inductance calculation. 

The three-phase sinusoidal current are input to the model with a gam Im as the 

magnitude. At the same time, the angle between the rotor and the stator current vector is 

adjustable by using a bias block. The calculated three-phase inductance matrix in then 

converted to d-q and a-fJ reference frames, respectively. Therefore, the inductance 

values can be estimated for any condition and used to verify the new analytical models. 
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4.5.1 Linear Inductance Component 

In order to identify the saliency ratios, the linear and nonlinear definitions of the 

inductance are indicated in Fig. 4-6. The inductance difference between the different 

definitions is also shown. 

~A 

~i 

At 
I 

Aj I 
I 
I 
I 
I 
I 
I 

i I 
I I 
I Lli I 
I I 

lt 
,.::::: > 1 
I I 
I I 
I I 

lJ l t 

Fig. 4- 6. Linear and nonbnear definitions of the inductance are indicated. 

As shown in section 4.4, the chord-slope inductance is applied to express the inductance 

matrixes for both stationary and rotating reference frames. It is still a function of the 

total equivalent current, which can be calculate from stator current and the rotor position. 

Based on the magnetization curve, the chord-slope inductance of the non-saturation 

region is almost constant and even in the saturation region, the Chord-inductance A,;/ i,* 

variation is always far smaller than that of the tangent-slope inductance dA.; /di,* . 

It is not possible to calculate and update the equivalent total current every time for 

different rotor angles. In order to simplify this comparison, the rotor angle in the 

regressed inductance model is set zero and the inductance under different definitions are 

calculated as in Table 4-1. 
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It can be found that the tangent-slope inductance, dA-; / d( is varying against the stator 

current caused by the saturation effect. At the same time, the incremental inductance 

~A;/ ~i1* is also varying. 

Table 4- 1. Comparison of linear and nonlinear inductance 

(J..f = 0.1495 Wb, (=OJ 

Current 
Offset dA,; /di; ( mH) ~~{ / !1( ( mH) dA-;/d( (mH) 
is (A) 

0 10 10 10 

1 9.9 10 10 

2 9.8 9.9 10 
3 9.6 9.8 9.9 
4 9.4 9.7 9.9 
5 9.1 9.7 9.9 
6 8.5 9.5 9.8 

-

Furthermore, j f the definition of the chord-slope inductance is extended to the total 

current as ;i,; / i;" , the variation is very small and can be as urned as a constant number. 

Then the chord-slope ·inductance component is assumed to be fixed and can be calculate 

from the linear inductance Ld and Lq values, which are always known for the machine. 

The machine inductance matrix es in ( 4.38) and ( 4.62) could be rewritten as 

[
Laa La/3] 
Lfla L/3/3 

= [L",(1 + K,,, cos 28)(1-K,a, cos '(S + 0)) 

- ~ L",(1 + K,,, cos28)K,", sin 2(S + 0) 

- _!_Lav (1 - Ks1,. cos 2B)Ksai sin 2( s + B) l 
La~1- K," cos 28)(1- K'"' sin ' (S° + 0)) 

(4.69) 

[
L L J [Ld(l-Ksu1 cos

2
( ) dd dq -

Ll(d L,14 - _ _!_ L K sin 2( 
2 t/ SU I -

(4.70) 
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where Lav= (Ld+Lq)/2 is the average linear inductance in the d- and q-axes. 

4.5.2 Calculated Structural Saliency Ratio 

For SPMSM, the structural saliency is relative smaller compared to IPMSM, but it is 

not zero. In order to obtain accurate estimation and modelling results, the StrSR is also 

counted for SPMSM. 

In the numerical inductance model, three-phase inductance matrix is simulated to d-q 

reference frame at different current offsets. Based on the nonlinear machine model, the 

d-q inductance matrix could be expressed as in ( 4. 70) 

If the stator current vector is set on the same direction of the rotor current vector, the 

equivalent total current vector should be also on this direction and the angle ( = 0. Then 

the inductance matrixes could be expressed as 

(4.71 ) 

It can be found that the SatSR is the only variable for the inductance matrix, with fixed 

linear d and q-axes inductance values. If SatSR is set to zero, the estimated d-axis 

inductance will be equal to the linear inductance value. 

Therefore, the 1nput stato · current magnitude in the simulation model is set to a small 

value, 0.2A, based on which the equivalent total current can be assumed that only 

formed from the rotor equivalent current and SatSR is set to be 0. No saturation now. 

Then the d- and q-axis inductance is assumed to be constant and the simulated 

inductance profiles are shown in Fig. 4-7. 
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-0 
E 0.008 
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0 
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Time (s) 

Fig. 4- 7. The self-inductance of d-q axis at nearly zero current excitation 

It can be found that the d- and q-inductance are almost constant and the smaJI structural 

saliency can be found out from the estimated result. The average value of Ldd and Lqq 

are observed. 

LJ = 0.0142H 
Lq = 0.0159H 

The average linear inductance and StrSR is calculated as below. 

L +L 
Lav= d q = 0.015JH 

2 
- Ld - Lq - o K1,,. - - -5.65 Yo 

Ld +Lq 

(4.72) 

(4.73) 

For a given machine, the StrSR is fixed and would not change with other variables, such 

as the rotor position or stator current. In this thesis, the StrSR of the tested machine is 

fixed and the values in ( 4. 72) are also used as the linear d- and q-inductance. 
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4.5.3 Calculated Saturation Saliency Ratio 

SatSR is a variable for the matrix es of both the stationary and rotating reference frames. 

It is hard to calculate SatSR from the a.-/3 inductance matrix, in which the rotor angle is 

another variable. The inductance matrix in d-q reference frame is then used to obtain the 

SatSR, because the rotor position will not affect the values. 

If the stator current vector is set on the same direction of the rotor current vector, the 

equivalent total current vector should be also on this direction and the angle ( = 0. As 

expressed in ( 4. 74), when the angle ( is set to zero, the d- and q-inductance can be 

calculated based on the saturation saliency ratio, which is related to the stator current 

magnitude. 

(4.74) 

SatSR cannot be analytically expressed, because it is based on the magnetisation curve 

which depends on the magnetic property of the stator core and is nonlinear. Then, 

several test have been carried out to check the saturation ratio as shown in Fig. 4-8. 

0. 015 ,---.----,---.---·- -,--.--------r--i 
0.0145 ~~ 
~~~~-·~W, 

0.0135 1 
g 0.013 

Q) 
u 
~ 0.0125 -

13 
:i 

'O 
.!: 0.012 

0.0115 

0.011 

0.0105 

j 
I 

-LddatOA 
-Lddat 2A 
- Lddat4A 

Ldd at 6A 

0.01 L..--~-~----'-------'--~---'----'---"----'----' 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Time (s) 

(a) 
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Fig. 4- 8. The d- and q-inductance varying against stator current level: (a) Ldd varying against stator 
current; (b) Lqq varying against stator current. 

As sho\vn in Fig. 4-8, the inductance curves agree with the expression in (4.74). For 

different stator current 1eve1s, the q-axis inductance value is almost constant, vvhile the 

d-axis inductance value varies with the stator current. The relationship between the 

stator current magnitude and SatSR is obtained and shown in Table 4-2. 

Table 4- 2. Relationship between current and Ksar 

(A 0 1495 1Vb ( 0 K 5 65%) -r= r ' = , Sir - - 0 ·-

Current Offset Averaged- Saturation Saliency 
is (A) 

inductance Ldd Ratio Ksat (mH) 
-· 

0 14.23 0 

1 14.14 0.60% 
----

2 14.08 1.02% 

3 13.91 2.23% 

4 13.74 3.39% 

5 13.57 4.59% 

6 13.33 6.33% 
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In Table 4-2, the saturation saliency ratio is zero at OA stator current offset and it can be 

found out that the i5-Ksat curve has a nonlinear profile and follows a polynomial curve. 

At the same time, the mutual-inductance between d- and q-axis is supposed to be zero as 

in (4.74). Based on the numerical inductance model, the mutual-inductance values at 

different stator current levels are all smaller than 0.03 mH, which is far smaller than the 

normal inductance values of this machine. The calculated values can be safely assumed 

to be the calculation error and the actual mutual-inductance values are zero. 

4.5.4 Self-Inductance Comparison 

After identifying StrSR and SatSR, the inductance matrix in the stationary reference 

frame can be calculated from the analytical model and compared with the estimated data 

from measurement. The inductance matrix in a-/3 reference frame is derived as in (4.75). 

When the angle (is set to zero, this matrix can be rewritten as 

Lap J = [L011 (1 + KS/r cos 28)(1- K.wi cos
2 

8) 

Lpp _ -% L,,,(l + K·"' cos 2B)K"', sin 2B 

-% L0 ,(l- K,,. cos W)K,0 1 sin2B1 

Lm.(1- K.w cos 28)(1- K sai sin2 B) J 

(4.75) 

The linear inductance and structural saliency ratio are identified as in ( 4. 73). Then the 

inductance matrix can be rewritten as 

r Laa Lap l 
LL Pa L,BP J 
= lo.o 151(1 - · 0.0565 cos 28)(1- K.rni cos 2 8) 

-- 0.00755(1+0.0565 COS 28)K,rn, sin 28 
- 0.00755(1+0.0565 cos 2B)Ksai sin 28 J 

0.0151(1+0.0565 cos 28)(1- K .wi sin 2 B) 

(4.76) 

For different input stator current values, SatSRs obtained from Table 4-20 are applied to 

calculate the self-inductance on a-/3 axis. Fig. 4-9 shows the measured and calculated 

inductance curves at different current offsets. The self-inductance on /J-axis, Lpp is taken 

as an examp1e. The expression of Lpf3 is 

LfJfJ = 0.0151(1+0.0565 cos 28)(1- K sa, sin 2 B) (4.77) 
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As shown in Fig. 4-9, the measured curve is based on the inductance test and the 

regressed numerical nonlinear inductance model. On the other hand, the calculated 

inductance curve is calculated based on the analytical model ( 4. 77). The error between 

these two curves mainly exists around the maximum inductance area. It maybe come 

from the assumption that the magnetisation curve is linear when the current is smaller 

than the equivalent rotor current and LJ, Lq are the linear part inductances. In the real 

machine, the saturation curve is also nonlinear in this area. On the other hand, there are 

also errors in the measuring and the nonlinear function regression. 

It can be found out that the Lpp is varying against the stator current value. The calculated 

curves in Fig. 4-9 show good agreement. 
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Fig. 4- 9. The self-inductance comparison between the measured and calculated values. (( = 0, Ksir = -
5.65%): (a) Stator current= I A, Ksar = 0.60%; (b) Stator current = 2 A, Ksai = 1.02%; (c) Stator current= 
3 A, Ksat = 2.23%; (d) Stator current= 4A, Ksar = 3.39%; (e) Stator current= 5 A, Ksat = 4.59%; (f) Stator 

cun-ent = 6 A, Ksa1 = 6.33%. 

In Fig. 4-9, the angle between the rotor and the equivalent total current vector, ( is 

assumed to be zero in order to estimate the parameters and verify the stationary 

reference frame inductance curves. 

However, the angle ( is always not zero when the machine is rotating. Normally, the 

stator current is rotating at a synchronous speed with the rotor and the magnitude of the 

stator current is constant. Then the angle t; is a constant value. It can be calculated as 

(4.78) 

K _ } +Kslr 
I -

h ' I+ K .1 cos 2p h I 1. f: w ere 1 :_'K. are t e structura sa iency actors. 
K = sir 

l/ 1 + Ks tr COS 2 p 

Then the angle can be calculated as 
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(I+ Kstr)(id + i; ) 
cos c;; = --;:============ 

~(1+Kstr)2(id +i;)2 +(1-Kstr)2i: 

(1 + K slr )(is COS p + i;) 
(4.79) 

=-----;================================ 
~(I+ Kstr )2 Us cos p + i; )2 + (1- K s/r )2 Us sin p ) 2 

where is is the stator current vector magnitude which is 1.5 times of phase current. 

In the stationary reference frame, the inductance matrix can be expressed as ( 4.80) with 

the linear inductance and StrSR values. 

[
Laa La/31=l0.0151(1-0.0565 cos 28)(1- Ksat cos 2 (s + B)) 
Lfla L/3/3 ~ - 0.00755(1+0.0565 cos 2B)K.rn, sin 2(s + B) 

- 0.00755(1+0.0565 cos 2B)K.rn1 sin2(s + B) J 
0.0151(1+0.0565 cos 28)(1- K sai sin 2 (s + B)) 

(4.80) 

As shown in ( 4.80), for given current offset and given angle p, the inductances are 

constant values. The self- and mutual-inductances are still function of the rotor angle, 

where SatSR, K sat is necessary parameter. The equivalent total current is calculated and 

applied to Table 4-2 to find out Ksat· 

(4 .81) 

where 

K = 1 + K.1•1r cos 28 
a 1 + K . cos 2 p . 

1 _Ks,, 2e are the structural sahency factors. 
K = str COS 

fl 1 + Kstr COS 2p 

For the tested SPMSM, the structural saliency ratio is very small, K51,. = -0.565%, so the 

structural saliency factor of each axis is assumed to be 1 and the total equivalent current 

has to be assumed to be composited by the rotor and stator current. 

(4.82) 

Or 
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(4.83) 

As shown in ( 4.83), the total current is a fixed value for a given angle p and stator 

current i5 • In the inductance calculation, the total current is calculated firstly and used to 

find the corresponding Ksat· 

Finally, the estimated angle ( and saturation saliency ratio Ksat values are input to 

calculate the self- and mutual-inductance values in ( 4.80). The self-inductance on fl-axis, 

Lpp is calculated and the calculated and measured self-inductances are compared at 

different p values as shown in Fig. 4-10 and Fig. 4-11 . 
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Fig. 4- 10. The self-inductance comparison between the measured and calculated values. (K;1r = -5.65%,p 
= 45°): (a) Stator current = IA, p = 45°, Ksat = 0.4339%; (b) Stator current = 5 A, p = 45°, Ksat = 3.2399%. 
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Fig. 4- 11 . The self-inductance comparison between the measured and calculated values. (( = 0, K.~rr = -
5. 65%, p = 90°) : (a) Stator current = I A, p = 90°, Ksar = 0.02%; (b) Stator current = 5 A, p = 90°, Ksar = 

0.4884%. 

lt can be found that when the stator current increases to a high value, the error between 

the calculated and measured inductances becomes larger. 111is error mainly comes from 

the approximate saturation saliency ratio and the measurement eTTor. Detail of the error 

discussion will be presented later in section 4.5 .6. 

4.5.5 Mutual-Inductance Comparison 

The same method could be applied to calculate the mutual-inductance between a.- and /3-
axis. TI1e mutual-inductance, LafJ can be expressed after fixing the linear inductance 

value and StrSR. 

LafJ = -0.00755(1+0.0565 cos 2fJ)KS(/1 sin 2fJ (4.84) 

Since the mutual-inductance values are relatively smaller than the self-inductance 

values. The errors obtained from measurement will be crucial for the mutual-inductance 

curves. Error compensation is then conducted. 
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As shown in (4.84), the mutual-inductance should be zero when there is no saturation or 

no current, so the measured mutual inductance at OA is marked as error signal and in 

Fig. 4-12 the calculated inductance is expressed as 

La/J = -0.00755(1+0.0565 cos 2B)Ksat sin 28 + LafJ_err (4.85) 

where LafJ_err is the measured harmonic signal when the current offset is zero. 

Then the mutual-inductance Lap is calculated at different current offsets and shown in 

Fig. 4-12. 
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Fig. 4- 12. The mutual-inductance comparison between the measured and calculated values. (( = 0, Ksrr = 
-5. 65%): (a) Stator current = 1 A, K.~ar = 0.60%; (b) Stator current = 2 A, Ksar = 1.02%; (c) Stator current = 
3 A, K.rnr= 2.23%; (d) Stator current= 4 A, Ksat= 3.39%; (e) Stator current = 5 A, KsaT = 4.59%; (f) Stator 

current= 6 A, Ksar = 6.33%. 

As shown above, the calculated mutual-inductance curve is close to the measured values. 

The errors have the same mtlook as in the self-inductance comparison. Same 

consideration is conducted for the working condition when angle (is not equal to zero. 

Fig. 4-13 shows the calculated and measured mutual-inductance curves. 
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Fig. 4- 13 . The mutual-inductance comparison between the measured and calculated values.((= 0, Ks1r = 
-5. 65%, p = 45°): (a) Stator current = 1 A, ( = 4.243°, Ksni = 0.4339%; (b) Stator current = 5 A, ( = 16.34°, 

Ksnr = 3.2399%. 
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As shown in Fig. 4-13 , a sinusoidal curve Ksin(28) is added to indicate the mutual 

inductance phase. 

4.5.6 Error Discussion 

In this chapter, the comparisons are carried out between the estimated and measured 

inductance values. As shown in the figures, there are errors between the curves. The 

errors can be classified to two parts. 

First of all, the original inductance data is measured from an SPMSM machine. There 

are reading errors on the dividing head, which controls the rotor position angle in the 

test, and also on the power analyser, which measures the voltage, current and power on 

the machine phase. The phase winding resistance varies with the temperature, especially 

at a high current offset, and the measured inductance will be influenced. There are some 

undesired harmonics in the measured curves. 

After taking all the inductance values, the nonlinear inductance function is regressed by 

using Least Residual Sum of Square (LRSS) method, which aims to minimize the 

residua] sum of square but not regress it to zero. So there is error in the nonlinear 

inductance model. 

Secondly, the PMSM mathematic model built up in this report is for all the PMSMs, 

including IPMSM and SPMSM, which incorporates both the strnctural and saturation 

saliencies. However, the parameters in the model, such as structural saliency ratio, 

linear inductance value and saturation curve, are unknown for the test machine. Some of 

these parameters are identified from the measured values and some parts are simplified 

by the following assumptions: 

• The magnetisation curve is linear when the current smaller than the rotor equivalent 

current value. 

• The structural saliency ratio is zero when calculated the equivalent total cunent. 

(Only for this SPMSM comparison) 

• The saturation curve is simplified as a look up table and all the section between the 

points are linear. 
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The error signal could be found out in the comparisons. Especially when the stator 

current magnitude is bigger, the error is larger because of the inaccurate saturation 

saliency ratio and the current composition angle values. 

However, if the design parameters are known, an accurate machine model can be 

developed. The structural saliency ratio could be calculated by using the accurate Ld and 

Lq, and the linear inductance can also be found out. The saturation saliency ratio could 

be updated by using the more accurate magnetisation curve. 

4.6 MACHINE PERFORMANCE SIMULATION AND EXPERIMENT 

As shown in section 4.5, the proposed analytical PMSM model was verified by using 

the measured numerical inductance curves. The comparison results show that the 

analytically model can accurately describe the nonlinear behaviour of the PMSMs and 

the saturation effect is incorporated. 

Furthermore, the analytical PMSM model is built in a simulation model. The machine 

performance simulation is then available. At the same time, a test platform is set up for 

the real PMSM, on which the machine performance could be coHected, including rotor 

speed, torque and phase cunents. Comparisons are earned out between the simulation 

and experiment results. 

4.6.1 Analytical Nonlinear Model in SIMULINK 

As shown above, the main improvement of the nonlinear model is the analytical 

expressed inductance matrix . The saturation effect is incorporated, by using the SatSR 

in the inductance matrix . The se]f- and mutual-inductance functions estimated from the 

new model were compared with the measured curves and shown good agreement. 

Therefore, the analytical expressed inductance mattix is built in the simulation model as 

the inductance estimator/observer to dynamically calculate the inductance values during 

the machine operation. The structure of the nonlinear model is shown in Fig. 4-14. 
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Fig. 4- 14. Structure of the new nonlinear PMSM simulation model. 

As shown in Fig. 4-14, an inductance calculation block is added instead of the old 

observer in the numerical model. Once the stator current and rotor position are 

calculated, the values are not only connected as the machine output, but also applied to 

the inductance functions to calculate the inductance values for next sampling interval. 

Corresp01 ding SatSR values are calculated from the nonlinear look up table. 

TLe current and rotor angle vectors will be generated as in (4.68). The self- and mutua.1-

inductance equations are embedded in the estimator and the accurate inductance values 

are then calculated and output to the electrical process unit. The torque generation unit 

is the same as the linear model. By using this new analytical model, the stator core 

saturation effect is observed regarding to the varying SatSR value. 

According to the new structure diagram of the machine, a SIMULINK block is designed 

as the new PMSM model as shown in Fig. 4-15. The machine input is taken from the 

three-phase voltages and the final output is a bus signal including the response phase 

currents, rotor angle, speed and the generated torque. The electrical and mechanical 

processes are masked as several blocks. An inductance calculator is inserted to provide 

inductance values. 
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Fig. 4- 15. Established analytical nonlinear machine model in SIMULINK. 
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The inductance matrix expression is embedded in the inductance calculator to calculate 

instantaneous inductance values for three phases. ln order to test the performance of the 

model and compare with the traditional model , a set of simulations were carried out. 

Both the no-load and loaded performances of the models are simulated. 

4.6.2 Machine Performance Test Platform 

In order to verify the proposed analytical model, a test platform is built up for the 

prototype SPMSM. The structure of the test platform is shown in Fig. 4-16. 
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PC 

Dynamo meter 
Controller 

Fan/ 
t==========t En coder 1==:==========1 Dynamom et er t======i Cooler 

Fig. 4- 16. Diagram of the test platfom1. 
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A DC power supply unit provides the power for the machine throughout an inverter, 

which is controlled by dSP ACE control board. At the same time, the machine feedback 

signals, i.e. rotor position, phase voltages and currents, are sensored and input to the 

dSP ACE board as well. Communications are built up between the dSP ACE board and a 

PC terminal with ControlDesk software kit installed, which acts as the controller for the 

whole system, collecting feedback, applying control algorithm and conducting control 

effort. 

On the machine rotor shaft, a MAGTROL hysteresis dynamometer is coupled on, which 

could be controlled to simulate any type of load as well as shaft torque measurement. A 

MAGTROL DSP6000 series controller is connected to the dynamometer to drive it. 

Bidirectional series communication is also available between the DSP6000 controller 

and the PC. MAGTROL M-Test software kit is installed, by which the measured torque, 

speed and power data can be collected or displayed. Load control command can also be 

send to the dynamometer via M-Test graphic user interface. 

A photo of the experiment platform setup is shown in Fig. 4-17. The SPMSM is coupled 

with a dynamometer via the torque transducer, which could be used to monitor the 

instantaneous mechanical torque and speed on the shaft. Table 4-3 shows the 

information of an the equipment. 

Fig. 4- 17. Photo of the machine test platform. 
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Table 4- 3. Equipment Information of the Experiment System. 

Equipment ModelN ersion 
SPMSM LanZhou 6071-6AC21-2-Z 
Dynamometer MAGTROL HD-715-8N 
Dynamometer MAGTROL DSP6000 
controller 
M-TEST software V5.0 (Rev 8.6.1) 
Torque transducer MCRTH. 79001V-(2-2)-NFZ-15000 
dSPACE DS1104 
ControlDesk V2.8 Unicode 

4.6.3 Performance Comparison 

The no-load simulation and experiment are conducted firstly. Fig. 4-18 shows the 

simulated no-load speed and torque of the machine. The speed and torque performance 

collected from experiment are plotted in Fig. 4-19. 
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Fig. 4- 18. Simulated open-loop machine performance based on the proposed mathematic model without 
load: (a) Speed performance; (b) Electromagnetic torque performance. 
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Fig. 4- 19. Experimental open-loop machine performance without Joad: (a) Speed performance; (b) 
Electromagnetic torque performance. 

Then a constant load torque is applied to the rotor shaft. Fig. 4-20 shows the simulated 

speed, torque, and phase current curves based on the proposed mathematic model. The 

load torque is fixed at 2 Nm. 
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Fig. 4- 20. Simulated loaded machine performance based on the proposed mathematic model: (a) Speed 
performance; (b) Electromagnetic torque performance; ( c) Phase current curve. 

The same test is carried out on the experiment platform. A constant load torque is 

applied to the rotor shaft via the dynamometer. The rotor speed is recorded by M-TEST, 
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and the phase current is recorded by ControlDesk. The performance curves are plotted 

as shown in Fig. 4-21. 
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Fig. 4- 21. Experimental open-loop machine performance with 2 Nm load torque: (a) Speed performance; 
(b) Torque performance; (c) Phase current curve. 

It can be found that the simulated and experimentally measured curves are in good 

agieement. There are smalJ errors in the -speed and current curves, which mainly come 

from the friction coefficient of the model and the assumptions made in the proposed 

mathematic model, as discussed in section 4.5 .6. 

Based on above tests, it can be found that the analytical machine model can successfully 

describe the saturation effect in PMSMs. In other words, the saturated inductance values 

can be accurately calculated by the proposed analytical inductance model, which makes 

the simulated performance of the machine more accurate and more importantly, the 

nonlinear magnetic properties are included. 

The major advantage of the new model is that this model can be used as a virtual model 

to test the drive methods designed for the machine. It is possible to track the rotor 

position and rotor magnetic polarity as in the real operation conditions, which makes it 

possible that the sensorless schemes can be developed and tested on this model as well. 
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4.7 CONCLUSIONS 

In this chapter, the analytical mathematical model for PMSMs is developed. A literature 

survey is firstly conducted for the nonlinear saturation effect in PMSM as the major 

barrier to accurate model the machine. Also, some reported improvements of the PMSM 

modelling methods are reviewed. 

Secondly, the magnetic saliency m PMSM is divided to structural and saturation 

saliencies, which are independent and can be decoupled by using coordination transform. 

More importantly, two new variables, StrSR and SatSR are defined to indicate the 

magnetic saliencies in PMSM. The nonlinear behaviour of PMSM is mainly converged 

in SatSR. The relationship between the saliency ratios and the traditional linear 

inductance values is also introduced. Based on those two new variables, the analytical 

mathematical model is possible to be derived. 

The voltage equations in rotating reference frame are derived again under nonlinear 

condition. It is shown that the voltage equations as similar once the axis flux linkages 

are counted as projections from the total flux linkage. Details of the nonlinear model are 

carried out for both stationary and rotating reference frames. The nonlinear behaviour is 

expressed in the new inductance matrixes, in which StrSR and SatSR are variables to 

calculated instantaneous inductance values. As extreme condition, the traditional linear 

PMSM model js covered in this comprehensive model as well. 

For the prototype SPMSM, accurate inductance values measured m Chapter 3 are 

employed to verify the analytical model. Both theoretical analysis and experimental 

results show that the Chord-inductance values could be approximately fixed as constant 

linear inductance component. The linear d- and q-axis inductances are then calculated 

when the stator current level is set to be nearly zero. StrSR for the prototype machine is 

then estimated. 

Then the inductance values for higher stator current excitation are plotted out and used 

to verify the analytical model. A look up table is built up to demonstrate the relationship 

between the stator current and the saturation effect or SatSR. 
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With the identified StrSR and SatSR, the analytical model for the prototype SPMSM is 

then completed. The self- and mutual-inductances of the stationary reference frame are 

plotted out based on calculation and then compared with the curves collected from 

measurement. The inductance curves at different working conditions are verified based 

on the experimentally collect inductance data. The calculated inductance curves show 

good accuracy and the small errors found from calculation are discussed. 

Additionally, machine performance test are conducted to further verify the analytical 

model. A PMSM model is built up in MA TLAB/SIMULINK based on the proposed 

analytical model, which identified StrSR and SatSR. No-load and loaded machine 

performances are simulated, including the rotor speed, torque and the phase current. At 

the same time, the real machine is assembled on a test platfonn, with the machine driver 

and a dynamometer. Machine no-load and loaded performance are tested and collected 

from the test platform. The simulated and experimental collected performance show 

good agreement and it is shown that the analytical model could accurately describe the 

machine behaviour under both unsaturated and saturated conditions. 
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CHAPTERS 

INVESTIGATION OF INITIAL ROTOR POSITION 

DETECTION METHODS 

5.1 INTRODUCTION 

In previous chapters, an accurate mathematical model for PMSMs was developed 

incorporating both the structural and saturation saliencies, which makes it possible to 

analytically derive, develop and assess the drive strategies, especially for those which 

need to count the saturation effect or identify the magnetic saliency of the rotor. 

Theoretical process is then available to analyse the drive schemes before they are 

implemented. 

The analytical mathematical model for PMSM developed in Chapter 4 is a 

comprehensive model for both IPMSMs and SPMSMs. It was verified by using both the 

tested inductance curves and machine perfom1ill1ce. 1t is an ideal platform to investigate 

and analyse specific problems for PMSMs such as initial rotor position detection (IRPD) 

and sensorless rotor position estimation, in which the rotor magnetic saliency has to be 

tracked. 

In this chapter, a survey of hteratures will be presented firstly to summarize the efforts 

which have been made for the IRPD of PMS Ms. The various methods to detect the rotor 

initial position will be classified and reviewed. The reported improvement made to 

those methods will also be summarized as well in section 5.2. The advantages and 

drawbacks of high frequency signal injection based IRPD methods will be analysed. 

Then a simple and reJiable IRPD method will be introduced in section 5.3 as the DC 

voltage pulse injection based method. Analytical model is applied to express the rotor 

movement under the pulse injection and the expression carried out will be later used to 

select the injection pulses. Current response and rotor vibration will be simulated by 

using SIMULINK model after analytically expressed from the model. The JRPD 

procedure will be described based on the pulse injection on all the three phases. 
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Additionally, improvement will be made bas;ed on this method and the rotor vibration 

could be further reduced. The improved method will also be introduced in section 5 .3. 

Later in section 5.4 and 5.5, simulation and experiments are conducted to verify the 

proposed method. The rotor position estimation performance will be presented and a 

conclusion will be made in section 5.6. 

5.2 REVIEW OF INITIAL ROTOR POSITION DETECTION METHODS 

IRPD is a typical problem for PMSMs. The excitation magnetic field in PMSM is built 

up by the permanent magnet on the rotor which cannot be controlled, which is different 

from the traditional electrically excited synchronous machines. Therefore, the initial 

rotor position has to be detected to start the machine efficiently, without reverse 

movement. Once the rotor initial angle is obtained, the first voltage vector direction can 

be calculated and applied. 

An absolute encoder attached on the rotor shaft could provide the rotor position at any 

time. Then the PMSM drive schemes can be conducted. However, the high accuracy 

absolute encoder is very expensive on the market and very sensitive to the working 

environment. For most of the applications, the encoder attached on the rotor shaft is 

always an incremental encoder, which can only provide accumulated rotor position 

information with a known starting point The position sensor should be calibrated every 

time when the rotor is started. 111e initial rotor position has no doubt to be estimated in 

pnor. 

On the other hand, many attempts have been made to eliminate the rotor position sensor 

of PMSM diive systems. It is named as sensorless PMSM drives. A lot of literatures 

were published regarding to the sensorless drive method and most of them are based on 

field oriented control (FOC) [ 5. I]. Recent years, direct torque control (DTC) based 

sensorless methods were also reported [5.4], with the advantages as stable and fast 

response. 

The sensorless methods of DTC usually focus on the initial rotor position estimation. 

For a PM motor drive system, almost all the sensorless methods proposed for FOC can 

be also used in DTC scheme. However, most of these methods take effect based on 
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reference frame transform and huge computation which counteract the advantage of 

simplified implementation of DTC. On the other hand, the rotor position can be 

observed from the estimated flux linkage in classic DTC scheme. Also a calculated 

speed can be used as the feedback in speed control loop. This characteristic makes DTC 

an ideal candidate to achieve sensorless drive for PM machines. However, an integral 

operation is always required to calculate the flux linkage. Therefore, the initial value of 

the integration, which is related to the initial rotor position, is essential for the DTC 

based sensorless methods. 

Some of the reported IRPD methods could achieve good estimation result by applying 

some extra low frequency excitation to the stator windings [5.7][5.8]. However, flexible 

coupling on the shaft is sometimes required and the rotor oscillation cannot be avoided. 

Ideal IRPD should focus on obtaining the rotor electrical position and the rotor 

magnetic polarity while keeping the rotor at standstill. 

Therefore, some short pulses or high frequency signal injection methods were proposed, 

by which the rotor could be easily kept at standstill . These signal injection methods are 

then classified as high frequency signal injection and pulse signal injection methods 

[5.9]. 

Firstly, it is found that high frequency injection method can also be applied to excite the 

stator winding, obtain current response and keep the rotor position at the same time. 

Due to the high frequency of the injected signal, the reactance of the circuit will be 

hugely increased and this phenomenon could amplify the rotor position information. 

There are two types of high frequency injection methods, rotating carrier signal 

injection [ 5.1OJ[5.18J and pulsating/oscillating signal injection[ 5.1 OJ, usmg either 

voltage [5.10J[5.17][5.18] or current injection [5.15][5.16]. R. D. Lorenz first 

introduced high-frequency signal injection technique to estimate position and velocity 

for PMSM [5.14]. The spatial saliency based on rotor position of interior PMSM makes 

it possible to use rotating carrier-frequency image tracking techniques to reliably 

identify and track the orientation of the d- and q-axes even when the rotor is at standstill 

[5.9]. 
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In [ 5 .11], the magnetic axis was identified from the current locus through rotating 

voltage injection and magnet polarity was detected by finding minimum inductance via 

square-wave voltage injection for an IPMSM. A rotating carrier voltage vector has also 

been injected into IPMSMs [5.10] and SPMSMs [5.12], tracking the spatial saliency 

image without polarity detection. In [5.13], an experimentally determined magnitude-

based current envelope was used to detect magnet polarity. 

In the carrier-signal injection methods, the location of the magnetic axis can be 

estimated using the carrier-signal current resulted from the interaction between the 

carrier-signal voltage and the spatial saliency. The magnet polarity should be 

simultaneously estimated using a polarity dependent saturation effect. The saturation 

effect of d-axis flux linkage in the rotor reference frame was modelled in [5.19] , and the 

process to extract position information as well as the polarity and the Luenberger style 

observer to estimate the rotor position were also discussed. 

A high-frequency, pulsating voltage [5. 14][5.17][5.18] or current [5.15] vector in the 

estimated synchronous frame was also injected into an IPM machine for IRPD. Jansen 

and Lorenz [5 .20][5.2 l] proposed an e timation technique for the induction machine 

that utilizes an injected signal at a high frequency to extract position estimates from a 

machine that has a high-frequency saliency introduced to its rotor. This technique was 

also used on machines with inherent saliency, such as a buried permanent magnet 

synchronous (PMS) machine [5 .IO]. Later in [5.1 4], this method was applied to an 

IPMSM. It utilizes an injected signal at known frequency to extract information from a 

spatial saliency. The method relies on a linear magnetic assumption that in the rotor 

reference frame, the d- and q-axes of the motor are decoupled from each other. This 

could reduce the number of additional functions that are needed to produce the position 

estimate. However, only the rotor axis position could be identified because of the lack 

of the nonlinear saturation effect model. 

Seung-Ki Sul introduced a different approach by using an oscillating carrier signal in a 

rotating spatial orientation [5.22]. The excitation by the carrier current changes the 

saturation ]eve] when its direction coincides with the magnet field . And current 

harmonics of second order are then detected to serve for polarity estimation. Major 

drawback of the polarity estimation method adopting rotating or oscillating carrier 

signal is the poor signal-to-noise ratio. Joachim Holtz proposed an initial rotor position 
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and magnet polarity estimation scheme for a PMSM [5.25] . The initialization is 

performed by injecting an oscillating high frequency voltage and two short current 

pulses in a sequence. The proposed method exhibits high-sensitivity and good signal-to-

noise ratio. 

In [5.15], an IRPD method was reported as insensitive to machine parameters. The 

method utilizes saliency of the rotor and was based on use of the alternating magnetic 

field which is excited by a current controller. The phase differences between the 

magnetizing current and voltage references make it possible to estimate the rotor 

direction accurately without motor parameters, except the ratio of d- and q- axis 

inductance. Also, the magnetic pole was identified on the basis of the voltage reference 

oscillation phenomena caused by magnetic saturation, which can be performed without 

motor parameters. 

It can be found that for all the high frequency signal injection methods, the saturation 

effect has to be modelled to obtain the rotor polarity. Saturation-dependent voltage 

reference oscillation of the current regulator near the peak current was observed and 

used for magnet polarity detection [5 .15]. A first-order d-axis inductance model 

including saturation was introduced to detect magnet polarity [5.] 6) and flux linkage. 

The polarity-dependent d-axis magnetic saturation was modelled as a function of 

current by a second-·order Ta_ 1or series [5.18]. The magnet polarity was determined 

from the second harmonic of the injected frequency [5. 16] . An accurate saturation 

model is required to improve the convergence speed of the polarity estimation for high 

frequency signal injection methods. 

Besides the high frequency signal injection method, the pulse signal injection method is 

also a candidate for IRPD. It is often based on estimating the minimum inductance 

location using a calculated di/dt obtained during some form of iterative square wave 

voltage injection to arbitrary axes such as that in [5.26]. By choosing an appropriate 

voltage pulse width and applying it to stator winding, the stator currents will partially 

saturate the stator iron. It is easy to estimate the position of magnetic pole through 

comparing with the sampled current values. The respective maximum value occurs 

when pulse voltage vector aligns with the d-axis [5.27]. 
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To minimize estimation error, Marco Tursini [5.31] proposed a novel procedure which 

combines an iterative sequence of voltage pulses with a fuzzy logic processing of the 

current responses and phase currents derivation. In [5.32], specially designed high-

voltage pulses are applied to amplify the saturation saliencies. And the peak currents 

corresponding to the voltage pulses are used, in combination with inductance patterns, 

to determine d-axis position and the polarity of the rotor. However, it is still difficult to 

estimate accurate position when pulse voltage vectors are injected within small range 

near the rotor position. 

A search algorithm for an optimum voltage vector that uses effective magnetic 

saturation without rotating the rotor was introduced in [ 5 .28]. Magnetic axis without 

polarity was estimated via a method named "INFORM" (Indirect Flux detection by On-

line Reactance Measurement) and the polarity was detected by finding minimum 

inductance on the estimated magnetic axis [5.30]. In these methods, initial position 

estimation accuracy can be affected by additional spatial harmonics such as saturation 

of the stator teeth. 

It can be summarize<l that the pulse injection method could obtain both the rotor 

magnetic axis position and rotor polarity, because higher magr1itude pulses can be 

temporaiily applied to saturate the stato1 core. Both structural and saturation saliencies 

can be tracked . Such methods can be applied to both surface mounted PMSM (SPMSM) 

[5.26] and interior PMSM (IPMSM) [5.29](5.30]. 

However, the pulse inj ection based method is an experiment based method, because 

there is no nonlinear model provided. The voltage pulses are chosen by experimental 

trial and error and the only way to assess the performance is implementation and 

experiment. The pulse signal width and magnitude have to be chosen carefully, in order 

to saturate the stator core and keep the rotor at standstill at the same time. The accurate 

nonlinear model developed by the author was applied to investigate the IRPD scheme in 

[5.34]. The rotor vibration is analytically expressed as function of the injected voltage 

pulse and machine parameters. An improved injection method was also proposed to 

minimize the rotor movement by applying different magnitude pulses. This scheme was 

then verified by FEM and tests [5.35]. 
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5.3 IRPD BASED ON PULSE INJECTION METHOD 

As summarized above, all the IRPD methods are based on external excitation. Extra 

electrical excitations are injected to the stator windings and the resultant voltage or 

current responses are collected. The rotor position will be abstracted from the measured 

responses. 

In the high frequency signal injection methods, the signal frequency is always set to a 

high level. The high frequency signals are applied as extra excitation for the stator 

windings. There are two major advantages for this kind of methods. 

No movement for the rotor shaft as the induced instantaneous torque is also at high 

frequency. The rotor could be easily kept at standstill, because the time constant of the 

electromagnetic torque is far smaller than the system mechanical one. 

More observable and reliable response signals. The circuit reactance under the high 

frequency signal is much higher, which will amplify the response signal and make it 

easy to be measured. Additionally, the amplified signal could increase the signal-to-

error ratio and make the estimation more reliable. 

Both the canier signal injection and the pulsating signal injection methods could be 

used to estimate the rotor axis position. Furthermore, several modifications have been 

made to identify the rotor polarity. However, most of the methods are not oriented from 

the machine mathematical model but experimental result oriented. It is also recognized 

that the saturation saliency or the polarity is harder to be obtained than the structural 

saliency or the rotor axis position. Additionally, signal processing unit is always 

required for the high frequency injection based methods. In order to isolate the rotor 

position information, demodulation and filters have to be designed according to the 

injection signal frequency. The signal processing unit will increase the complexity of 

the algorithm. The computing cost of the drive system will increase as well, especially 

when incorporating with other control schemes for full speed range operation. Then, a 

simpler and rel iable IRPD method is desired. 

The DC pul se injection method is an ideal candidate for IRPD, when the computing cost 

is considered. There is no additional hardware required and the response signal 
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processing is simple and reliable. Furthermore, the rotor polarity could be identified as 

well. The nonlinear PMSM model can be applied as a virtual model and the DC pulse 

injection based method could be investigated and improved. 

In the DC pulse injection methods, a series of DC voltage pulse excitation are injected 

to the three-phase stator windings and the response currents are recorded to identify the 

rotor initial position. At the same time, the rotor position is supposed to be constant or 

the rotor is supposed to be kept at standstill. 

The DC pulse injection methods are mainly based on the stator phase voltage pulse 

excitation. The response current is varying against the rotor initial position because the 

structural saliency exists and the phase inductance is a function of the rotor position. 

The rotor axis position can be obtained based on the structural saliency. Additionally, 

when the excitation increases to higher level, the response stator current will increase 

and the rotor polarity information is involved in the saturated phase inductance. 

The common DC voltage signals inj ected to the stator are the six fundamental voltage 

vectors, directly generated from the nomrnl two-level three-phase inverter. Fig. 5-1 

shows the avajlable voltage vectors for pulse injection. Therefore, the implementation 

of DC pulse injection is easier compared to other IRPD methods . 

Fig. 5- 1. DC pulse vectors available for injection. 
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The reported schemes of DC pulse injection are all developed based on experiment trial 

and error method. In this section, the DC pulse injection method will be analytically 

expressed by using the PMSM model. A revised DC pulse injection method is proposed 

and the performance analysis will be carried out based on numerical simulation. 

5.3.1 Rotor Vibration Analysis 

When the rotor starts running from standstill, the rotor is expected to stay there during 

the initial rotor position detection process. The angle between the rotor d-axis and the 

stator phase A is supposed to be constant. 

As discussed above, if the position detection is based on the electrical excitation, the 

rotor will be unavoidably moved. Therefore, the injected signal should be chosen 

carefully to limit the vibration angle in an acceptable or ignorable range. The high 

frequency signal injection method utilizes the extra high frequency excitation to prevent 

the rotor movement. For the DC pulse injection method, the pulse width and magnitude 

should be carefully chosen to limit the rotor vibration. 

In the pulse injection methods, a series of DC voltage pulse is injected into the stator 

winding to identify the rotor position. For an unknown initial rotor position, the injected 

signal could not follow the spatial rotor position and will be on one phase of the stator 

windings. Fig. 5-2 shows the diagram of the DC pulse injectic n. 

p 

d 

a 

Fig. 5- 2. P hasor diagram of the pulsating signal injecti on method. 
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As shown in Fig. 5-2, it is assumed that the angle between the rotor d-axis and the 

injected voltage vector is 6. Then the voltages equivalently applied on d- and q-axes can 

be expressed as 

{
vd = V;n cos(8 + wt) 
vq = V;n sin(8 +wt) 

where Vin is the DC voltage pulse injected. 

(5.1 ) 

In IRPD algorithm, the rotor position is supposed to be constant or vibrating in a very 

small range. Therefore, the voltages projected on the d- and q-axes are assumed to be 

constant. 

(5.2) 

On the other hand, the initial rotor position is unknown before the detection. The 

maximum rotor vibration will happen only when the DC voltage or cunent is applied on 

the q-axis or the torq~e-axis. In order to analyse the maximum rotor movement and 

derive the criteria for the pulse injection, the initial injection angle (5 is set to 90 

electrical degrees. The injected DC pulse i · fu11y applied on q-axis. 

(5 .3) 

The rotor is almost at standstill and the back EMF can be ignored. The electrical process 

inside the stator windings can be expressed in d-q reference frame as 

(5.4) 

The generated electromagnetic torque could be expressed as below. 
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(5.5) 

As the injected voltage is only on the q-axis, the d-axis current is zero. Then the torque 

expression can be rewritten as 

(5.6) 

where Am is the permanent magnet flux linkage. 

5.3.1.1 Rotor Vibration Considering the Friction 

After the DC voltage pulse injection, the generated electromagnetic torque will drive the 

rotor against the load torque on the shaft. The mechanical equation for PMSM rotation 

IS 

dm 
T =T +m F+J--111 

cm L m dt 

where TL is the load torque on the shaft, 

J is the inertia of the rotating part, 

Wm is the mechanical speed, and 

Fis the friction factor. 

(5.7) 

As shown in (5.7), a coefficient is defined for the rotor shaft friction. Most of the time, 

the mechanical friction cannot be ignored. The friction torque is proportional to the 

rotor speed. 

The electrical equation on the q-axis is then used to calculate the q-axis current: 

d(, 
v =Ri +L -' 

q <J qq dt 

To solve this equation, the homogeneous equation is firstly found as 
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(5.9) 

diq R . 
iq=-=--l 

dt Lqq q 
(5.10) 

(5.11) 

Therefore, 

R R __ , Inli I= --t + C or i =Ce Lqq q L o q o qq 
(5.12) 

Considering the non-homogeneous equation in (5.8) and setting u1(t) = C0, we have 

Then 

R 
- - / 

. ( ) l. 1q = u
1 

t e (!(/ 

Substituting (5.13) and (5 .14) to (5 .8), we have 

R [ R R J . _L, ~ t -Lt R -L t 
v = Ru (t)e qq + L _iil e qq + u (t)( - - e qq ) q 1 qq dt 1 L 

qq 

R 
du1(t) vq i ' --=-e qq 

dt Lqq 

R 
V - I 

U (f) = _!i_ eLq,, + C 
I R I 

The q-axis current can be cakulated as 
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. vq 
l =-
q R (5.1 8) 

where C1 is the integration coefficient depending on the initial condition and the initial 

current is zero as in (5.19). 

Therefore, it can be calculated that 

v c = _ _!!__ 
I R 

R v --/ 
. - q (l Lqq ) z - - -e 
q R 

Substituting (5.21) in (5.6), the generated electromagnetic torque has the form as 

R R p V - - I p v --- I 

T = - A _J_ (1 - e Lqq ) = -· )~ _!!!_ ( 1 - e Lqq ) 
em 2 m R . 2 m R . 

Substituting (5.22) to the machine mechanical process (5.7), we have 

R 
P V -1' dm - IL __!!!_ (1 - e -,,'! ) = T. + (i) F + J __ m 
2 /11 R L m dt 

Rewritten in terms of the rotor speed as 

The homogeneous equation for the rotor speed can be abstracted as 

d(i)m F 0 
-- + -OJ = 

di J /11 
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d@m F 
-=--(J) 

d! J m 
(5.26) 

(5.27) 

Therefore, 

(5.28) 

Considering the non-homogeneous equation in (5.24) and setting u2(t) = C2, we have 

Then 

F 
--( 

O)m = u2(t)e .! 

Substituting (5.29) and (5.30) to (5.24), we can obtain 

r F f -. F [ ----~?_ 1 J du~• t) --r F -- 1 f --- 1 1 P V , 
!. \. J . I " IT/ L,,q -, -·----e +u (t)(--e J )+ -- u (c)e · =- - -A --(1--e )--1. dt 2 J J 2 . J 2 m R L 

Simplified as 

[ 

R } 
1 !.., p v - - ! 

u (t) = -J e 1 - A. _0_ (1- e Lqq ) - T t 
2 J 2 m R L 
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(5.35) 

F R 
P V !::_, P V cTr)' T. f_ 1 

u (t) = - A. _m_ e 1 - - A. m e qq - --1=_ e 1 + C 
2 

2 m R·F 2 m R·J(F _ _B_) F 
J Lqq 

(5.36) 

Then, substituting (5.36) in (5.29) we obtain 

F R 
_f_, p v F p v (J-L)l T !_, _!_ , 

mm = u2 (t)e 1 = -A _;n_ e1
1 

- -A. 111 e qq _ --1=_ e 1 + C e 1 (5.37) 
2 m R·F 2 m F R F R·J(---) 

J Lqq 

R P V P V __ , T _!_1 
OJ = - A _in_ - - A in e Lqq - --1=_ + C e 1 ( 5 .3 8) 

m 2 m R·F 2 m R·J(F _ _B_) F 3 

J Lqq 

The rotor mechanical angle is the major measurement, not the electrical angle, as the 

shaft is always mechanically coupled with other devices. 

de,,, 
OJ-·.-

m dt 

Finally, the rotor angle can be expressed. 

R 

B -[ p ~ V,n ~- ] p ; LqqV,n -~~I J . C3 -51 C 
- -.ll, ---- t+-/l, ------e ---e + 

m 2 m R ·F F 2 m 2 F R F 4 

- - R ·J(-- ---) 
J Lqq 

where C3 and C4 are the integration coefficients depending on the initial condition. 

(5.39) 

(5.40) 

The rotor starts from standstill without any initial speed, and the initial rotor position is 

90° as assumed. 
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(5.41) 

The coefficients can be calculated as: 

(5.42) 
LqqF J 
F R F R ·J(- - - ) 
J Lqq 

The expression of the rotor angle is 

R 
---{ 

Lq(l-Kw,) e . 

J _!., T P V P V - - e J _f_ -- -- J... _..!.!}__ + -- It - in 
F F 2 m R·F 2 m F R R·J(-- - . ) 

L .] Lq(l-Ksa) 

(5.43) 

It can be found out that the maximum rotor angle response under q-axis pulse injection 

is related to the voltage magnitude applied to the phase. It also depends on the load 

torque applied on the rotor shaft and the mechanical system inertia and the friction. 

5.3.1.2 Rotor Vibration without Friction 

The derived rotor angle response in (5.43) is a composite function of multi-variables, 

including both electrical and mechanical factors. It is realized that once the pulse 

injection method is applied to detect the rotor initial position, the resultant rotor speed is 

small and the foction on the shaft could be neglected. 
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On the other hand, the angle vibrating bound calculated under the zero friction 

assumption could easily satisfy the real system, where the unavoidable friction will 

further limit the rotor movement. The mechanical process without friction is 

Substituting the q-axis current expression and torque equation in (5.44), one has 

Rewritten in terms of the rotor speed as 

dwm_ = _!_lP A, V,,, (l-e<.' )-T. l 
dt J 2 m R L 

The homogeneous equation for the rotor speed can be abstracted as 

<j_q),,, = 0 
dt 

(5.44) 

(5.45) 

(5.46) 

(5.47) 

(5.48) 

Considering the non-homogeneous equation in (5.46) and setting u3(t) = C5, one obtains 

(5.49) 

Then 

d(J)m = du3 (t) 
dt dt 

(5.50) 

Substituting (5 .50) to (5.46), we have 

I /? l d I 1 P V --r u3 ( ) = - - A _111 (1 - e i.,," ) -- T. 
dt J 2 m R 1

· 
L ~ 

(5 .51) 
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(5.52) 

R 
1 (p V ) P L V __ , u (t) = - - A _____!!!_ - T t + - A, ____JJ___!_!!_ e Lqq + C 

3 J 2 m R L 2 m J. R2 6 
(5.53) 

Then 

R 
- 1 ( p 'J v;n T ) p 'J Lqqv;n -Lqq 1 C 

OJ -- -A --1, f+-A --e + 
m J 2 rn R L 2 rn J . R2 6 

(5.54) 

Finally, the rotor angle can be expressed. 

B = - 1 ( p A- v;11 - T )t2 - p A- v;11 ( Lqq )
2 

e -</ + C t + C 
m 2J 2 m R L 2 m J . R R 6 7 

(5.55) 

where C6 and C7 are the integration coefficients depending on the initial condition. 

The rotor starts from standstill without any initial speed, and the initial rotor position is 

90° as assumed. 

(5.56) 

The coefficients can be calculated as: 

(5.57) 

The expression of the rotor angle is 
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e = ± n + _I ( p A, v;n - T. )t2 - p /L v;n ( Lq (1 - Ksa1 ) J2 e - L:q t 
m P 2J 2 m R l 2 m J · R R 

P Lq(l-K.rnl)v;n P v;n (Lq(l-Ksat)J
2 

--A, t+ -A- --
2 m J · R2 2 /11 J · R R 

(5.58) 

And (5.58) could be simplified as 

As shown above, (5.59) can be used as the sufficient condition to calculate the rotor 

angle varying bound without friction. The limitation could be further extended as 

assuming that there is no load torque applied on the rotor shaft, which may help to 

clamp the rotor. The rotor angle response will be 

It can be found out that if there is no friction and no load on the rotor shaft, the rotor 

angle response is inver 'ely proportional to the ine1iia and also related to the injected 

voltage, initial rotor position and the time. 

Assume that there is a tiny acceptable bound that the rotor may move slightly while 

applying the initial position detection methods. This bound should be defined as the 

maximum movement of the rotor. 

{
tit =t-0 
11B = B(t) - B(O) 

(5.61) 

As assumed, the rotor initial position is set to 90 electrical degrees. Then the bound 

value in (5.60) can be expressed as 

where Vin and Llt represent the injected pulse magnitude and width, respectively. 
2 48 

(5 .62) 
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For a given drive system and given rotor movement tolerance, the injection voltage 

pulse magnitude and the pulse width can be theoretically calculated by using (5.62). 

5.3.2 Phase Current Response under Pulse Injection 

As shown above, the current and rotor angle responses under DC voltage pulse 

excitation could be analytically calculated. The current response expressed in (5.21) is 

an exponential function with the machine parameters. Fig. 5-3 plots out the current 

response. The DC voltage pulses are always chosen as very short excitation with limited 

width. The current response under a limited excitation time interval is enlarged in Fig. 

5-3 as well. It can be found that the rising up current curve is approximately straight line 

and the induced rotor movement towards one direction is shown in Fig. 5-4. 

I 

I ---·---

Time 

Fig. 5-- 3. Current response under DC pulse excitation. 
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Fig. 5- 4. Rotor movement under DC pulse excitation. 

The six fundamental vectors are available to be injected to the stator. Each injection will 

cause rising DC current values in excited phase. Before next pulse injection, the phase 

current is supposed to be back to zero avoiding the torque coupling with next pulse and 

composite torque generation. 

An opposite voltage vector follows all the injections to bring down the excited stator 

cunent. For example, if the voltage vector (1, 0, 0) is injected to excite phase A, then the 

opposite vector [O~ 1, 1] is followed with the same pulse width to minimize the excited 

current. During this, an electromagnetic torque is generated and pulled back to zero. The 

rotor wilI vibrate around the initial position. Fig. 5-5 show the injected voltage pulse 

followed by an opposite voltage vector and the phase current response. This kind of 

pulse sequence is then named as positive pulse unit. 
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Fig. 5- 5 Injected voltage pulse and current response. 

0.2015 

By choosing an appropriate voltage pulse and applying it to each phase stator winding, 

the stator currents partially saturate the stator iron, enabling the algorithm to estimate 

the rotor axis position and sometimes even the polarity. 

According to Faraday' s law, we can simply obtain 

di !:ii ~11 
L 

(5.63) 
dt ~l 

The inductance variation can be reflected in the variation of dildt to identify the rotor 

position, and the current change rate in the stator is inversely . proportional to the 

inductance. In this scheme, the peak current value can be regarded as the current change 

rate approximately (per unit value), when the excitation time L1t is short enough. 

Therefore, the peak currents measured in the test can be utilized to detect the rotor 

position. 

It can be found out from section 5.3 .1 that the rotor vibration angle and the peak current 

value are related to the injected voltage pulse magnitude and the width. Higher voltage 

magnitude and longer excitation time will induce a bigger rotor vibration and a larger 

current peak value. In order to limit the rotor movement, the pulse magnitude and the 

width should be carefully selected. 
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The voltage pulse magnitude could affect the response current but in most of the real 

test systems, the DC bus voltage is always fixed via an uncontrolled full wave rectifier. 

The direct adjustment of the injected voltage magnitude will cause some additional 

control effort. First of all, the voltage magnitude is assumed to be fixed at a constant DC 

bus value of 200 V and the voltage pulse width is adjusted. 

Simulation and calculation have been conducted based on the accurate PMSM model. 

Several pulse widths at 200 V were used to calculate the current response and rotor 

vibration. Fig. 5-6 shows the current response under different pulse widths and the 

voltage magnitude is set to 200V. 
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Fig. 5- 6. Current response under different pulse widths. 

The pulse width is chosen from 0.1 ms to 0.4 ms and the phase current responses are 

plotted. The maximum current value is almost proportional to the pulse width. When the 

pulse width is set as 0.4 ms, the collected maximum current value is close to the rated 

phase current of the machine. The rotor vibration angle depends on the rotor initial 

position. The maximum rotor movement values are shown in Fig. 5-7 under different 

pulse widths. 
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Fig. 5- 7. Rotor maximum movement under different pulse widths. 

As shown in Fig. 5-7, the maximum rotor vibration angle is always less than 0.6 

electrical degrees, whicl1 is only 0.2 mechanical degrees for the test machine of 6 po] es. 

Rotor vibration under different voltage magnitudes has also been tested as plotted out in 

Fig. 5-8. The pulse width is set to 0.4 ms. 

0.6 

0.5 

0.4 

0.3 +---·------··-··--·-·-·-·-------··--·---

25 50 75 100 125 1 50 175 200 225 250 275 300 

Injected Voltage Pulse Magnitude (V) 

Fig. 5- 8. Maximum rotor movement u der voltage pulses, L1t = 0.04 ms. 

It should be noted that these vibration bound ~s are calculated based on the assumption 

that there is no friction and no load torque appilied on the rotor shaft. It is acceptable for 
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the real experiments and most of the applications, where the friction and load torque in 

mechanical system will further reduce the movement. 

On the other hand, the peak current value under pulse excitation reaches higher level 

with wider pulse width. There will be saturation effect incorporated in the current 

response. Tests have been done by injecting opposite pulses to the same phase for 

different rotor angles. Fig. 5-9 shows the peak current values at different rotor positions, 

with short and long pulse width. 

0.71 

0 .7 

0.69 

~ 0 .68 ' ' 
-·· - - --- - - - - - •.•• - - - - - - - _1 

' ' 
.... c: 
<l.I 0.67 lo.. ,._ 
:J u 
~ 0.66 ro 
Q) 
0. 
'"O 0.65 <I.I ...... 
'(j 
x 0.64 IJ.J 

0.63 

0 .6l -----· 

0 .61 ··--r····· ..... r .... .... -·-···-· -·-·--·-:·--·· -·---·····--·-·-···: .. ···-··-······ ................... - ........ . 

0 50 100 150 200 250 300 350 400 

Rotor Angle (electrical degree) 

~, " (a) 

254 



Chapter 5. Investigation oflnitial Rotor Position Detection Methods 

5.7 

5.6 

5.5 
~ 
~ 5.4 c: cu 
'-"- 5.3 :J u 
~ 
m 
Q) 5.2 a. 

"'O cu 
~ 5.1 ·o 
~ 

5 

4.9 

4.8 

0 50 100 150 200 250 300 350 400 

Rotor Angle (electrical degree) 

(b) 

Fig. 5- 9. Peak current values against the rotor position: (a) Pulse width= 0.05 ms; (b) Pulse width = 0.4 
ms. 

As shown in Fig. 5-9, the peak current value varies when N-pole or S-pole aligns with 

the excited stator phase, especially under Jong pulse width. The peak current difference 

of the N- or S-pole aligning with the excited stator phase can be utilized to identify the 

rotor polarity. This difference is sometimes very small and cannot be detected when the 

stator current is not big enough to saturate or fully saturate the magnetic circuit as 

shown in Fig. 5-9 (a). A bigger current will be generated when the voltage pulse width 

is increased and the difference of the current peak value can be found out, when the N-

or S-pole aligns with the excited stator phase as shown in Fig. 5-9 (b ). 

Fig. 5-10 shows the difference of the current peak value when the N- or S-pole aligns 

with the excited stator phase. As shown in Fig. 5-10, the current difference is getting 

bigger with the larger injected pulse. When the pulse width is set to 0.4 ms, the peak 

current difference on rotor d+ and d- axes will increase to 0.1 A, which is observable 

and easy to be identified to estimate the rotor polarity. 
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Fig. 5- 10. Difforence of the current peak value under N/S pole. 

5.3.3 Three-phase Current Response under Pulse Injection 

As shown in Fig. 5-9, the response cutTent peak for one phase is a periodical function of 

the rotor position. This function has a fundamental period equal to n, which is 

determined by the rotor axis position. furthermore, the peak current profile is close to a 

sinusoid, when the excited cunent is small as shown in Fig. 5-9 (a). A distortion wi.ll 

appear when the excited cunent increases, as shown in Fig. 5-9 (b ). All the three phases 

have the same peak current profile, assuming the machine phases are balanced. 

In order to identify the initial rotor position, a positive and a negative pulse are needed 

to excite each stator phase. Fig. 5-11 shows the three-phase peak current responses for 

different rotor positions. Two different pulse widths are tested. 
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Fig. 5- 11 . Three-phase peak current response ag inst rotor position with different pulse widths; (a) 
voltage pulse width = 0.05 ms; (b) voltage pulse width = 0.4 ms. 

As shown in Fig. 5-11 (b ), the saturation effect can be observed when the inject voltage 

pulse width is big, under which the induced stator current wi ll saturate the stator core. 
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The peak current profiles of the six injected voltage pulse reach the maximum value 

respectively, where the stator and rotor magnetic fields have the same direction. The 

electrical rotor angle cycle is then divided to six sectors, each of which could be 

represented by one excited current value. 

5.3.4 IRPD Principle 

The sinusoidal like behavior of the three-phase peak currents can be modeled as an 

average value plus some offset value, as a function of the rotor position. When the small 

pulse width is applied, the balanced three-phase current can be expressed as below. 

1
0 

= I 0 + Af cos(2t9) 

2Jr 16 = I0 + Af cos(2t9 + -) 
3 

I I 2Jr 
c = 0 +t;..J cos(2t9--) 

' 3 

(5.64) 

The pulse magnitude is set to 200 V and width is set to 0.4 ms. Once positive and 

negative pul e mits are injected to the three phases separately, six peak currents could 

be collected and marked as la+, ] 0 _, h +, h ., le+ and le_, where A, B, C represent the three 

stator phases and +/- represent the injected positive or negative voltage pulse. The 

largest magnitude determines the rotor sector where the rotor N-pole lies in. Then the 

remaining 2-phase peak currents can be used to calculate the approximate rotor position 

or the offset angle in that sector. 

For an unknown rotor position, the collected peak current value can be defined as the 

difference between the phase current values and the average value as 

!
Af,1+ =Ju+ - lo 

M,,+:J,,+=10 

111,+ - I,+ I 0 

(5.65) 

For examp1e, if phase A has the ]argest peak current value under positive pulse 

excitation or l a+ is the largest, then phases B and C measurements under positive pulse 
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excitation, h+ and le+, can be used to find the angle offset. Substituting (5.65) in (5.64), 

we have 

2Jr 2Jr 
Mb+ cos(2B - -) = M c+ cos(2B + -) 

3 3 
(5.66) 

An expression for the angular position found in (5.66) 1s generated by usmg 

trigonometric identities and isolating the angle terms fore. 

2Jr 
cos -

sin 28 = __ 3_ M c+ - Mb+ 

cos2B . 2Jr M +Af Slll - c+ b+ 
3 

(5 .67) 

The actual position could be found by calculating the inverse tangent and dividing the 

remaining angle by two. An approximation for the position is made by assuming that 

cos(28) = 1 and sin(28) = 28 for small angles. Then, the position offset can be 

calculated as 

(5 .68) 

The estimation procedure is further expressed in Fig. 5-12 as a flowchart. Equation 

(5.68) is utilized to calculate the approximate rotor angle value. 

259 



Chapter 5. Investigation of Initial Rotor Position Detection Methods 

START 

Inject positive and negative voltage pulses 
into three-phase and record current peak 

value. 

10+=Average(JA+, Is+, le+) 
/ 0_=Average(h, Is_, fc·_) 

lpeah =Max(JA _._ -fo+, ls+-lo+, l c+-lo+) 
lpeak-=Max(h-fo_, ls--fo_, l c--fo_) 

Compare !peak+ and lpeak-
Set Bsec1vr 

Set other two phases current 
defined as h 12 

Calculation and compensation 
1 U 1-I2) 

(} - - --- . ------
of (s<'f - 2 .,/J (fl + I 2 ) 

fJ = fJsector +()offset 

END 

Fig. 5- 12. IRPD procedure. 

5.3.5 Improved IRPD Principle 

The above method could obtain the rotor position and polarity. However, large pulses 

are injected to all the three phases and the rotor vibration will be relatively large. An 

improved IRPD scheme is then proposed. There are two steps to obtain the rotor 

position. Low and medium magnitude pulses are injected firstly to estimate the rotor 

axis position and then higher magnitude pu ses are used to identify the rotor polarity. 

Same as the method in 5.3.4, for an unknown rotor position, positive and negative pulse 

units are applied to stator phases, A , B and C, respectively. The response peak current 
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values are also marked as IA+, IA_, Is+, Is_, le+ and le_, where A, B, C represent the three 

stator phases and+/- represent the injected positive or negative voltage pulse. 

The peak current values collected at different rotor angles can be approximately 

expressed as balanced three-phase sinusoidal waves, as shown in Fig. 5-11 (a). In order 

to minimize the rotor movement, the low voltage pulses are applied firstly. The two 

largest current peak values collected in one phase, under positive and negative 

excitations, are used to determine the rotor axis position. 

As discussed above, one electrical cycle is divided into six sectors and each sector can 

be addressed by tracking the maximum current peak value. For example, when the rotor 

d-axis is in sector 1 or 4, the recorded phase B peak current values, IB+ and 18 _ will have 

larger magnitude. Then, the other two phases current peak values, IA+ , IA_, le+ and Jc_ are 

picked up to calculate the angle offset inside the sector as shown in Fig. 5-13. 

Additionally, a set of medium magnitude voltage pulses is applied to phases A and C 

again to minimize the calculation error of the offset angle. Therefore, the rotor axis 

position could be obtained in sector 1 and 4. 

Then high magnitude positive and negative voltage pulse units are then applied to phase 

B only, which is closer to the rotor d-axis. The peak current difference under the 

positive and negative pulses will be ob ·ervable to detect the rotor polarity a: shown in 

Fig. 5-13. After obtaining the rotor N pole sector number, the initial rotor angle can be 

determined as shown in Fig. 5-13. In this improved procedure, the high voltage pulses 

are only injected to the phase close to the rotor d-axis so that the rotor vibration can be 

significantly reduced. 
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Fig. 5- 13. Improved IRPD procedure. 

5.4 SIMULATION OF IMPROVED IRPD SCHEME 

As shown in section 5.3, the DC pulse injection based IRPD scheme was introduced and 

improved based on the machine model. Simulation results for the pulse injection have 

been plotted and the estimation procedures were carried out. The analytical PMSM 

model is utilized and the improved IRPD method is simulated. 

The simulation model based on analytical PMSM model has been masked as a machine 

block in SIMULINK. The saturation effect is incorporated in the model. Therefore, the 

rotor polarity identification is also possible to be simulated. Fig. 5-14 shows the 

simulation block diagram. 
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Fig. 5- 14. Simulation block diagram for DC pulse based IRPD. 

The pulse generator shown in Fig . .S-14 is designed to generate gate signal associating 

with positive and negative pulse units and input to the inverter, which is fed by a 

constant DC power supply and used to drive the machine. During the test, the load 

torque is set to zero as the assumption made before. In the machine parameter setting, 

the rotor shaft fiiction coefficient is also set to zero to limit pulse width. 

The rotor position in the machine model is randomly selected. In order to test the 

algorithm for different rotor positions, the initial rotor position in the model is then set 

to different values with I 0 elechical degrees resolution. Fig. 5-15 shows the rotor angle 

detection result at different rotor positions. 
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Fig. 5- 15. Estimated init ial rotor position. 

It can be found out that the estimated initial ro tor angle is close to the real rotor position 

and the error of the estimation is limited withit1 ± 6 electrical degrees, or ± 2 mechanical 
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degrees. When the rotor position is away from the sector center, the error becomes 

bigger, because the three-phase peak current response is not exactly a second-order 

sinusoid of rotor position. 

At the same time, the rotor vibration is further reduced to± 0.3%, which is smaller than 

that in Fig. 5-8, because in the improved method, only the low and medium voltage 

pulses are injected to all the three phases and the high voltage pulses are injected only 

around d-axis so that the generated instantaneous torque is small. 

5.5 EXPERIMENT AL VERIFICATION OF THE PROPOSED METHOD 

In order to obtain the rotor position related saliency information, several positive and 

negative pulse units are designed to be injected to the stator windings. The tested 

SPMSM machine and platform is the same as in section 4.6. The pulse units are applied 

to the prototype SPMSM through a PWM inverter in the same drive system and no 

additional hardware is required. The corresponding phase currents are measured by 

current probes/sensors and recorded by dSP ACE system. 

In the e,'periment, the voltage pulse units are generated by the inverter and the gate 

signals fed to the inverter are controlled by using dSPACE desktop user interface, as 

introduced in section 4.6. The system configuration is shown in Fig. 5-16. 

Fig. 5 .. 16. Diagram of the inverter fed system. 

It is important that an incremental encoder · s attached to the rotor shaft and the accurate 

rotor angle could be obtained once the zer position is marked and recorded when 
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starting up. Current sensors are used to collect the current feedback values and estimate 

the rotor position. 

The same pulse unit as defined in section 5.4 is applied to the stator windings. Fig. 5-17 

shows the low magnitude voltage pulse unit and the induced phase current response. Fig. 

5-18 shows the high magnitude voltage pulse unit and the induced phase current 

response. Similar to the simulation results, it can be found that the higher magnitude of 

the injected voltage pulse could induce larger current in the stator phase, up to the value 

that is sufficient to saturate the stator core. 
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Fig. 5- 17. Experimental low voltage pulse units and current response; (a) Vin = 20 V, L1t = 0.4 ms; (b) V;11 

= 50 V, Lit= 0.4 ms. 
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Fig. 5- 18. Experimental high voltage pulse units and current response ; (a) Vi11 = 150 V, L1 t = 0.4 ms; (b) 
V; 11 = 250 V, Jt = 0.4 ms. 

Once the positive and negative pulse units are both injected, the stator core will be 

saturated under higher phase currents. Table 5-1 shows th"' peak current differences 

under N- and S-pole aligning with the excited phase. It can be found that when the 

injected voltage magnitude increases to a higher level , the rotor polarity could be easily 

obtained from the current djfference, which will be amplified to an observable level. 

Table 5- 1. Peak current difference with N- and S-poles. 

Injected voltage magnitude (V) ~eak current difference (A) 
20 0.013 

<--·----
50 0.058 
150 0.121 
200 0.341 

-· 

As simulated in section 5.3, the positive and negative pulse units are then applied to all 

the three stator phases at different rotor positions. At the same time, the rotor vibration 

could be obtained from the encoder output. Fig. 5-19 shows the maximum rotor 

vibration angles when positive and negative pulse units are applied on different voltage 

magnitudes. The rotor position is randomly selected all around the mechanical cycle. 
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Fig. 5- 19. Rotor maximum vibration angles with different voltage levels at different initial positions. 

It can be found that the rotor vibration highly depends on the initial rotor position. The 

vibration angle would reach the highest levd when the q-axis aligns with the injection 

phase. The vibration angle is also a function of the injected voltage magnitude as 

detived in section 5.3. When comparing Fig. 5-19 with the calculated values in section 

5.3 , it can be found that the maximum movement angle is smaller than 1.6 mechanical 

degrees, which is smaller than that derived in section 5.3, because in the real test system, 

there is friction on the rotor shaft and the rotor movement is further limited. 

On the other hand, in the proposed IRPD cheme, only the low and medium voltage 

pulses are injected to all the three phases. The high voltage pulses are only injected to 

the phase close to the rotor axis. The overall rotor vibration under IRPD scheme could 

be limited within 0.6 mechanical degrees. With such small angle variation, it is safe to 

assume that the rotor is at standstill when IRPD is conducting. 

Finally, the improved IRPD scheme developed in section 5.3 is implemented. Different 

magnitude pulse units are injected to the stator windings respectively. The algorithm 

described in Fig. 5-13 is utilized to detect the rotor position. The rotor initial positions 

randomly selected are recorded by the mechanically attached encoder. Fig. 5-20 shows 

the estimated rotor position versus the real values. 
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Fig. 5- 20. Actual and estimated rotor position obtained by proposed IRPD method. 

As illustrated in Fig. 5-20, the proposed IRPD method could track and identify the rotor 

position and polarity from standstill. There are errors in the estimated rotor positions, 

which have the similar profile as the simulated curve. Larger errors are obtained at the 

edge of the position sectors, distinguished by maximum peak current values. Besides 

that, it can be found that there i an off: et in the estimated rotor position, which may 

come from the current sensors and the measurement. 

5.6 CONCLUSIONS 

In this chapter, the analytical mathematical model for PMSMs developed in Chapter 4 is 
~ 

utilized to analyse IRPD for PMSMs. A literature survey is firstly conducted for the 

IRPD schemes for PMSMs. Three kinds of reported IRPD methods are introduced and 

reviewed. 

The high frequency injection based methods are firstly investigated. Estimation 

principles including the signal injection schemes are introduced. Theoretical analysis is 

conducted based on the analytical machine model. Signal process units for each method 

are plotted and the final expressions after the signal process units are expressed. The 

advantages and drawbacks of this kind method are summarized. 
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Secondly, the DC voltage pulse injection based IRPD methods are introduced. 

Analytical estimation of the rotor vibration is firstly carried out. The rotor angle 

response under pulse injection is expressed based on the analytical nonlinear model. 

The maximum rotor movement is expressed as a function of both the injected signal and 

the machine parameters. In order to further satisfy the experiment environment, the 

friction on the rotor shaft is assumed to be ignored. The derived rotor vibration 

expression is then applied to choose the injected pulse magnitude and width. 

A pair of opposite pulses is injection together as a pulse unit, in order to bring down the 

excited current and limit the rotor movement. The current responses under different 

pulse widths are calculated and simulated. Then the rotor vibrations varying against the 

pulse magnitude and width are simulated as well. The pulse to create observable current 

response and saturate the stator core is selected based on the results. Additionally, the 

current response with saturation effect is calculated as well thanks to the comprehensive 

model developed in Chapter 4. The current difference between N- and S-poles aligning 

with the excitation signal is carried out, which helps to select the voltage pulse for rotor 

polaii ty identification. 

Then the positive and negative pulse units are injected to the three stator phases. The 

maximum values of the cunent responses are recorded. The rotor position ]s set to 

different angles and the peak current curves are developed. The IR.PD method is then 

developed based on the current responses. 

A normal IRPD method based on DC pulse injection is developed firstly, in which the 

positive and negative units injected to the machine are all set at high magnitude. The 

induced phase current is big enough to saturate the stator core and the rotor N-pole 

position could be easily identified. The offset angle of the rotor axis could be then 

calculated. A flow chart is drawn to show the estimation procedure. The main drawback 

of this method is that the high voltage pulses are injected to all the three phases. The 

induced instantaneous torque is relatively large and would move the rotor. 

Then an improved DC pulse injection based IRPD method is carried out, in which low 

and medium magnitude pulses are uti lized. The rotor axis position is identified based on 

the low and medium pulses, which could n{))t induce large currents and instantaneous 

torques . The high magnitude pulses are them injected to the phase close to the rotor axis 
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and the rotor polarity is then identified based on the saturated current values. Another 

flowchart is drawn to illustrate the improved method. 

Finally, simulation and experiments are carried out to verify the proposed IRPD method. 

The rotor initial position is set to different values and the simulation results and test 

results show that the proposed method has advantages as simple structure, small 

computing cost and fast identification. Most importantly, the analytical PMSM model 

can be used as virtual model to develop the scheme, which significantly improves the 

efficiency and saves the development cost and time. 
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CHAPTER6 

INVESTIGATION OF SENSORLESS PMSM DRIVE 

METHODS 

6.1 INTRODUCTION 

As shown in Chapter 5, the nonlinear PMSM model developed in Chapter 4 could be 

used to design and assess the rotor position detection methods. Besides the initial rotor 

position detection, the sensorless schemes for PMSM are focused on the rotor position 

estimation while the rotor is rotating. 

In recent years, many sensorless drive schemes for PMSMs have been proposed and 

many discussions have been made for the sensorless control of PMSMs. The proposed 

methods could achieve good performance with some experiment results. However, there 

are always some limitation and errors for those methods. Compensations or corrections 

have been reported to improve the perfo1mance. 

Some of the errors come from the limitatjon of the traditional hnear machine model, in 

which the saturation and cross-saturation effect were not considered. Then the 

compensation and assessments for those methods were almost based on experimental 

trial and error method . Thanks to the analytical nonlinear model developed in Chapter 4, 

the theoretical analysis of the nonlinearities of PMSM is now available. 

In this chapter, a survey ofliteratures will be presented firstly to summarize the reported 

sensorless drive schemes for PMSMs. The methods will be classified as different types, 

based on the excitation methods. Besides the sensorless drive strategies, the 

improvements and compensations for the methods will also be reviewed in section 6.2. 

Section 6.3 will present investigation for the high frequency signal injection based 

sensorless methods. The nonlinear analyticatl model will be applied to express the 

principle of the methods. Errors caused byr the nonlinear magnetic circuit wi11 be 

di scussed as well. After fitti ng the reported methods into the machine model, a new 

sensorless method will be proposed base om the high frequency signal injection in 
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section 6.4. The rotor position estimation principle will be derived and the signal 

processing unit will be designed. The simulation model developed in Chapter 4 will be 

used as a virtual model to assess the performance for the rotor position detection. 

Finally, a comprehensive comparison will be carried out to compare all the high 

frequency signal injection based sensorless methods. The estimation efficiency, 

performance and the implementation cost will all be considered and assessed. 

6.2 SENSORLESS METHODS FOR PMSMS 

As introduced, PMSMs have found wide applications due to their high-power density 

(compactness), high efficiency, ease of control, high torque-to-inertia ratio, and high 

reliability. However, the mechanical encoders or resolvers are always required to collect 

the rotor position and conduct control algorithms. The encoders will undoubtedly 

increase the system cost and more importantly reduce the reliability. On the market, the 

high resolution encoder is even more expensive than the machine itself. The encoder 

performance also relies on the working environment, which will further increase 

maintainance cost. 

In order to reduce the cost, a lot of attentions have been paid to eliminate the 

mechanical encoder and to achieve sensorless control. The idea is to drive PMSMs 

smoothly and to achieve good performance at both steady state and dynamic status, 

without any physically connected encoder. It is reported to be achieved by utilizing the 

fundamental control signals or adding extra electrical excitation to the stator windings, 

to collect the electrical feedback signals from the machine and estimate the rotor 

position based on mathematical calculation or signal processing techniques. A low cost 

and high performance solution is always desired. 

Therefore, an additional rotor position and speed observer is required m the drive 

system coupling with the conventional dti e scheme. The observer is supposed to 

provide accurate rotor angle and speed feedback instead of the conventional encoders. 

That information will be later used to conduct the drive scheme for the machine. 

During the last two decades, there has been a spurt of intensive research to find reliable 

position sensorless methods to estimate the ro tor position and speed. There are different 
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classification methods of those sensorless schemes, i.e. for effective speed ranges, for 

control theories applied, or for excitation methods. In this chapter, the sensorless 

methods will be classified as two categories, methods based on fundamental excitation 

and methods based on extra excitation. 

6.2.1 Sensorless Drive Schemes based on Fundamental Excitation 

In order to acquire the rotor position and speed information, the rotor position and speed 

were usually obtained by encoders mounted on the rotor shaft. Because of the extra 

expense and low reliability, these mechanical sensors are desired to be eliminated and 

replaced by other techniques which are not as vulnerable to the environmental noise and 

location limitations. Since the 1970s, the sensorless control of PMSM drives has gained 

great attention and been set as an interesting and challenging field for researchers. 

Obviously, the schemes to identify the rotor position based on the relationship between 

the motor terminal quantities and the rotor position are the optima] choices. There are 

some reported sensorless methods developed based on only the fundamental excitation 

signals from the normal drive strategies, in which no extra electrical excitations are 

required. 

Based on the PMSM model in (6.1 ), it can be found that there are two parts containing 

the rotor position infonnation, the back e1nfs and the flux linkages. In order to abstract 

the rotor position based on fundamental excitation, the back emf and flux linkage 

components in the voltage equation were firstly investigated. They were reported as 

back em/based method and flux linkage estimation method. In this section, all of these 

methods are named as the 1st type of method. 

(6.1) 

First of all , the back em/has been employed for a long time in sensorless brushless DC 

drives, where at any time only two phases are conducting. Once the back emf is 

measured directly across the non-conducting phase, in which the current decreases 

rapidly, and the zero crossing of the phase back emf can then be used to generate 

commutation gate signaJs for the drive system [3.1 ]. Alternatively, if each phase has 

separate sensing winding, the back emfs in al 1 phases can be monitored. An aJtemative 
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method is to measure the phase voltages directly and then extract the back emf 

information using the stator voltage equation. However, this back emf estimation 

involves differentiation of the phase currents, and thus is subject to noise. Filtering of 

the signal can achieve a better estimation, but it imposes an unwanted phase lag in the 

estimated rotor position [ 6.2]. 

In [6.3], an open-loop model of the motor back emf was presented under electrical 

steady state operation, and different compensation algorithms were proposed to 

overcome the errors introduced by the approximation. Y ousfi introduced a new 

integrator for the back emf to achieve better performance in a simple algorithm. It is 

based on an averaging filter to improve the ability for initial position error cancellation, 

as well as the robustness towards DC disturbance to the back emf[6.4] [6.5]. 

Later in [6.6], a new sensorless velocity controller for PMSM using discrete-time 

reduced order models was designed. The back emf function acts as a reduced order 

state-to-measurement map and the rotor position and velocity can be calculated from the 

function. The function is a nonlinear least square problem consisting of over-determined 

nonlinear algebraic equations and it is xpressed by piecewise-bilinear function, which 

can be resolved by an on-line nume1ical method, similar to a damped Gauss-Newton 

method. With this method, the mechanical load model, explicit integration and 

differentiatjon can be avoided. 

One of the chief disadvantages of this method is that at standstill and low speed, the 

actual back emf is almost zero so that it is not possible to obtain precise rotor position 

and speed estimation. Consequently, the scheme should be restricted to the application 

for which low-speed performance is not critical and the auxiliary start-up schemes can 

be adopted [6.7]. A widely used start-up method in the sensorless drive scheme based 

on back emf is the open-loop start-up scheme. However, the initial values of the motor 

quantities, such as the stator flux linkage, should be introduced and this will lower the 

perf01mance of the whole d1ive system. 

Besides the back emf methods, many contributions have been made in estimating the 

rotor position based on flux linkage calculation with the voltage and current of the 

motor. Similar to that for induction machines, accurate flux estimation is an important 

task in high performance PMSM drives [ 6. 8] . There are generally two methods for flux 
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estimation: one is based on measured motor currents and the other is based on measured 

voltages [6.9] [6.10]. Wu proposed a sensorless control scheme over a wide speed range 

in [6.11]. Two line-to-line voltages and two stator phase currents are measured and 

processed to produce a stator flux linkage space vector. By controlling the position of 

the space vector, the space angle of the stator current can be controlled so that a power 

factor of near unity can be obtained over a wide range of torque and speed. However, an 

integrator has to be used and then it is vulnerable to noise. 

Estimation error compensators were designed with the flux linkage integrator in high 

performance PMSM drive. The rotor position was identified from the a-fl axes flux 

linkages [6.12] . However, the same problem occurs. When the rotor speed is low, the 

influence of drift and offset is large and the integral error increases. Compensators in 

[6.14] [6.1 5] were designed based on estimation error and applied to compensate the 

calculation of flux linkages. 

In all the flux linkage estimation methods, impediments will occur in the design of the 

integrator. It is difficult to implement an integrator for motor flux estimation due to DC 

drift and initial value problems [6. 14] [6.16]. A DC component in a measured motor 

back emf signal is inevitable in practice, which wm finally drive the pure integrator into 

saturation and cause initial value problems. Furthermore, the DC offset can also be 

produced in ca e of a rapid change of input signals. Common solutions to these 

problems are to reinitialise the integrator continually [ 6.16] or to replace the pure 

integrator with a fi rst low pass filter [6.17]. However, errors in magnitude and phase 

angle are introduced in the low pass filter, especially when the motor runs at a 

frequency lower than the fi lter cut-off frequency. 

On the other hand, the DTC drive scheme for PMSMs is a good candidate for sensorless 

drive design. In the DTC scheme, the requirement for continuous rotor position 

information and coordinate transformation is eliminated, since the calculation is 

performed in the stator reference frame. The torque feedback in DTC is calculated based 

on the flux linkage, so the flux linkage based sensorless methods are easy to fix to DTC 

driven PMSM systems. In the case of DTC schemes, accurate identification of the stator 

flux linkage vectors is necessary. 
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In [1.7], a DSP-based control with a first-order quasi-integrator was proposed instead of 

the simple integrator for the DTC of PMSMs. However, the initial rotor position is still 

required. In 1998, Fu and Xu proposed a novel sensor less DTC scheme for PMSM [ 6.19] 

[6.20]. The rotor position and actual torque is estimated based on the stator flux 

estimation. The error between the estimated and command torque controls the stator 

flux and voltage vector to obtain the desired torque. In 2002, Rahman proposed a 

completely sensorless DTC IPMSM drive [6.21]. It is shown that by including the 

torque angle in the estimation process, a more accurate transient speed estimator than 

those reported in the existing literature is achieved. Later in [6.22], further investigation 

was made on DTC IPMSM drive, in which the d-q axis current controllers or coordinate 

transformations are not required. 

Although there are DC offset or drift, noise signals and other uncertainties in estimating 

the flux linkage by integrating the back emf, the integration method is still widely used. 

In order to overcome the disadvantage discussed above, several compensation schemes, 

such as low pass filtering and initial drift compensation, have also been applied and 

discussed. All these techniques are valuable to the stator flux linkage estimation in DTC 

scheme. 

The conventional model based back emf and flux linkage sensorless methods suffor 

from the nonlinea1ity of the drive system and low identifiable signal at low speed. The 

2nd type of sensorless methods were then developed based on the modem control theory, 

i.e. state variable observer, sliding mode observer, adaptive observer and Kalman filter 

based observer, which are all based on the state space model of the system. Rotor 

position and speed are the only two state variables of the overall system and modem 

control theories can then be applied to the observer design. 

The basic idea of the observer is that the inaccessible states of the system are 

reconstructed in an observer which is driven by the available inputs and outputs of the 

system. Sometimes the design of the observer is combined with the controller to gain a 

better estimation of system states. Both deterministic (Luenberger [6.23]) and nonlinear 

(sliding mode [6.24] [6.25]) observers have been proposed. Sometime the motor back 

emf is considered as the unknown variable, from which the rotor position and speed can 

also be estimated [6.25]. 
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Much research has been undertaken to gain a simple but robust observer suitable for 

high performance applications in a large speed range [6.26]. The sliding mode controller 

for improving the robustness of the controllers has been studied [ 6.27] [ 6.28]. It is 

insensitive to parameter variations, disturbances and system noise. As a result, the 

sliding mode technique is combined with the observer for robust estimation of the state 

variable of controlled objectives [ 6.29]. 

Sliding mode observer (SMO) was firstly applied m BLDC drive in [6.27]. Then 

another approach based on an SMO was introduced in PMSM drive system [6.33], 

which can deal with arbitrary shaped back emf waveforms. In [6.34] [6.35], the rotor 

position of PMSM is estimated by a novel SMO over a wide speed range including flux-

weakening region. Compared with conventional SMO, the proposed approach in [6.32] 

features the flexibility to design the SMO with broad operating range. By properly 

selecting equivalent control feedback gains, the estimation error of rotor position angle 

can be reduced in the low-speed range and fast convergence is guaranteed in the high-

speed range. Computer simulation and expe1imental results are presented to verify the 

proposed sensorless control algorithm. SMO has been proven to be an attractive 

solution for variable estimation in eledrical drives. It is capable of achieving a fast 

convergence with relatively small values of feedback gains. Moreover, its algorithm is 

simple and fast for the fixed-point arithmetic implementation by using low cost 

controllers. The major drawback of the SMO is the tipples, which cause a non-

negligible position error in the rotor position estjmation. 

Because the observer is model-based, its perfo~nance greatly depends on the variations 

in motor parameters. In the aforementioned methods for sensorless control of PMSM, 

the motor parameters are assumed to be known in the observer. However, parameter 

uncertainties have caused problems for the rotor position and speed estimation. In order 

to overcome this disadvantage, the adaptive technique, which can identify the motor 

parameters and states together, could be employed to reduce the parameter sensitiveness. 

The adaptive observer designed in [6.36] detects the rotor magnet flux components in 

the two-phase stationary reference frame by he motor electrical equations. The motor 

speed is then identified through a model reference adaptive scheme, using an additional 

equation obtained by a Lyapunov function . Then a full-state observer is designed for the 

generation of all controller feedback infom11atiion in an adaptive velocity control system 
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for PMSM [1.8]. The estimated rotor velocity is taken as the input to a recursive linear 

least-square-error parameter estimator to generate the estimates of the rotor parameters. 

A large amount of computation is required in the application of observers. To increase 

the computing efficiency, an alternative solution was chosen as reduced-order observers 

[6.38], and a linear disturbance observer was also employed [6.38] [6.39]. Sufficient 

conditions for convergence of the observer were given in [ 6.40]. Convergence speed can 

be established by an approximate design of the observer nonlinear gains. A sensorless 

speed control strategy capable of tracking speed references with unknown load torques 

in the PMSM drives was proposed [6.41]. 

With the previous work, a nonlinear Luenberger observer (NLO) was used for rotor 

position and speed estimation in [6.42]. In these approaches, the back emf is firstly 

estimated, and then the rotor position and speed are reconstructed by the relationship 

between the back emf and the rotor variables. The disturbance observer will present an 

asymptotic estimation error due to the assumption of slowly varying back emf On the 

contrary, with NLO and assuming that the motor model is perfectly known, the 

estimation error can converge to z ro in an exponential way. However, in many cases, a 

mismatch exists between the motor model and the real plant. Therefore, a representation 

of PMSMs adding uncertainties must be taken into account. Since the electiical 

parameters can be know with low errcr, the mechanical uncertainties are considered in 

[6.43]. Bounds for estimation errors are calculated by taking into account the mismatch 

between the mechanical sub-model and the motor. 

The Kalman filter algorithm was firstly presented in 1960 [6.45]. It is a recursive 

solution to the discrete-data linear filte1ing problem via a set of mathematical equations, 

which provides an efficient solution by the least-squares method. The extended Kalman 

filter (EKF) algorithm is an optimal estimation algorithm for the nonlinear systems 

[6.46] [6.47]. It processes all the available measurements to provide a quick and 

accurate estimate of the interested variables., and also achieves a rapid convergence. 

Therefore, it is preferred to the state estimation of PMSM system. For on-line 

estimation of the rotor position and speed, it is an effective algorithm with knowledge of 

the mathematical mode] of the motor. Furthennore, the EKF can theoretically work we11 

with random measurement errors. 
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An EKF based sensorless scheme was proposed in [ 6.48), which requires the 

mechanical parameters and the initial rotor position. The estimation algorithm is 

combined with a predictive algorithm to control the motor currents. The speed and 

position estimation system operates approximately at start-up, even if the actual rotor 

position differs considerably from the initial value assumed by the algorithm, and high 

speed swings at start-up can be avoided. Later, a sensorless drive system for PMSM was 

designed in [6.49]. The position and angular speed of the rotor are obtained through an 

EKF and a predictive current control is included to benefit the overall filter performance. 

Recursive parameter identification (RPI) schemes were applied to the online estimation 

of the electrical parameters of PMSM to deal with the major drawback of parameter 

sensitivity in the normal EKF observer and to increase the robustness of the drive 

system [6.50]. In [6.51], Bolognani discussed some implementation pitfalls for the shift 

from the research prototype EKF sensorless techniques to a market-ready product. A 

Kalman filter is used to estimation the mechanical state of the motor using a nonlinear 

model of the machine based on a d-q rotating reference frame attached to the rotor. 

As shown above, the sensorless methods based on the fundamental excitation have been 

introduced. It is believed that the r )tor magnetic saliency or the rotor position 

information is contained in the electrical and mechanical feedback signals. Sensorless 

methods are working on abstracting that information and resi sting disturbance. Fig. 6-1 

illustrates the identification principle of each method. The 1 t type of method, back emf 

and flux linkage based methods, is developed based on part of the system and the 2nd 

type of method, observer based method, is developed based on the overall system model. 
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Flux linkage 
method Back e111fmethod 

Observer methods 
Fig. 6- 1. Conceptual diagram of the sensorless drive method fundamentals. 

As discussed above, all the modelling process of PMSM suffers from three kinds of 

errors or uncertainties, the modelling error, the measurement error and the parameter 

variation during operation as shown in Fig. 6-2. 

1st Kind 
Sensorlf.ss j' 

Method ------_____ t 

~ fl ~ __ (/ Ll ~ 
Data ~:!"::ition ~odeling Errors) P_a_r_a_m_e_t_e_r_V_a_r-ia-.ti-.o-n-.<\ -, 

2nd Kind 
Sensorless · 

Method 
-·--- ----

Fig. 6- 2. Summary of the sensorless methods based on fundamental excitation. 

The 1st kind of method was designed based on the traditional PMSM model and classic 

control theory. It suffers from all of the three kinds of errors, which were identified as 

nonlinearity or uncertainties in the li teratures. Compensation is the normal way to 

overcome or correct the errors as shown above. However, compensation could only fix 

the error from modelling and parameter variation. The data acquisition errors in this 
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kind of method mainly exist at low speed, where the desired signals are hard to be 

isolated from harmonics. Furthermore, compensation is always a late action for the 

drive theory and works like trial and error method. The compensator designed for 

particular system could not be extended to all the drive systems. 

On the other hand, the 2nd kind of method was proposed based on the modem control 

theory, which has the advantages to handle nonlinearities and uncertainties in the 

system. As discussed above, the randomly measurement errors and the parameter 

variations could be eliminated by the observer design or adaptive algorithms as shown 

in Fig. 6-2. However, the model itself is the essential part of this kind of method. 

Observers work as virtual model to online estimate the state variables. An accurate 

machine model is the bottleneck of the observer design. Conventionally, the model used 

in the observer was linearised around the nominal operating conditions and it is difficult 

to evaluate the stability of the observer when dealing with large signals. Some efforts 

have been made to improve the accuracy of the machine model as discussed above. 

However, there is lack of support of a comprehensive analytical machine model and 

those improved models look like compensated models much. The computing cost of the 

2°d kind of method is always too large to implement. High performance processors have 

to be used to provide online "tate estimation, which will increase the expense. 

Finally, compared to the l st kind of sensorless method, the 2nd could achieve better 

performance, especially at low speed range. However, the initial rotor position is still a 

blank zone. There is no feedback of both the electrical and the mechanical signals, when 

the rotor is at standstill. The methods based on fundamental excitation cannot be 

conducted. 

6.2.2 Sensorless Drive Schemes based on Extra Excitation 

To avoid the disadvantages of using mechanical rotor position sensors in modem drive 

systems, various sensorless methods have been proposed. In section 6.2.1, the rotor 

position and speed estimation schemes based on machine fundamental excitation have 

been investigated. The rotor position with a satisfactory accuracy can be identified when 

the rotor rotates at high and medium speed ranges. However, the estimation becomes 

unexpectedly sophisticated at a ]ow speed as discussed above, leading to poor 

performance. The initial rotor position is not possible to be obtained. 
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Therefore, some methods were proposed based on adding extra excitation to the stator 

windings besides the fundamental machine inputs. The signal injection methods for 

initial rotor position detection have been investigated in Chapter 5. External electrical 

excitations, pulses or rotating vectors, can be applied to the standstill machine to excite 

the windings and estimate the initial rotor angle. In this section, the injection based 

sensorless methods at low speed will be reviewed. 

Extra excitations are proposed to bring more information about the rotor saliency, 

especially when the rotor speed is low and the saliency information contained in the 

fundamental signals is hard to be abstracted. There are two requirements for the external 

excitation signals. First of all , the scheme should simplify the rotor position estimation 

or improve the accuracy, even at low speed range. Secondly, the scheme should not 

affect the machine normal operation. The rotor position estimation is processed during 

the nom1al operation. The extra signal injected to the stator windings should not bring 

speed or torque ripples to the machine output. 

Based on the criteria discussed above, high frequency injection methods have been 

acted as a successful candidate for th rotor position detecticm at low speed range. The 

high frequency injected signal is always composited with the fundamental drive signals 

generated by the controllers and input to the stator windings. It is noted that the super 

high frequency signal may generate instantaneous torque. However, the generated 

torque changes fast due to the extra high frequency and will not affect the normal 

operation of the machine. On the other hand, the high frequency signals will amplify the 

rotor saliency contained in the stator inductance matrix, which is always represented by 

frequency related reactance. The rotor posi tion can be obtained even at low speed. 

In 1994, Jansen and Lorenz proposed a new rotor position estimation scheme by 

detecting the rotor saliency with a high frequency signal [6.52]. In this method, a 

balanced three-phase high frequency voltage is injected into the stator windings through 

the inverter. The response high frequency current signals are demodulated and filtered 

by a close-loop heterodyning technique wi th an observer. This kind of injection method 

is later named as canier signal injection. This method has the desired zero- and high-

speed properties, but it is only applicable to motors with sinusoidal inductance profiles. 

It is also necessary to compensate for the dead-time effect of the inverter. 
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In order to improve the quality of the estimator and to reduce the complexity, a method 

using the rotor d-q reference frame model was proposed in [6.53]. The estimated 

position is obtained by tracking the actual position via a controller, which adjusts the 

estimated rotor position to ensure that the d-axis current component of injected carrier 

frequency is zero in the estimated rotor position reference frame. This kind of injection 

method is later named as pulsating/oscillating signal injection, because the high 

frequency AC excitation is only applied on the estimated q-axis, rotating at the rotor 

speed. 

It is inferred that if the current regulator is undertaken in the synchronous frame, only a 

modest amount of additional functions are required for the position estimation. The 

tracking procedure is insensitive to the machine parameter variation in the steady state. 

A saliency-tracking self-sensing method was then proposed, based on a further study on 

the shape and location of the saliency images of an IPMSM [ 6.56] [ 6.57]. In this method, 

a high frequency carrier voltage signal is injected into the stator windings, and the 

measured phase currents are filtered to extract the negative sequence component to track 

the saliency. Under the assumption that the motor has only a single rotor position 

dependent saliency per pole pitch, the rotor position can then be estimated via this 

negative sequence current compo1 ent. The self-sensing method is implemented by a 

tracking observer with an amplitude modulation to demodulate the spatial saliency 

modulated negative sequence component. lt is shown that only an extremely small 

current is required and the model has essentially no parameter sensitivity due to the 

amplitude modulation. 

In [6.58], a simple but effective high frequency injection technique was proposed by 

exploiting the anisotropy of the machine. The proposed method works on saturation-

induced variation of the magnetising inductance, instead of the leakage inductances and 

an instantaneous estimation, instead of a flux position tracking is utilized. In the 

observation, there is an uncertainty of kTr. In order to overcome this disadvantage, the 

zero sequence voltage can be used [6.59]. When the high frequency voltage is injected, 

the vaiiation of the saturation level modulate~s the amplitude of the zero sequence flux 

and zero sequence induced voltage, which contain the rotor position information. 

Therefore, the rotor flux position can be estimated independently from the rotor speed 
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by detecting the zero, minimum and maximum points of the zero sequence induced 

voltage. 

In 2003, the position control of a transducerless or position sensorless IPMSM at 

standstill and low speeds was realised by Ha, based on the characteristics of the high-

frequency impedance [ 6.60]. Because the magnetic saliency of IPMSM varies with the 

load condition, the control performance is easily impaired. In the method proposed by 

Ha, a high-frequency injection scheme was proposed in order to amplify the saliency or 

impedance difference containing the information of the rotor angle and to maintain a 

reasonable performance under any load condition. 

In 2002, Linke presented a new high frequency injection method estimating the rotor 

position by tracking even small saliencies for SPMSM, which overcomes the small 

signal to noise ratio inherent in methods of this type [6.61]. A pulsating high frequency 

signal is injected into the rotor d-axis without affecting the q-axis current. The 

demodulation of the responding high frequency current signal is independent of 

machine parameters. Later in [ 6.62], Linke discussed the influence of the dead time 

effect on the carrier signal excitation comparing alternating and revolving injection 

principles. 

Also based on the high frequency impedance difference, Jang ·investigated the rotor 

position estimation of the SPMSM (6.63] [6.64]. The procedure to calculate the input 

signal of the rotor po ition estimation error i much simpler than the method using two 

measurement axes which are 45 degrees apart from the estimated synchronous reference 

frame [6.65], or the method using fast Fourier transform (FFT) algorithm [6.66]. It 

consists of a simple bang-bang controller and an integrator to avoid the disadvantages of 

a PI regulator, such as slow dynamic response and difficulty in gain tuning. 

Shinnaka proposed a new sensorless vector control method for IPMSMs in [6.67]. With 

regard to phase estimation, the sensorless vector control method is featured by a new 

high-frequency voltage injection method (i .. e. carrier modulation method), which is 

distinguished from the conventional ones by a unique ellipse shape of spatially rotating 

high-frequency voltage, and by a new phase-locked-loop (PLL) method as a 

demodulation method whose input is a high -frequency current component multiplied 

signal. 
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Some efforts have been made to improve the signal processing or observer to achieve 

more accurate rotor position estimation. A systematic approach was presented in [ 6.68] 

to the design of an observer for rotor position and velocity of sensorless controlled 

IPMSM, in which the effects of both motor and filter dynamics are taken into full 

account. The proposed observer was incorporated directly into the high-frequency 

voltage injection methods. A new method of selecting current commands was also 

proposed, which can further enhance observer performance. Later in [ 6.69], an online 

method was proposed for the estimation of the stator resistance and the permanent-

magnet flux in sensorless PM synchronous motor drives. An adaptive observer 

augmented with a high-frequency signal injection technique was used for sensorless 

control. The observer contains excess information that is not used for the speed and 

position estimation. This information was used for the adaptation of the motor 

parameters: At low speeds, the stator resistance is estimated, whereas at medium and 

high speeds, the PM flux is estimated. Small-signal analysis was carried out to 

investigate the proposed method. 

At the same time, it has been noticed that the nonlinearities and other uncertainties 

wou!d affect the accuracy of rotor position detection. Some eJTor analysis and 

compensation metho s were then proposed. In (6.70], the losses in high frequency 

signal injection based sensorless methods were investigated by using FEM. 

In 2006, Hu investigated the eddy current effects on rotor position estimation [6.71]. 

The improved rotor position estimation and sensorless control scheme based on high 

frequency carrier voltage injection considering the edpy current effects are developed. 

The eddy current effects are properly modelled and compensated. 

In (6.72], an injection-based axis switching (IAS) sensorless control scheme was 

proposed using a pulsating high frequency signal to minimize position detection error 

and velocity estimation ripple resulting from the zero-cmrent clamping (ZCC) effect for 

surface-mounted permanent-magnet motors. When a pulsating carrier-signal voltage is 

injected in an estimated synchronous frame, the envelope of the resulting high 

frequency current measured in the stationary reference frame follows an amplitude-

modulated pattern. Using this information, the IAS technique allows one to avoid 

multiple zero crossings of high frequency cwrrents by adjusting the current phase angle 

according to the load condition. At no-load condition, the pulsating vo]tage is injected 
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only on the d-axis, while the d-axis current is controlled to a certain nonzero value. 

Under a load condition, the injection voltage is switched to the q-axis, while the d-axis 

current drops back to zero. Thus, the proposed sensorless control enforces a better 

estimation performance in a region of ZCC without a predefined offline commissioning 

test than the standard pulsating injection scheme. 

A high frequency model of the PMSM, including stator high-frequency resistance, was 

presented in (6.73]. Analysis was carried out for the effects of the high-frequency 

resistances in saliency tracking-based sensorless control methods of permanent-magnet 

synchronous machines (PMSMs). 

Investigation has been done to experimentally identify the accurate d- and q-axes 

inductances [6.74]. Later in (6.75], the cross-coupling magnetic saturation between the 

d- and q-axes was investigated. The d- and q-axis incremental self-inductances, the 

incremental mutual inductance between the d-axis and q-axis, and the cross-coupling 

factor are determined by finite-element analysis. An experimental method was proposed 

for measuring the cross-coupling factor which can be used directly in the sensorless-

control scheme. 

The effect of the varying ON-state resistance of the inverter power devices on the 

position signal was investigated in [6.76]. Knowledge of the source of the corrupting 

signals facilitates compensation and determines its applicability. Two approaches for 

inverter nonlinearity compensation were proposed and compared. Finally in (6.77] , the 

pulsating- and rotating-vector carrier-signal injection methods for self-sensing (or 

sensorless) control of PMSMs were compared. The estimation errors, due to the 

physical non-ideal attributes of both the machine and the inverter, were evaluated. The 

non-ideal attributes analysed were multiple saliencies, cross-saturation, resistive effocts 

in the high-frequency model of the machine. Initial-position and magnet-polarity 

estimations were analysed as well. 

As discussed above, the high frequency signal injection methods were proposed to solve 

the rotor position detection problems at low speed and standstill, which could not be 

covered by using the fundamental excitation. The fundamental model for the high 

frequency signal injection method is the PMSM model at high frequency, in which the 

linear inductance matrix is applied and the lnigh frequency resistance is ignored. Both 

292'. 



Chapter 6. Investigation o(Sensorless PMSM Drive Methods 

the rotating carrier signal injection and pulsating signal injection methods could achieve 

good performance for the rotor position detection. However, errors are unavoidable due 

to the inaccurate machine model and other uncertainties. Compensations were also 

carried out to improve the accuracy. It can be found that all the algorithms were 

developed based on experimental methods and the compensations for the model and 

parameters have to been made by experimental measurements. 

The analytical nonlinear PMSM model will be an excellent virtual model to analyze the 

proposed sensorless algorithms and to develop other new schemes. The saturation effect 

and cross-coupling effect are already incorporated in the new model. 

6.3 HIGH FREQUENCY SIGNAL INJECTION BASED SENSORLESS 

METHODS 

The orientation and improvement of various sensorless methods for PMS Ms have been 

summarized in last section. All the proposed methods suffer from the errors generated 

by the inaccurate machine model and nonlinearities in the system. Analysis and 

compensations have been investigated and proposed. Due to the blind zone for the 

initial rotor position detection, the fundamental excitation based methods can not be 

applied to full speed range. The high frequency signal injection based methods were 

then available as sensorless drive solution for full speed range including start up. 

In the high frequency signal injection methods, the signal frequency is always set to a 

high level. The high frequency signals are applied as extra excitation for the stator 

windings. There are two major advantages for this kind of methods. 

No movement for the rotor shaft as the induced instantaneous torque 1s at high 

frequency. The rotor could be easily kept at standstill , because the time constant of the 

electromagnetic torque is far smaller than the system mechanical one. 

More observable and reliable response signals. The circuit reactance under the high 

frequency signal is high, which will amplify he response signal and make it easy to be 

measured. Additionally, the ampli fied signal could increase the signal-to-error ratio and 

make the estimation more rel iable. 
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The high frequency signal injection methods are then classified as rotating carrier signal 

injection and rotating pulsating signal injection methods. In this section, the high 

frequency signal injection based methods will be assessed by using the comprehensive 

PMSM model developed in Chapter 4. Fundamentals of the methods will be carried out 

in a more accurate way. The theoretical estimation efficiencies will be assessed later. 

6.3.1 Carrier Signal Injection 

The basic model of a PMSM under high-frequency carrier signal excitation is derived 

under the assumptions that at low or zero rotor speed and high carrier frequency, back 

EMF and resistive voltage drop are negligible so that the machine behaves as a purely 

inductive load. The machine model in stationary reference frame under high frequency 

excitation can be expressed as 

(6.2) 

(6.3) 

The machine model in rotating reference frame under high frequency excitation can be 

ex pressed as 

(6.4) 

(6.5) 

The inductance matrixes developed in Chapter 4 are 
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l
L L l [Ld(l-Ksat cos

2 s) dd dq -
Lqd Lqq - _ _!_L K sin2r 

2 d sat '::i 

(6.7) 

In the rotating carrier injection method, a set of rotating voltage vectors are injected to 

the stator windings. The injected signals are shown in Fig. 6-3. 

p 

d 

a 

Fig. 6- 3. Phasor diagram of the carrier signal injection method. 

(6.8) 

where Vin is the magnitude of the injected signal, 

wh is the angular frequency of the injected signal. 

By substituting (6.8) into the voltage equations, the current responses m stationary 

reference frame can be derived as 

l ~ah l = lz a 01 
z fJh Z fla' 

(6.9) 

For steady state operation, the StrSR and S:atSR are fixed and relatively small compared 

to one. Then the expression could be simplified. The high frequency current component 

could be derived as 
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iah = Kh {~sin 2Bsin ai.t[L.(1- K,a, sin' S') - Ld(I- K,"' cos' S)] 

+ _!_ Krn, sin 2s[ sin (J)J(Ld cos2 e- Lq sin 2 B) - L0 v sin 28 cos m,/] 
2 

+cos m,/[ Lq (I - Ksai sin 2 
() cos 2 e + Ld (I - Ksai cos 2 ()sin 2 B]} 

i/Jh = Kh {_!_sin 28 cos (J)!l[ Lq(I - Ks0 , sin2 
()- Ld(I - Ks01 cos 2 s)] 

2 

+ _!_ K sai sin 2s[ L0 v sin 28 sin (J)1l- cos (J)1,t(Ld sin 2 e- Lq cos2 B)] 
2 

+sin mi[ Lq (I - Ksai sin 2 s) sin 2 e + Ld (I- Ksat cos 2 
() cos 2 B]} 

(6.10) 

(6.11) 

As in (6.10) and (6.11), the rotating component of the carrier-frequency current contains 

the desired information about the inductance saliency in its phase. It is noted that the 

second part of the current expression depends on the saturation saliency and the third 

part is almost zero after demodulation and signal processing. This estimation method is 

mainly based on the rotor structural saliency, which is indicated in the first pm1. 

In order to estimate the rotor position from the phase current vector, a tracking obse1ver 

is added to extract the rotor position with filtering of unwanted noise. The output of the 

signal processing unit or the effective magnitude of rotor position information could be 

implifi ed as 

( 6.12) 

It can be found that the carrier-injection method was designed based on tracking the 

structural saliency of PMSMs. The magnitude term of the processed signal contains 

both the StrSR and SatSR, which indicate the rotor magnetic structural and saturation 

saliencies. This method was proposed for IPMSMs, in which StrSR is relatively larger 

than that of SPMSM. 

On the other hand, this method was proposed based on the small carrier signal injection, 

where the SatSR is very small. The ro or position obtained from this method is 

supposed to be the rotor d-ax is position without magnetic polarity infonnation. 
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However, during the test on the real machine, there are 'harmonics' or 'extra effects ' 

collected from the carrier frequency current, which come from the saturation saliency or 

varying SatSR values. Special consideration has been made to analyse the saturation 

effect. In [6.77] , the d-axis flux linkage can be approximated with respect to the injected 

d-axis current by the Taylor series, in which the saturation saliency is involved. The 

problem identified is that the amplitude of the term containing the magnet polarity 

infonnation is very small compared to the negative-sequence term that contains the 

spatial information associated with the structural saliency. By using the nonlinear model 

developed in Chapter 4, it is possible to obtain the rotor polarity information from the 

current response as shown in (6.12). 

6.3.2 Pulsating Signal Injection 

Different from the carrier signal injection method, the pulsating injection method is an 

error-minimizing method. The pulsating signal is injected in the estimated synchronous 

rotating reference frame, d-q /\. The error angle between the observed axis and the real 

rotor axis is the control objective and is optimized to zero. 

p 
/ \ 

q d 

Fig. 6- 4. Phasor diagram of the pulsating signal injection method. 

The injected signal frequency is also set to a large value. The inductive machine model 

at high frequency is the same as in (6.6) and (6.7). The injected signals shown in Fig. 6-

4 are injected to the d-axis of the estimated ro tor reference frame. 
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This signal can be interpreted as the sum of two vectors rotating simultaneously with the 

same amplitude but in the opposite direction. The voltage in the estimated rotor 

reference frame can be expressed as follows: 

(6.13) 

where Vin is the magnitude of the pulsating signal, 

wh is the angular frequency of the pulsating signal. 

Therefore, the voltage vector transferred to the rotating reference frame yields 

(6.14) 

where L1 () is the error angle of the estimated d-axis. 

The components of the high frequency cunent in the estimated rotor position reference 

frame is given by 

t;h = K1i cos mJ/[ _!_ K
501

L
0

,,, sin 2s sin 2'18 
2 

+ Ld (1-- K 501 cos2 s)sin 2 .1B-Lq (l- Ksat sin2 ;)cos2 ~BJ 

;;,, = ~ K,, cos m,,t { K'"' sin 2S (L. cos 2 t;. (} - Ld sin 2 t;.(}) 

+sin 2~B[Lq (1- K al sin 2 s)- LAl- K.rnt cos 2 S')]} 

(6.15) 

(6.] 6) 

The carrier-frequency current for this oscillating vector injection in the estimated rotor 

reference frame has the desired inductance saliency information in its amplitude, while 

the same information is in the phase of the carrier-frequency current for the rotating 

vector injection in the stationary reference frame. The q-axis component at the carrier 

frequency is used to obtain the position error. The first part of the q-axis current 

represents the saturation saliency and it is relatively small compared to the second part, 

which indicates the structural saliency based rotor axis position. The output of the signal 

processing unit or the effective magnitude of trotor position enor could be simplified as 
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(6.17) 

It can be found that the signal abstracted in pulsating-injection method is quite similar 

as that of carrier injection method. The puls;ating injection method was designed based 

on tracking the structural saliency of PMSMis to minimize the rotor position estimation 

error. Advantage of the pulsating method i~s that the excitation signal is supposed to 

inject around or on the d-axis direction. Tlhe induced electromagnetic torque is very 

small and the rotor position will not be affected. Meanwhile, magnitude of the pulsating 

voltage on d-axis could be safely increased tto a larger value to saturate the stator core. 

As an AC voltage signal on d-axis, the posittive and negative current readings could be 

utilized to identify the rotor polarity. Compiared with the carrier injection method, the 

rotor polarity identification in pulsating injecction method is easier, because the injected 

signals are concentrated on the d-axis. Increased magnitude of the injected signal will 

not cause too much torque ripple. 

As shown above, the high frequency sigsnal injection based methods have been 

introduced to detect the rotor position and :speed for PMSMs. Both the carrier signal 

injection and the pulsating sign.al jnjection nnethods could be used to estimate the rotor 

axis position. Several modifications have lbeen made to identify the rotor polaiity. 

However, most of the methods arc not oriemted from the machine mathematical model 

but expe1imenta] result oriented. It is also reccognized that the saturation saliency or the 

polarity is harder to be obtained than the strructural saliency or the rotor axis position. 

The analytical PMSM model has been app)Jied to express the response signals. The 

saturation effect is now incorporated in the amalysis for both methods. 

Additionally, signal processing unit is alway1s required for the high frequency injection 

based methods. In order to isolate the rotmr position information, demodulation and 

filters have to be designed according to tlhe injection signal frequency. The signal 

processing unit will increase the complexity cof the algorithm. The computing cost of the 

drive system will increase as well, especiallly when incorporating with other control 

schemes for full speed range operation. 
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6.4 FIXED DIRECTION INJECTION BASED SENSORLESS METHOD 

As shown above, the high frequency signal injection methods are based on the high 

frequency PMSM model, in which the motor can be assumed as an inductive load, 

because the emf and resistance voltage drop are relatively small. The inductance matrix 

or the high frequency impedance matrix becomes the major component of the high 

frequency circuit. Fig. 6-5 shows the inductance matrix in stationary reference frame. 

SatSR 

~~- StrSR: Carrier injection 
Pulsating injection 

Fig. 6- 5. Inductance matrix of PMSM and inductance oriented sensor less methods. 

As dis ·ussed in section 6.3~ the proposed carrier signal injection and pulsating signal 

injection methods were based on tracking the rotor ~tructural saliency. The rotor 

position info1mation coupling with the self-inductances will be tracked and abstracted 

as shown in Fig. 6-5. 

On the other hand, the rotor saliency information could also be found in the mutual-

inductances as illustrated in Chapter 4. Based on the developed analytical nonlinear 

machine model, the saturation saliency based rotor position detection will be available. 

In this section, the mutual-inductance based rotor angle will be analysed and the 

detection method will be investigated. The high frequency signal injection method will 

also be applied with modified injection principle. 

6.4.1 Rotor Position Detection Principle 

The analytical nonlinear inductance matrix in stationary reference frame developed in 

Chapter 4 is 
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[

Lav(l + Kstr cos 28)(1- Ksat cos 2 (s + B)) 

- ~ L .,(1 + K ,,, cos 28) K,., sin 2( S + B) 

_ _!_ Lav(l- Kstr cos 28)Ksat sin 2(s + 8)] 
2 (6.18) 

Lav(l - Kstr cos 28)(1- Ksat sin2 (s + 8)) 

where the mutual-inductance between the orthogonal a-fJ axes was expressed by using 

StrSR and SatSR. 

The mutual-inductance between a- and /J-axes, L 013 is a second order function of rotor 

electrical angle. There is rotor axis information contained in this inductance expression. 

As shown in Chapter 4, the mutual-inductance curves with different excitation can be 

plotted out as in Fig. 6-6. 
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Fig. 6- 6. The mutual-inductance comparison between the measured and calculated values. (( = 0, Ksrr = -

5.65%,p = 45°): (a) Stator cun-ent = 1 A, ( =- 4.243°,Ksat = 0.4339%; (b) Stator current= 5 A,(= 16.34°, 
Ksat = 3.2399%. 

As shown in Fig. 6-6, a sinusoidal function Ksin(28) is added and plotted with the 

mutual-inductance Lap· It can be found that zero-crossing points could be detected when 

the rotor axis aligns with the a-axis. The estimated mutual-inductance curve has the 

same phase as the second order rotor sinusoidal function. Therefore, it is possible to 

estimate the rotor position from /J-axis current response when an AC signal is set up to 

be injected into a-axis. 

In the new a-axis injection method, high frequency pulsating signals are still used, 

which could amplify the impedance of the circuit. The pulsating signal is injected on the 

a-axis only. The AC pulsating signal in stationary reference can be expressed as 

(6.19) 

where Vin is the magnitude of the pulsating s-gnal, 

cv1i is the angular frequency of the puls;ating signal. 
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By substituting ( 6.19) into the voltage equations, the current responses in stationary 

reference frame can be derived as 

(6.20) 

For steady state operation, the StrSR and SatSR are fixed and relatively small compared 

to one. Then the expression could be simplified. The high frequency current component 

could be derived as 

(6.21) 

(6.22) 

h K _ ~11Lav (1- Kstr COS 2()) 
w ere ha - . . 

) 2(J)/J 

The coefficient Kha defined in the equations can be assumed as a constant number for 

SPMSM, where the StrSR is much smaller than 1. Once the injection pulsating signal 

magnjtude and frequency are fixed, the coefficient is almost constant. On the other hand, 

the angle (. is a fixed parameter when the stator current is known. Compensation has 

bet:n made to eliminate the (angle and the rotor angle e in the following discussions is 

already a compen ated value with(. 

The high frequency current component on l<-axis is expressed as in ( 6.21 ). When the 

machine is operating, the a-axis current component can be expressed as a high 

frequency carrier signal modulated with an offset wave fonn of the rotor angle signal. 

However, the rotor saliency is amplified by the SatSR, which is always a small gain and 

sometimes nearly zero. The SatSR values collected from the prototype machine can be 

applied to examine the response cmTent signal. Fig. 6-7 shows the plotted high 

frequency a-axis current component with different saturation levels. 
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Fig. 6- 7. High frequency component of a-axis current with different saturation levels. 

In Fig. 6-7, the machine fundamental stator current is used to indicate the machine 

saturation level as shown in Chapter 4. It can be found that the SatSR tenn is much 

smaller than I in ( 6.21 ). Then the rotor saliency term is almost constant for different 

saturation levels. Therefore, it is difficult to identify the rotor position from the a -axis 

current component. 

On the other hand, the high frequency /J-axis current component is modulated directly 

from the rotor angle signal and the high frequency earner signal. 'The magnitude of the 

current component is proportional to the SatSR as shown in (6.22). Fig. 6-8 shows the 

plotted high frequency /J-axis current component with different saturation levels. 
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Fig. 6- 8. High frequency component of ~-axis current with different saturation levels. 

It can be found that the saturation effect will amplify the high frequency component of 

the induced /J-axis current. At the same time, the rotor position information could be 

abstracted from the /J-axis cmrent component. The zero-crossing points could act as 

accurate correction points in the sensorless algorithms. Demodulation is needed to 

eliminate the canier frequency signal. 

6.4.2 Rotor Position Detection Performance Analysis 

A simple signal processing unit could be used to implement the demodulation process. 

The injected carrier signal frequency is known. The topo1ogy of the demodulation unit 

is shown in Fig. 6-9. A high pass filter is applied firstly to abstract the high frequency 

current component on /J-axis. Then demodulation process is applied to abstract the rotor 

position information. 

lp 
HPF 

lph 
LPF 

lpo 

Fig. 6- 9. Structure of the signal processing unit. 
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The output of the signal processing unit or the effective magnitude of rotor position 

error could be simplified as 

(6.23) 

Similarly, the output signal has a gain as the SatSR. The simulated output signal varying 

against the saturation effect is shown in Fig. 6-10. 
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Fig. 6- 10. Output of signal processing unit of /J-axis current with different saturation levels. 

It can be found that by using this method, the rotor position could be obtained directly 

from the /3-axis current. Meanwhile, the saturated stator core will amplify the sinusoidal 

magnitude to ensure the accuracy of the rotor position detection. 

Fig. 6-11 shows the output from the signal processing unit compaiing with the real time 

rotor position. The rotor position information could be obtained as shown. A Ksin28 

curve is added to show the rotor actual position. The error between the obtained value 

and the real position is very small. It mainly comes from the inaccurate SatSR values, 

whjch were discussed in Chapter 4. 
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Fig. 6- 11 . Output of signal process unit at steady state. (w = 1 OOn rad/s,fh = 500 Hz, Tr = 4 Nm) 

In this section, another high frequency injection based sensorless method is introduced 

as a-axis injection method. It is still based on the high frequency inductance or 

impedance matrix. The rotor position is abstracted from the mutual-inductance te1ms. 

The cross-saturation effect incorporated in the analytical nonlinear model is utilized. 

The theoretical expre sion and detection principle presented here will be compared with 

other high frequency injection methods. It is possible to draw a generalized compari on 

based on the analytical model. 

6.5 COMPARISON BETWEEN DIFFERENT METHODS 

As discussed above, the sensorless methods proposed for PMSM are all oriented from 

the machine model, both the methods based on fundamental and extra excitations. 

However, the rotor position estimation principles are different even for the same 

mathematical model. The rotor position could be abstracted from different terms of the 

model. 

The high frequency signal injection methods are oriented based on extra signal 

excitation and this kind of method could ac hieve good performance at the low speed 

range. A comparison is desired to dist inguish alJ those methods and to help to 

implement the sensorless methods for various; applications. 
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In this chapter, the high frequency signal injection based sensorless methods have been 

introduced and analysed by using the nonlinear model developed in Chapter 4. The 

major methods available here are named as carrier signal injection, rotating pulsating 

signal injection and pulsating signal a-axis injection methods. Thanks to the 

comprehensive machine model obtained, a comprehensive comparison could be carried 

out from both the performance and the implementation points of view. 

6.5.1 Theoretical Comparison 

Considering the machine high frequency model, the high frequency signal injection 

methods are applied to estimate the rotor position based on the response phase currents. 

The induced current values have been derived in above sections. Based on the nonlinear 

inductance matrix, the induced phase current expression is summarized in Table 6-1 , in 

which only the high frequency current components are shown. The signal processing 

units are not incorporated in this table, because the theoretical comparison of the 

oriented methods is desired and the signal processing units or observers design may 

affect the overall accuracies. 

As summarized in the table, the rotor position infom1ation detection can be classified as 

two kinds, detection from self-inductance and from mutual-inductance. The a-axis 

injection method is special, because it is based on the saturation effect, which could 

amplify and enlarge the signal. 

Firstly, the idea of sensorless algorithm Estimation Efficiency (EE) is proposed. A high 

efficient sensorless method has the merits that the rotor positlon is easy to be abstracted 

and the accuracy is high. For the induced current signal as shown in Table 6-1, the 

available rotor information contained in the current signals is different. Two parameters 

have been defined to show the signal magnitudes, Kh and Kho.· Kh is much bigger than 

Kha at the same injection magnitude and frequency, which will make the signal 

processing unit design and rotor position estimation easier. Among the carrier injection 

and rotating pulsating injection methods, it is recognized that the pulsating signal 

injection method has higher EE, because the signal magnitude required is smaller, when 

only the rotor axis position is tracked. 
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Table 6- 1. Comparison of high frequency signal injection based sensorless schemes. 

Carrier signal injection Rotating pulsating a-axis pulsating 
injection injection 

Detection basics Self-inductance Self-inductance Mutual-inductance 

Saliency Structural Structural Saturation 

Reference Stationary Estimated rotating Stationary frame 

Signal injected Rotating vector Rotating pulsating Fixed pulsating 

K I . e. ,. 1 
ia11 = h{2sm2 smwht iqh = lKh cosw,,t 

i/Jh = KhaKsotC()SW1,l Induced current * [Lq (I- Ksai sin 2 
() * {sin nB[Lq (1- Ks01 sin 2 S) *sin 2(( + 8) 

- Ld (1- Ksnt COS 
2 

()]} - Ld(l-K<OI COS
2 

()]} 

Estimation Based on sinusoidal Minimizing position angle Based on sinusoidal 
principle output output 

Initial rotor Yes Yes No position 
---

Once the induced currents are collected, the rotor position exists m the current 

expression by different fom1s. Therefore, signal processing units are required. The 

Signal-process Cost (SC) is then compared. A high pass filter is unavoidable to abstract 

the high frequency current components. Sinusoidal term of the rot.or ang]e can be 

obtained by using carrier injection and <.x-axis injection methods, for which rotor 

position observers, such PLL or phase estimator, are needed to abstract the angle value. 

Additionally, the negative sequence of the cmrent component is required in the carrier 

injection method, which will further increase the implementation cost. The signal 

processing for a-axis injection method is obviously easier, because only a demodulation 

unit is required. 

On the other hand, the rotating pulsating method could identify the error between the 

estimated and actual rotor positions. Normally, when the rotor angle error is small 

enough, it is safe to assume that the error angle is equal to the sinusoid value, 118 = 

sinL18. Therefore, a position regulator can be designed to minimize the error and the SC 

is then minimized. 
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Finally, the full induced current expressions were derived in section 6.3 and 6.4, in 

which it can be found that both the carrier signal injection and rotating pulsating 

injection schemes are based on tracking the rotor structural saliency. It is well known 

that they could achieve better performance for IPMSMs, where the StrSR is much larger, 

than PMSMs. As reported, the saturation effect would sometimes affect the rotor 

position detection. The errors come from the saturation or cross-saturation effect could 

be then easily compensated based on the comprehensive expressions. 

The a-axis injection scheme is different from other methods, because it is designed 

based on the saturation saliency, which exists in both IPMSM and SPMSM. When the 

load torque is larger, more accurate sensorless result will be obtained. When considering 

the full speed range operation, the initial rotor position is required. The a-axis injection 

scheme can be synthesized with carrier signal injection. The rotating carrier signal 

should be applied around the rotor electrical cycle. 

6.5.2 Performance and Implementation Comparison 

After theoretically comparing the high frequency signal injection sensorless methods, it 

is necessary to compare the implementation of the methods and to assess the system 

perfom1ance based on those methods. 

As shown in Table 6-1, the carrier signal injection and a-axis injection methods are 

conducted in the stationary reference frame, while the rotating pulsating injection has to 

be conducted on a synchronous rotating reference frame. In the rotating pulsating 

injection, the estimated rotor position and speed from last sampling time interval will be 

applied in the following calculation to decide the injection direction. The rotating 

pulsating injection method has more complicated algorithm because of the real time 

reference frame transformation for both the signal injection and response current 

calculation. On contrast, the a-axis injection method has the lowest Implementation 

Cost (IC). The injection direction is always fixed to one of the stator windings. Once the 

injected signal magnitude and frequency are fixed, no more mathematical calculation is 

required. 

Then in MA TLAB/SIMULTNK, the virtual machine model established based on the 

nonlinear machine model in Chapter 4 is util ized and the sensorless strategies above are 
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simulated. FOC drive method is applied to the system. As an extra excitation, the 

induced torque ripples (TR) or vibrations will be compared. 

In the carrier signal injection scheme, there is not reference frame transformation 

required for the excitation signal. The three-phase high frequency signal is generated by 

using a function generator and applied to the stator windings with the fundamental 

voltage signals. The IC of this method is very small. 

Signal process unit is designed to abstract the negative-sequence high frequency current 

component. As an external signal injection, the torque ripples caused by the high 

frequency signal are unavoidable. Fig. 6-12 shows the electromagnetic torque output of 

the machine under the rotating carrier signal injection. 
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Fig. 6- 12 . Torque output of rotating carrier injection method. (we= 100rr rad/s,Jh = 500 Hz, TL= 4 Nm) 

Secondly, in the rotating pulsating injection scheme, the injection reference frame is 

synchronously rotating with the rotor. Reference frame transformation is needed to 

carry out the injection signal in stationary frame. The rotor position estimated from last 

sampling time interval is used to implement the reference frame transformation. 

For the rotor position observer, the signal process unit has simpler structure, in which 

only q-axis current component at carrier-frequency is needed. For a perfect d-axis 
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injection sensorless drive, the external signal only takes effect on d-axis and there is not 

additional torque ripple generated. However, there is always an estimation error in the 

drive system and the torque ripples are no longer zero. Fig. 6-13 shows the 

electromagnetic torque output when the rotor angle estimation error is ±0.2 rad. 
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Fig. 6- 13 . Torque output of rotating pulsating injection method. L.10 = ±0.2 rad. (eve= lOOrr rad!s,fi1 = 500 
Hz, TL= 4 Nm) 

For a-axis injection method, the excitation AC signal has fixed direction in stationary 

frame, which can be generated by using a simple implementation procedure, a single 

function generator. Similar to the signal process in pulsating injection method, only the 

/J-axis current component at carrier-frequency is needed to estimate the rotor position. 

However, some unexpected torque ripples will be generated, especially when the rotor 

q-axis rotates to the position near the excited a-axis. Fig. 6-14 shows the torque ripples 

of a-axis injection method. The periodic torque ripples could be identified in the current 

feedback loop. Therefore, this ripple has been partially eliminated by modifying the PI 

controller parameters or applying other advance current regulators. 
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Fig. 6- 14. Torque output of a-axis injection method. (we= l OOrr rad/s,JJ1 = 500 Hz, TL= 4 Nm). 

As shown above, with the same excitation the rotating pulsating signal injection method 

could achieve minimized TR along with the machine on the output. The TR caused by 

the a-axis injection method is the largest. 

6.5.3 Comprehensive Comparison 

In a machine drive system, a compromise is always needed to balance the cost, 

efficiency and the performance. For all the high frequency signal injection sensorless 

methods, several criteria have been defined to assess and compare the methods. It is not 

possible to identify which method is the best overall, but a comprehensive comparison 

based on the machine model and performance analysis will help to design the sensorless 

drive system with the most suitable scheme for particular application. 

The overall comparison of the mentioned injection methods is carried out as in Fig. 6-15, 

including all the criteria, EE, which is compared based on injected signal to output ratio; 

IC, which is compared based on the implementation computing cost; SC, which is 

compared based on the design of signal proc,essing units; TR, which is compared based 

on the output torque; and independence of machine-structure (IM). A larger vector on 
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each direction indicates higher performance, larger cost, higher efficiency or larger 

ripple. 

EE 

IM TR 

---Carrier injection 

---Pulsating injection 

---a-axis injection 
SC IC 

Fig. 6- 15. Overall perfom1ance comparison of the injection schemes. 

It can be found in Fig. 6- J 5, the a-axis injection methods would cause b.igger TR but it 

is simple for implementation. Those features will make it a good candidate for some 

application that the load torque is large and ripples are not major concern. On contrast, 

the pulsating injection method has the best TR and EE, which make it an ideal method 

for the high performance drive system. However, the IC and SC of pulsating injection 

method are relatively large. Accurate observer or high speed processer has to be 

implemented. 

6.6 CONCLUSIONS 

In this chapter, the sensorless drive schemes for PMSMs are investigated. A literature 

survey is firstly carried out for the reported PMSM sensorless schemes. All the methods 

are classified as two categories, schemes based on fundamental excitation and schemes 

based on extra excitation. The sensorles.s drive schemes based on fundamental 

excitation were reviewed firstly, including the back emf method, flux linkage method 

and the system observer method. The es:timation principles were introduced and 
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reported compensation methods were also review ed. A model based analysis was 

carried out aiming to address the errors in the estimation and to identify the limitations 

for the reported methods. 

Then the sensorless methods based on extra excitation were introduced, mainly the high 

frequency signal injection methods. Both the carrier signal injection and the rotating 

pulsating signal injection method were discussed. The reported methods and the 

improvements were all reviewed. It was shown that the high frequency signal injection 

based methods could be successfully applied to the low speed range. 

Secondly, the developed analytical nonlinear mathematical PMSM model was utilized. 

The reported carrier injection and rotating pulsating signal injection methods were 

analysed based on the new model. Details of the estimation principle were analytically 

expressed. The estimation performance and errors were discussed. 

On the other hand, the reported high frequency injection methods were symmetrised to 

the analytical high frequency machine model. Another high frequency signal injection 

based sensorless method is proposed as a-axis injection method, based on tracking the 

rotor position from the mutual-inductance in the stationary reference frame. The 

analytical derivation was carried out to analyze the estimation principle. The signal 

processing unit was also designed and the rotor position estimation result was simulated. 

More importantly, all the high frequency signal injection based sensorless methods were 

compared with each other. Several indicators have been set up to help to assess and 

compare the proposed sensorless methods, jncluding the theoretical analysis, 

perfonnance and implementation analysis. An overall comparison was carried out in a 

pentagonal table form, which is not designed to prove one of the sensorless method is 

the best but to comprehensively analyze and compare the known schemes. The 

comparison developed is significant for the drive system design of particular 

applications. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

7.1 CONCLUSIONS 

In the past two decades, PMSMs have been extensively developed and employed in 

high performance electrical servo drives. In these modem closed-loop drive schemes, 

mechanical rotor position sensors are not welcome, due to their disadvantages such as 

the increase of system cost and complexity, and the vulnerability of system reliability 

and stability. Therefore, sensorless PMSM drives are in great demand. 

For most of the sensorless control schemes, especially for the rotor polarity tracking, the 

saturation effect in the stator core has to be considered. According to the literature 

survey, for most of the sen orless PMSM drive schemes, the traditional PMSM linear 

model is used and expe1imenta) trial and error method is employed to indicate or 

compensate the nonlinearities of the magnetic field. In order to reduce the cost of the 

experiments and to increase the estimation efficiency, analytical nonlinear mathematical 

model of PMS Ms is desir0 d. 

Because of the lack of a PMSM model that incorporate both the structural and the 

saturation saliencies, the current experimental trial and error method for studying the 

sensorless drives takes considerable time to implement and is not cost effective. The 

time consuming tests have greatly limited the invention of new drive schemes. On the 

other hand, there is not a generalized assessment and comparison for all the reported 

sensorless drive schemes of PMSMs, because of the lack of a comprehensive analytical 

machine model. 

In order to theoretically analyse the PMSM nonlinear behaviour and effectively develop 

the low cost sensorless drives for PMSMs, an analytical mathematical model for 

PMSMs has been presented in this thesis, incorporating not only the structural saliency 

but also the nonlinear saturation saliency. The work carried out by the author is 

summarised here: 
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(1). An extensive literature review was carried out on PMSM machine 

structure and drive strategies, including the principles, implementations 

and improvements of the six-step control method, FOC method and DTC 

method. 

(2). A comprehensive comparative study was carried out for the PMSM drive 

strategies. Drive schemes were introduced and simulated. The simulation 

results were compared. The merits and drawbacks for the drive schemes 

were summarised. 

(3). An improved discrete DTC scheme was proposed for PMSMs, which 

could significantly reduce the switching loss of the inverter and reduce the 

torque ripple. Simulation and experiments were carried out to verify the 

proposed drive scheme. 

( 4). A numerical composite function was proposed to express the nonlinear 

inductance values for PMSM, in which the rotor position and the stator 

current were designed as two variables. A parameter matrix was proposed 

in the designed inductance function. An inductance test platform was built 

up, where the incremental inductance values were measured against the 

rotor position for different saturation levels. The parameter matrix of the 

proposed inductance function was identified by using the nonlinear 

regression based on the data collected from a series of inductance tests on 

the prototype machine. The numerical model was verified by simulation 

and experimental results. 

(5). Two new variables were defined to express the ratios of structural and 

saturation saliencies in PMSMs. An analytical nonlinear mathematical 

model for PMSMs was developed based on the saturation saliency ratios. 

The nonlinear inductance matrixes in both the stationary and rotating 

reference frames were derived. The experimentally collected inductance 

curves were applied to verify the analytical model. Error discussion was 

provided as well. 
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(6). Initial rotor position detection was investigated based on the proposed 

analytical nonlinear model, in which the rotor polarity identification could 

be theoretically expressed and simulated. DC voltage pulse injection 

method was proposed and improved to detect the initial rotor position. 

Thanks to the new model, the rotor transient vibration was analytically 

expressed. The proposed method was simulated and tested, showing its 

good estimation accuracy and low rotor vibration. 

(7). Sensorless drive method for PMSMs was then investigated based on the 

proposed analytical nonlinear model. All the reported sensorless drive 

schemes were analysed based on the comprehensive machine model in a 

generalized way. Principles and implementations of high frequency signal 

injection methods were introduced and a new a-axis pulsating signal 

injection method was proposed as a simplified solution for rotor position 

detection. A comprehensive comparison was carried out for all the high 

frequency signal injection based sensorless schemes according to several 

criteria, including the theoretical efficiency, implementation cost, signal 

processing, and the system performance. 

7.2 FUTURE WORK 

The possible future work following this project is listed as below: 

(1 ). Refine the analytical machine model by considering the high frequency 

resistance. The voltage drop on the phase resistance is always ignored in 

the high frequency injection method. The model accuracy will be 

improved if the high frequency resistance is modelled as a function of the 

excitation frequency. 

(2). Extend the analytical model to flux weakening range of the magnetic 

circuit. The SatSR could be extended to the demagnetized side instead of 

the current linear inductance assumption in that area. 

(3). Incorporate the modified PMSM circuit models with core loss for more 

accurate analysis of the sensorless drive methods. 
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( 4). Apply the developed analytical machine model in the observer design, in 

which the performance depends highly on the accuracy of the model. The 

developed mathematical model could work as an accurate virtual model to 

provide improved machine states feedback. 

(5). Synthesize all the rotor position detection methods together in the 

analytical machine model. Develop a generalized sensorless scheme for 

PMSMs, including both IPMSM and SPMSM. 

( 6). Improve the sensorless PMSM drive' s performance by tuning the 

controller parameters or using model based control strategies. 
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