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ABSTRACT 

Vector control of induction machines has established itself during the last two decades 

as the most suitable way of achieving high performance in induction motor drives. In its 
basic form, vector control relies on the existence of the speed sensor. This is at present 
considered to be the major drawback and enormous efforts have been put in 
development of so-called sensorless vector controlled drives during the last decade. 

Vector control principles require utilisation of the mathematical model of an induction 

machine within the controller. Furthermore, most of the schemes, used for speed 
estimation in sensorless drives, are based on the model of the machine as well. The 

standard model regards all the machine parameters as constant and ignores the 

existence of the iron loss. Hence any variation of the actual machine parameters leads to 
detuned operation and deterioration of the performance takes place. The objectives of 
this project are to investigate detuning in the sensorless indirect feed-forward rotor flux 

orientated induction motor drive, to develop improved sensorless vector control 
schemes with compensation of iron loss and main flux saturation, and to perform 
experimental investigation with the aim of confirming some of the theoretical studies. 

A detailed investigation to quantitatively assess detuning effects in the sensorless 

vector-controlled drive, that utilises MRAC based speed estimator of rotor flux type, is 

undertaken. Detuning due to parameter variations (stator and rotor resistance, stator and 
rotor leakage inductance), iron loss and main flux saturation is evaluated for steady- 
state and transient operation. Simulation studies show that parameter variations, iron 
loss and main flux saturation lead to deterioration in performance of the sensorless 
induction motor drive. It is therefore necessary to compensate the detuning effects on- 
line. 

Based on advanced induction machine models, several improved sensorless vector 
control schemes are developed. The first scheme provides compensation of iron loss. 
The second scheme provides compensation of main flux saturation. The third one, 
obtained by combining the previous two schemes, provides simultaneous compensation 
of both the iron loss and main flux saturation. By employing the novel sensorless 
schemes, detuning effects are reduced significantly. The improved performance of the 

novel sensorless vector controlled induction motor drives is confirmed by simulation 
studies. 

Experimental investigation is performed to confirm the theoretical findings. Speed 

estimator is operated at all times in parallel with an existing sensored vector controlled 
drive. Detuning due to parameter variations is at first investigated. Next, improved 

performance of one of the developed modified MRAC speed estimators, that 
compensates for the main flux saturation, is confirmed experimentally. 
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NOMENCLATURE 
General remarks: 

underlined variables denote matrices 

overlined variables denote space vectors 

Subscripts 

a, b, c - phases of the original three-phase system, stator phase variables, 
A, B, C - phases of the original three-phase system, rotor phase variables, 

d, q - axes of the two-phase system in the rotating reference frame, 

zß - axes of the two-phase system in the stationary reference frame, 

S - stator, 

r - rotor, 

m - parameters and variables associated with magnetising (air-gap) 
flux, 

6 - leakage, 

Fe - iron, 

L - load, 

sl - slip (angular speed), 

sh - slot harmonics, 

e - synchronous (frequency, speed), 

n - rated values, 
LPF - low pass filter, 

FB - feedback, 

cmp - compensation, 

Superscripts 

est - estimated value, 
t- matrix transposition, 
*- commanded value, parameter value in the control system; 

complex conjugate, 

Symbols: 

f- frequency, 

i- current, 

xv 



j - imaginary unit, 
J - inertia, 

L - inductance, 

n - speed in rpm, 
P - number of pole pairs, 
R - electrical resistance, 

p - Laplace's operator, 
t - time, 

Tei TL - electromagnetic and load torque, respectively, 
T - time constant, 

v - voltage, 

y/ - flux linkage, 

0 - angle, 

w - angular speed, angular frequency, 

s - slip (per unit value), 
Z - number of rotor slots, 
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CHAPTER 1: INTRODUCTION 

1 INTRODUCTION 

1.1 Origins of vector control of induction machines 

Variable speed electric drives are used in a variety of industrial applications. With the 

rapid development of automation, more and more applications demand high 

performance, low cost variable speed drives. The continuing trend is towards cheaper, 

more cost effective drives, characterised with better quality of the speed control 

[Novotny and Lipo, 1996]. The majority of electric machines employed in industry are 

squirrel cage induction machines as they are characterised with low cost and low 

maintenance requirements. Therefore, high performance induction motor drives have 

been under extensive development in the recent years. The aim of the research 

described in this thesis is to make a contribution in this field. The investigation is 

devoted to one specific sub-class of high performance drives, so-called sensorless 

vector controlled induction motor drives. 

There are two basic types of machines that are used in industry, i. e. alternating current 

(AC) machines and direct current (DC) machines. Squirrel cage induction (AC) 

machines are predominant due to their robustness and low operational cost. In the past, 

it was very difficult to control their speed. Nevertheless, induction machines were still 

widely used in the most of the industrial applications that required running at constant 

speed. In contrast to an induction machine, the flux and torque of a DC machine can be 

easily controlled by the field and armature current. Therefore, a DC machine has fast 

response and four quadrant operation with high performance is easily achievable. For 

the applications where the variable speed is essential, DC machines and wound rotor 

induction machines had to be used in the past because their speed could be controlled. 

In particular, the separately excited DC machine has been used in applications where 

there was a requirement of fast response and four-quadrant operation with high 

performance near zero speed. However, DC machines have certain disadvantages, 

which are due to the existence of the commutator and the brushes. That is, they require 

periodic maintenance; they can not be used in explosive or corrosive environments; 

they have limited maximum speed of operation due to commutator and they have 

limited current/torque capability due to commutator [Vas, 1990]. Similar considerations 
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apply to wound rotor induction machine as well. To overcome these problems, the 

solution was found in development of high performance brushless AC drives. 

The advent of thyristors, the first semi-controllable semiconductor power switches, and 

the development of variable frequency converters based on these switches, made 

possible control of squirrel-cage induction machines over a wide speed range. The most 

popular, so-called scalar control method, consists of simultaneous adjustments of the 

frequency and magnitude of the voltage supplied to the machine. This allows making 

steady state operating characteristics of an induction machine similar to those of a DC 

machine. Adjustable speed AC drive systems, employing scalar control principles, have 

been replacing DC drives in numerous industrial applications [Leonhard, 1985; 

Trzynadlowski, 1994]. Open loop volts/Hz speed control was developed in the 

beginning. Gradually, closed-loop scalar control techniques were introduced to improve 

the performance. Unfortunately, induction machines are non-linear, parameter-varying, 

multi-variable control objects with coupling effect, and have complex dynamics of high 

order. Although scalar control methods enable good speed holding in steady-state 

operation, they cannot provide a controllable speed transition from one operating speed 

to another. This is so because scalar control methods are developed from steady-state 

models of AC machines. If dynamic behaviour of an AC machine is to be controlled, it 

becomes a pre-requisite that dynamic models are used for the control system 

development and that control is performed in closed loop manner [Bose, 1997]. 

The field orientation (vector) control principle was introduced in the early seventies 

[Hasse, 1969; Blaschke, 1971]. The basic idea of vector (field oriented) control of an 

induction motor drive is to decouple the control of flux and torque of an induction 

machine not only in steady-state but in transient as well. As in DC machines, 

independent flux and torque control in AC machines is achieved by controlling the 

machine currents in a suitable manner. However, in contrast to a DC machine where 

only current magnitude has to be controlled, in an AC machine it is necessary to 

simultaneously control frequency, amplitude and phase of the current. Theoretically, it 

is possible to realise perfectly decoupled control of flux and torque in induction 

machines, just like in a separately excited DC machine. In the past, it was very difficult 

to implement the idea because only analogue means were available to solve the 

complex control problem. However, in the early eighties, the technology in power 
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electronics, micro-electronics, and processors advanced rapidly. Various schemes of 

field oriented control were developed by many researchers in the last twenty years. It 

should be mentioned that the field orientation principle can be used in control of not 

only induction (asynchronous) machines, but in control of all kinds of synchronous 

machines as well [Trzynadlowski, 1994]. Actually, field orientation in synchronous 

machines is simpler than in induction machines, since the position of the flux generated 

by the rotor winding or permanent magnets is easy to monitor. 

Regardless of whether vector control is applied in conjunction with an induction 

machine or a synchronous machine, there are two common features that will be shared: 

vector control schemes are derived from an appropriate dynamic (transient) model of 

the machine under consideration, and a co-ordinate transformation has to be used in 

order to correlate the control system with the real physical world. The co-ordinate 

transformation requires information on the instantaneous spatial position of the 

appropriate flux space vector. 

Vector control techniques can be classified as indirect or feed-forward control methods, 

and direct or feedback control methods, depending on the method of unit vector 

generation for vector rotation (i. e. co-ordinate transformation) [Boldea and Nasar, 

1992]. The direct vector control methods rely on the generation of unit vector signals, 

that describe co-ordinate transformation, from the measured stator quantities or air-gap 

flux signals. The air-gap flux can be measured directly, while any flux can be estimated 

from the stator voltage and current signals. The stator, air-gap or rotor flux components 

can be directly computed from stator quantities. In the indirect vector control method, 

the rotor flux angle information and thus the unit vector are directly obtained by 

integration of the sum of the rotor speed and reference value of the slip frequency, that 

is created using reference rather than measured electromagnetic variables. 

Field orientation control of induction machine can be realised by controlling the 

magnitude of the stator current space vector and its position with respect to the chosen 
flux space vector. There are different field orientation schemes depending on the 

chosen flux space vector [Vas, 1990]. If the rotor flux vector is chosen as the vector 

with respect to which stator current space vector is orientated, so-called rotor flux 

oriented control of induction machine is obtained. This scheme is the most popular one 
in practical drive realisations, because of its relative simplicity. The stator current space 
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vector can also be orientated with respect to stator flux space vector to form stator flux 

oriented control of an induction machine. Another alternative is air-gap flux oriented 

control and the stator current space vector is then orientated with respect to the air-gap 

flux. Although there are three types of vector control, the one used in commercially 

available drives is the rotor flux oriented control, and this is the vector controlled 

method dealt with in this research. 

1.2 The idea and methods of sensorless vector control 

With advances in power electronics, microelectronics and control technology, variable 

speed AC drives are becoming the most important industrial drives in all areas of 

manufacturing, factory automation and transportation. The availability of digital signal 

processors operating at high clock frequencies has made it possible to implement a high 

performance vector controlled drive. As already noted, a vector controlled drive is a 

drive with closed-loop speed control, so that the information on actual speed of rotation 

is required. In many industrial applications, it is neither possible nor desirable to install 

additional speed sensors for speed control of induction machines. If high performance 

is not required, then open-loop scalar control methods can be used. However these 

open-loop control schemes have shortcomings, such as slow and uncontrolled dynamic 

response, low-speed regulation accuracy and limited speed control range [Tzou et al, 

1996]. 

For high precision control system, closed-loop control is essential to control the speed 

with good performance in both dynamic and steady-state operation. Closed-loop control 

requires a feed-back signal from the machine shaft. The speed signal is obtained by a 

speed or position sensor mounted on the machine shaft. 

In spite of many advantages of the vector controlled drives, the shaft-mounted speed 

sensor, required for precise speed control, is a significant drawback of the control 

system. Most of the sensors and the associated electronics are temperature sensitive and 

are also sensitive to the electromagnetic noises, limiting the machine's applicability. 

Additionally, these sensors increase the size, weight and cost of the drive. Moreover, 

there are some special applications where the sensor either can not be mounted directly 

on the machine shaft or could reduce the reliability of the drive when used. With this in 
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mind, it is an advantage to dispense with the speed sensor and obtain the speed feed- 

back only from the easily measurable voltages and currents of the machine. In other 

words, it is advantageous to estimate the speed of the rotation, so that a speed sensor is 

not required any more. Speed estimate then takes the role of the measured speed signal. 

It is for these reasons that sensorless vector control of induction machines is receiving 

wide attention recently [Rajashekara et al, 1996; Schauder, 1992; Ohtani et al, 1992; 

Peng and Fukao, 1994]. The development of sensorless induction machine drives has 

become an important research topic. The research has concentrated on the elimination 

of the speed sensor at the machine shaft without deteriorating the dynamic performance 

of the drive system. Considering the present trend, it can be predicted that sensorless 

vector controlled AC drives will emerge as the industry standard in the next century, 

and oust the DC drive completely [Bose, 1997]. 

The advantages of speed sensorless induction machine drives are, as already noted, 

lower cost, reduced size of the drive, elimination of the sensor cable, and increased 

reliability. As speed is not measured any more, it has now to be estimated from 

measurable electromagnetic quantities, such as stator currents and stator voltages. 

Various approaches to speed estimation have been developed in recent years. They are 

reviewed by Holtz [1995], Rajashekara et al, [1996] and Vas [1998]. The speed 

estimation methods can be broadly classified into two principal categories: 

1. those which analyse the current (or voltage) harmonic spectrum and estimate 

the rotor speed on the basis of certain harmonic properties of the spectrum 

[Hurst and Habetler, 1997]. The spectrum based methods have an advantage of 

yielding an accurate measure of rotor speed, which remains totally independent 

of parameter variations. 

2. those which use the induction machine model to identify the speed. 

Apart from spectrum based and model based speed estimation techniques, it is possible 

to define the third category. Machine speed can be estimated by means of artificial- 
intelligence-based techniques, which do not require a mathematical model of the 

machine and the drive system. At present, artificial-intelligence-based estimation 

methods include: 
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" Neural network based speed estimation [Ben-Brahim and Kurosawa, 1993; 

Ben-Brahim, 1995; Mehrotra et al, 1996; Kulkarni and El-Sharkawi, 1997] 

" Fuzzy-neural based speed estimation [Vas, 1998] 

The neural network technique is based on a learning process. Neural networks have the 

advantage of extremely fast parallel computation due to distributed network 
intelligence. Many neurons or processing elements are interconnected to form a parallel 

neurocomputing network. The most commonly used neural networks are of feed- 

forward multilayer type. Feedback signals are used only during training of the neural 

network. Generally, the back propagation method is used for adjusting the neural 

network weights during training. This is a slow and very time-consuming process, as 

the algorithm takes a long time to converge. 

It is also possible to estimate the rotor speed by using a fuzzy-neural network estimator. 
The fuzzy-neural estimator is basically a neural network with fuzzy features. A 

conventional neural network uses a fixed topology and back-propagation learning. 

However, it is difficult to relate the structure of the network to the physical processes 

and there are no guidelines for the selection of the number of hidden layers and nodes. 
A fuzzy-neural system combines the advantages of fuzzy-logic and neural networks. In 

a fuzzy-neural system the structure of the network is based on a fuzzy-logic system. It is 

another advantage of a fuzzy-neural network that the number of layers and also the 

number of nodes is known [Vas, 1998]. 

Neural network and fuzzy-neural based speed estimations are at present emerging 
techniques and are beyond the scope of interest in this thesis. 

The model based techniques can generally be divided into two groups [Blaabjerg et al, 
1996; Holtz, 1995; Rajashekara et al, 1996]: 

1. open-loop estimators; and 

2. closed-loop estimators 

It should be noted that, in this context, notion of open-loop and closed-loop speed 

estimation is correlated purely with the speed estimation process itself and that a drive 

with closed-loop speed control is under consideration at all times. The distinction 
between the two groups is made on the basis whether or not a correction term, 
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involving the estimation error, is used to adjust the response of the estimator [Vas, 

1998]. In an open-loop speed estimator, rotor speed is calculated on the basis of the 

machine model equations only and there is no correlation between the estimated output 

and speed calculation procedure within it. For a closed-loop speed estimator, rotor 

speed is estimated based on the machine model and the estimated speed is used as a 

feedback signal to control the estimation procedure within the estimator. Open-loop 

estimators and closed-loop estimators differ with respect to accuracy, robustness and 

limits of applicability. The slip frequency calculation method was the first one to be 

used in an attempt to operate an induction machine with closed-loop speed control 

without speed sensor [Rajashekara et al, 1996]. The slip frequency is the difference 

between the stator frequency and the electrical frequency corresponding to the rotor 

speed of rotation. By calculating the slip frequency from measured stator currents and 

stator voltages, the rotor speed can be determined. Slip compensation methods are 

usually simpler but can guarantee good dynamic performances only when the slip is 

estimated from machine dynamic equations [Holtz, 1993]. In general, open-loop speed 

estimators rely on knowledge of various parameters of the induction machine, as rotor 

speed and slip frequency estimators are based on the voltage equations of the induction 

machine model. When estimator parameters are mismatched with the actual values in 

the machine, the accuracy of the open-loop estimators deteriorates. Parameter variations 

have great influence on both the steady-state and transient performance of the drive. 

However, it is possible to obtain a rather good and accurate estimate by suitably 
identifying machine parameters on-line. Speed calculation based purely on machine 

model equations has been discussed by many authors [Kim and Kawamura, 1996; 

Baader et al, 1992; Ohtani, et al, 1992; Bonanno et al, 1995]. For high performance 
induction motor drives, closed-loop speed estimators can provide good behaviour of 

speed estimation, which is in general better that the one obtainable with open-loop 

speed estimators. 

According to the way of implementation, the closed-loop speed estimation methods 
based on the induction machine model are further classified into the following sub- 

groups: 

" Observer-based speed estimation [Kubota and Matsuse, 1994a; Yang and 
Chin, 1993] 
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Model reference adaptive control based speed estimation [Schauder, 1992; 

Tajima and Hori, 1993; Kim and Hung, 1995] 

" Extended Kalman filter based speed estimation [Kim et al, 1994] 

A state observer is a model-based state estimator which can be used for the state (and/or 

parameter) estimation of a non-linear dynamic system in real time. In the calculations, 

the states are predicted by using a mathematical model. Predicted states are 

continuously corrected using a feedback correction scheme. This scheme makes use of 

actual measured states by adding a correction term to the predicted states. This 

correction term contains the weighted difference of some of the measured and estimated 

outputs signals (the difference is multiplied by the observer feedback gain). Based on 

the deviation from the estimated value, the state observer provides an optimum 

estimated output value at the next sampling instant. In an induction machine drive, the 

rotor speed of the machine can be estimated by a state observer. This is possible since a 

mathematical dynamic model of the induction machine is sufficiently well known. For 

this purpose, the stator currents and stator voltages are monitored on-line and the rotor 

speed of the machine can be obtained by the observer quickly and precisely. The 

accuracy of the state observer also depends on the model parameters used [Vas, 1998]. 

In the model reference adaptive control based speed estimation method, a comparison is 

made between the outputs of the two estimators. These outputs can take different form, 

as discussed later on. The estimator that does not involve the quantity to be estimated 

(i. e. rotor speed) is considered as the reference model. The other estimator, which 

involves the estimated quantity, is called the adjustable model. The error between two 

estimates, obtained from the reference and adjustable model, is used to drive a suitable 

adaptation mechanism that generates the estimated rotor speed for adjustable model. 
When the estimated rotor speed in the adjustable model attains such a value that the 

difference between the output of the reference model and the output of the adjustable 

model is zero, the estimated rotor speed is equal to the actual rotor speed under ideal 

conditions (i. e., when there is perfect match between actual motor parameters and the 

values used in the speed estimator. ). 

The extended Kalman filter can be employed to identify the rotor speed of an induction 

machine based on the complete machine model. The machine is modelled as a fifth 
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order system, with the unknown rotor speed being a state variable. Since the model is 

non-linear, the extended Kalman filter algorithm must be applied. It linearises the non- 

linear model in the actual operating point. The extended Kalman filter is a viable but 

computationally very intensive candidate for on-line estimation of the rotor speed. The 

rotor speed is estimated using the state equations and Kalman filter, on the basis of 

measured quantities [Rajashekara et al, 1996]. 

The specific type of the sensorless vector control, investigated in this research, is the 

indirect feed-forward rotor flux oriented control, with the speed estimator based on the 

induction machine model. The estimator is of MRAC type. 

1.3 Problems experienced in sensorless vector control 

As described in the previous section, sensorless vector controlled induction motor drive 

is a desirable solution for many applications. Various concepts for sensorless vector 

control of induction machines have been developed in the last ten years. Each scheme 

of speed estimation has some advantages and some disadvantages. In a speed sensorless 

vector controlled system, it is not only the rotor speed but also the field angle which 

needs to be estimated. 

Speed estimation using stator current harmonic spectrum has the advantage of being 

independent of machine parameters. However, as harmonics are extracted from stator 

current spectrum on-line, the procedure has limited accuracy in transient states due to 

the time required for current acquisition and FFT calculations. Furthermore, the 

techniques using current harmonic analysis are dependent on specific machine 

structural parameters. For example, the machine slot harmonic magnitude and 

frequencies depend on unknown parameters, such as the number of rotor slots. 

Therefore, the algorithm requires user-defined input data and the data vary from 

machine to machine [Wong and Lefley, 1996]. 

Most estimation methods rely directly or indirectly on the induction machine model. 

Therefore, accurate induction machine parameters are essential for proper speed 

estimation. The machine parameters are affected by temperature, saturation level in the 

machine and frequency of operation. In any of these methods, the estimation error 
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increases as the speed reduces [Holtz et al, 1997]. Parameter variations therefore always 

cause detuned operation of the system. 

The correct information regarding parameters and measured electrical quantities 

determines the accuracy of the speed estimation. Nowadays, the accurate measurement 

of stator currents and stator voltages is not a problem. Therefore, machine parameters 

play an important role in the machine model-based speed estimation schemes. If there 

are any discrepancies between the actual machine parameters and the values used in the 

speed estimator, estimation of the speed is erroneous. This affects the performance of 

the drive and controller operates with error, so that so-called detuned operation results. 

As already noted, there is a huge variety of speed estimation schemes that are based on 

the machine model. Different techniques perform different calculations, for which 

different parameters are used. Therefore, the overall sensitivity to parameter variations 

is heavily dependent on the applied technique. Generally, open-loop speed estimation 

methods are more sensitive to parameter variations than closed-loop speed estimation 

methods. Whatever the scheme, it is absolutely crucial to have as accurate knowledge 

as possible about the parameters involved in the particular speed estimation scheme. It 

has to be stressed that initial correct determination of the required parameters is not a 

guarantee for accurate speed estimation at all times. Each of the parameters is 

determined for a specific operating point and their values might change when the 

operating conditions are altered. There are many phenomena that cause parameter 

variations in an induction machine. Magnetic saturation affects the values of all the 

inductances in the machine. Variations in temperature and skin effect change the values 

of the resistances in the machine. All of the above mentioned effects alter the value of 

the rotor time constant, which is used for speed estimation in many schemes. Iron loss, 

normally neglected in the machine model, takes part in power balance of the machine 

and thus reduces the accuracy of speed estimation. 

Variations of inductances due to magnetic saturation are dependent on machine 

operating conditions. Magnetic saturation in an induction machine can be separated into 

main flux saturation, rotor leakage flux saturation and stator leakage flux saturation. 
They cause variations of the magnetising inductance, rotor leakage inductance and 

stator leakage inductance, respectively. When a vector controlled induction machine is 

designed for speed operation above rated speed, the flux of the machine has to be 

10 



CHAPTER 1: INTRODUCTION 

reduced for speeds higher than rated, in order to provide operation with constant power. 

When the flux in the machine is reduced, the value of the magnetising inductance 

increases. The effects of main flux saturation have been considered in the past in detail 

for a vector control scheme with speed sensor [Levi and Vuckovic, 1989]. 

Rotor resistance is influenced by the skin effect which depends on the geometrical 

shape of the rotor bars and the amplitude and frequency of the rotor current. The 

variations of the rotor resistance and stator resistance due to thermal effect are 

correlated to operating conditions. An induction machine is heated by various losses in 

it. Copper losses occur in both stator and rotor windings and are determined by stator 

and rotor currents. Meanwhile, iron loss is determined by flux level and the operating 

frequency. Both types of losses depend also on the spectra of the voltage and current 

waveforms supplied by the inverter. Cooling conditions are of the same importance and 

are as complex as heating phenomenon. Different cooling systems provide different 

conditions. If the cooling is provided by the cooling fan affixed to the machine shaft, 

the cooling is affected by the operating speed of the machine. It is quite different when 

cooling is provided by a separate air cooling system. Both of the cases are also affected 

by the ambient temperature. All of the heating sources inside the machine combine to 

determine the temperature of the machine and the resulting variations of the resistances. 

The problem of satisfactory operation at all speeds can be alleviated by on-line 

adaptation of the machine model parameters, such as stator resistance, rotor resistance, 

and rotor time constant [Blasco-Gimenez et al, 1996a]. Due to thermal effects stator 

and rotor resistance change during operation, and it is essential to obtain correct 

parameter information by on-line identification. As thermally caused changes in 

resistances are slow in nature, it is appropriate to compensate for these variations by on- 

line resistance identification. Many proposals have been made to remedy this situation. 

These have, in the main, taken the form of parameter adaptation schemes that run 

alongside the main vector control algorithm and the speed estimation scheme. The main 

feature of such schemes is their ability to track the variation of machine parameters. 

On-line identification of rotor resistance and stator resistance is discussed in [Blasco- 

Gimenez et al, 1996b; Lee et al, 1996; Zhen and Xu, 1995]. On-line identification of 

rotor time constant in sensorless drives is reported as well [Jansen and Lorenz, 1993]. A 
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possible way of improving the speed estimation at low speeds by on-line identification 

of stator resistance is reported in [Yang and Chin, 1993]. 

Main flux saturation and iron loss are another sources of speed estimation errors, as 

standard induction machine model neglects both of these phenomena. Williamson and 

Healey [1996] proposed a transient induction machine model that accounts for skin 

effect in rotor and saturation in both the main and rotor leakage flux path. Models that 

allow for main flux path saturation have been also developed in a form that is suitable 

for use in vector control schemes [Levi and Vuckovic, 1993]. Induction machine model 

with iron loss representation has been proposed by [Levi, 1995]. Detuning due to iron 

loss and main flux saturation in vector control system with speed sensor has been 

studied in detail by [Sokola, 1998]. The results show that iron loss and main flux 

saturation may deteriorate the performance of the system. In contrast to thermally 

induced variations in resistances, that are slow, variations in saturation level and iron 

loss are of electromagnetic nature and are therefore inherently fast. Any attempt to 

compensate for these phenomena by on-line identification would therefore be 

applicable to steady-state operation only. A different approach towards compensation, 

so-called model based approach, is favourable in this case. The basic idea behind this 

method is to develop the vector control system (and the speed estimator) from modified 

induction machine models, that account for one or more phenomena that are usually 

neglected. Compensation in both steady-state and transient operation then becomes 

possible. Model based approach has been used extensively in the past in conjunction 

with vector controlled drives that do possess the speed sensor [Novotny and Lipo, 1996; 

Levi, 1995; Levi and Vuckovic, 1989; Williamson and Healey, 1996]. However, there 

is no evidence that such an approach has been applied in conjunction with sensorless 

vector controlled drives and it is believed that this thesis for the first time proposes use 

of model based approach in sensorless drives. 

1.4 Aims of the research 

1.4.1 Research objectives 

Sensorless vector control of induction machines has become one important area of 

research in recent times. Numerous authors have introduced speed estimators that are 
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based on induction machine models. Since there are inevitable parameter variations 

during normal operation of the drive, speed estimation error takes place in a sensorless 

vector controlled induction machine drive with machine model based speed estimator. 

Although some schemes are equipped with on-line parameter identification of stator 

and/or rotor resistance, iron loss and main flux saturation as possible detuning sources 

have not received attention so far. Most of the existing schemes are based on the 

standard induction machine model in which iron loss and main flux saturation are 

neglected. As an ideal induction machine does not exist in reality, evaluation of 

detuning due to parameter variations (stator and rotor resistance, stator and rotor 

leakage inductance), iron loss and main flux saturation is one of the main aims of this 

study. Furthermore, in order to compensate detuning effects caused by iron loss and 

main flux saturation, improved vector controller and speed estimator schemes, based on 

improved induction machine models, are to be developed. 

Since MRAC-based speed estimator is a relatively simple scheme to implement, it has 

attracted a lot of attention in recent years. One specific type of MRAC-based speed 

estimator is used throughout this research. The vector control system utilised here 

consists of indirect feed-forward rotor flux oriented controller and a rotor flux based 

MRAC type of speed estimator. At first, impact of iron loss on operation of the drive is 

investigated based on standard vector controller and constant parameter speed 

estimator. Induction machine model which includes iron loss representation is utilised. 

Next, detuning due to parameter variations (magnetising inductance, stator resistance 

and rotor resistance, stator and rotor leakage inductance) is investigated by using 

induction machine model with main flux saturation accounted for. Detailed studies are 

performed for both steady-state and transient operation of the drive. In order to 

compensate a given phenomenon, the improved induction models are used further on to 

design modified vector controllers and speed estimators. The improved schemes of 

sensorless vector control are finally verified. The main objectives of the study can be 

summarised as follows: 

1. To qualitatively and quantitatively investigate detuning effects due to iron 

loss, main flux saturation and parameter variations in a sensorless vector 

control system, based on standard indirect vector controller and standard 

rotor flux based MRAC speed estimator, in steady-state operation. 
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2. To investigate detuning effects due to iron loss, main flux saturation and 

parameter variations in transient operation of the same system. 

3. To develop a novel vector controller and speed estimator scheme, based on 

an improved induction machine model, that accounts for iron loss and 

therefore compensates its detuning effects. 

4. To develop a novel sensorless vector control scheme that compensates for 

main flux saturation effects and therefore enables satisfactory operation of 

the drive in the field-weakening region. 

5. To develop a novel sensorless vector control scheme with simultaneous 

compensation of both the iron loss and main flux saturation. 

6. To confirm the effectiveness of modified vector controllers and novel speed 

estimators, developed in 3-5, by extensive simulations of transient operation. 

7. To experimentally, investigate operation of the rotor flux based MRAC type 

of speed estimator in the base speed region and in the field-weakening region 

and to experimentally evaluate detuning effects in steady-state and transient 

operation. 

8. To implement in the experimental rig newly developed speed estimator with 

compensation of main flux saturation (objective 4) and to verify it by 

performing experiments in the field-weakening region. 

1.4.2 Investigation approaches 

In order to realise the research objectives listed above, appropriate approaches have 

been applied. 

a) Qualitative investigations of detuning effects due to parameter variations in 

sensorless vector controlled induction machines are performed by deriving 

appropriate detuning expressions for steady-state operation. Quantitative 

analysis of detuning effects in steady-state operation of the drive is then done 

for a specific drive. For different detuning cases, several different machine 

models for steady-state representation are utilised. In order to solve the 
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equations, the iterative calculation method is utilised. Several programs are 

developed in Matlab environment to obtain results. 

b) For transient analysis of detuning effects, the whole sensorless vector 

controlled induction machine drive transient model is utilised. Simulation 

models, which include an appropriate dynamic induction machine model and 

a full sensorless vector control system, are built using Simulink/Matlab. 

c) Compensation of given phenomenon by modified vector controller and speed 

estimator is confirmed for each case based on transient simulations using 

Simulink/Matlab. 

d) Experimental verification of the theoretical results is conducted by means of 

an existing computer controlled experimental rig. The rig comprises an 

indirect rotor flux oriented machine that is equipped with position sensor. 

Data acquisition system is constructed and experimental investigation 

(objectives 7 and 8) is performed by operating the speed estimator in parallel 

with the rig. 

1.4.3 Originality of the research 

Parameter variations cause detuned operation of a vector controlled induction machine 

without a speed sensor. Existing research regarding parameter variations in sensorless 

vector controlled induction machines has mostly been restricted to stator and rotor 

resistance variations. The originality of this thesis lies in the following: 

1. Evaluation of detuning in a sensorless vector controlled induction machine 

drive due to iron loss in both steady-state and transient operation is 

performed for the first time. 

2. Evaluation of detuning in a sensorless vector controlled induction machine 

drive due to main flux saturation in both steady-state and transient operation 

is investigated for the first time. 

3. Comparative evaluation of detuning in a sensorless vector controlled 

induction machine drive due to parameter variations (magnetising 
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inductance, stator and rotor leakage inductance rotor resistance and stator 

resistance), in both steady-state and transient operation is conducted. 

4. A novel sensorless vector control scheme with iron loss compensation is 

developed. 

5. A novel sensorless vector control scheme with main flux saturation 

compensation is developed. 

6. A novel sensorless vector control scheme with compensation of both main 

flux saturation and iron loss is proposed. 

7. Compensating effects are verified by dynamic simulations and experiments. 

Original research results are the complete chapters 6,7,8 and 9. 

1.5 Thesis outline 

Principles of vector control of induction machines are reviewed in chapter 2. In order to 

explain the principles, constant parameter induction model is at first derived in section 

2.2. Principles of rotor flux oriented control and stator flux oriented control are 

elaborated in section 2.3 and 2.4, respectively, and reasons for discussion of stator flux 

oriented control at this stage are given. The control system of a standard rotor flux 

oriented induction machine with speed sensor is discussed in section 2.5, in which 

indirect feed-forward rotor flux oriented control and direct feedback rotor flux oriented 

control of a current-fed induction machine are described. 

A review of methods of sensorless rotor flux oriented control is presented in chapter 3. 

Several speed estimation schemes are discussed. Speed estimation by using stator 

current spectrum is at first reviewed in section 3.2. Speed estimation using induction 

machine model only (open-loop speed estimators) is elaborated in section 3.3. The most 

popular closed-loop speed estimation schemes, based on the induction machine model, 

are presented in section 3.4. The schemes encompassed are model reference adaptive 

control (MRAC) based speed estimation, observer based speed estimation and extended 
Kalman filter (EKF) based speed estimation. 

Chapter 4 focuses on MRAC based speed estimation methods. As MRAC can be 

applied in a number of different ways, section 4.2 introduces at first the most popular 
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speed estimation method, based on rotor flux. Back emf based MRAC scheme of speed 

estimation is discussed in section 4.3. Reactive power based MRAC scheme and air- 

gap power based MRAC scheme are elaborated in sections 4.4 and 4.5, respectively. 

In order to investigate the detuning effects due to iron loss and main flux saturation, 

knowledge of improved induction machine models which include iron loss and main 

flux saturation representation is essential. In chapter 5, improved induction machine 

models are introduced. Dynamic and steady-state models with iron loss accounted for 

are presented in section 5.2. Dynamic and steady-state models with main flux saturation 

accounted for are reviewed in section 5.3. Induction machine models which include 

both iron loss and main flux saturation representation are given in section 5.4. All the 

induction models presented in chapter 5 are utilised further on, in chapters 6 and 7 for 

investigation of detuning due to the given phenomena, and in chapter 8 for development 

of novel, improved sensorless vector control schemes. 

Detailed analysis of detuning effects in steady-state operation due to iron loss, main 

flux saturation and parameter variations in a rotor flux based MRAC type of sensorless 

vector control system is given in chapter 6. In order to investigate the detuning effects, 

constant parameter MRAC based speed estimator is used in this chapter. Iron loss 

induced detuning is analysed in section 6.2. Detuning due to magnetising inductance 

variation is elaborated in section 6.3. Detuning due to leakage inductance variation is 

presented in section 6.4. Detuning due to rotor resistance and stator resistance 

variations are covered in sections 6.5 and 6.6, respectively. Simultaneous impact of iron 

loss and incorrect setting of the magnetising inductance is discussed in section 6.7. 

Contributions of the chapter are summarised in section 6.8. 

Detuning effects in transient operation of the MRAC rotor flux based sensorless vector 

control system are analysed in chapter 7. In order to quantify detuning due to iron loss, 

main flux saturation and parameter variations, improved dynamic induction machine 

models are utilised. Problems of integration of the stator flux in the reference model of 

the MRAC speed estimator are discussed in section 7.2. Operation of the induction 

machine under tuned conditions is elaborated in section 7.3. Detuning due to incorrect 

setting of the magnetising inductance is discussed in section 7.4. Detuning due to rotor 

resistance and stator resistance variations are investigated in sections 7.5 and 7.6, 

respectively. Detuning due to iron loss only is presented in section 7.7. Combined 
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detuning due to iron loss and incorrect setting of the magnetising inductance is covered 
in section 7.8. Section 7.9 summaries the contributions of the chapter. 

Schemes with iron loss and/or main flux saturation compensation are discussed in 

chapter 8. Their effectiveness is confirmed by dynamic simulations. Scheme with 

compensation of iron loss for a sensorless indirect rotor flux oriented induction 

machine is proposed and analysed in section 8.2. A scheme with compensation of main 

flux saturation by means of modified rotor flux based MRAC speed estimator is 

developed in section 8.3. A scheme with compensation of both iron loss and main flux 

saturation is suggested in section 8.4. Contributions of the chapter are summarised in 

section 8.5. 

Chapter 9 deals with experimental investigation. Detailed description of the 

experimental rig is given in section 9.2. Tuning of the speed estimator is described in 

section 9.3. Results of the study of the speed estimator operation in the based speed 

region, under tuned and detuned conditions are given in sections 9.4 and 9.5 

respectively. Operation of the speed estimator in the field-weakening is elaborated in 

section 9.6, while section 9.7 investigates the novel speed estimator with compensation 

of main flux saturation. Section 9.8 summaries the chapter. 

The conclusions of the research are summarised and further work is discussed in 

chapter 10. 

Referenced literature is listed in chapter 11. 

Machine data are given in Appendix A. Analysis of detuning due to iron loss with 

reactive power based MRAC speed estimator is presented in Appendix B. Simulink 

models of the sensorless vector controlled induction machine are given in Appendix C. 

Appendix D contains material relevant for the experimental investigation. Finally, all 

the published and accepted papers which contain the results of the research are attached 
in Appendix E. 
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2 PRINCIPLES OF VECTOR CONTROL OF INDUCTION 

- MACHINES 

2.1 Introduction 

The basic idea of vector control is to control an induction machine in the same way as a 

DC machine is controlled. A DC machine has two separate windings, excitation and 

armature, that are used for independent flux and torque control. However, in an 

induction machine torque producing current and flux producing current are parts of the 

same phase currents. In other words, the stator current is the source of both the 

"excitation" and "armature" currents. In the most frequently used squirrel-cage type 

machines, only the stator currents can be directly controlled, since the rotor winding is 

not accessible. Hence, the key point for vector control of an induction machine is to 

resolve the current into separate torque producing current and flux producing current. 

This turns out to be possible only if the induction machine model is at first transformed 

from the physical phase domain into a fictitious domain that does not exist in reality. 

This chapter therefore at first reviews induction machine modelling and delivers a 

mathematical model of an induction machine in an arbitrary reference frame. This is 

followed by a summary of the rotor flux oriented and stator flux oriented control 

principles. 

2.2 Constant parameter dynamic model of an induction machine in an arbitrary 

reference frame 

In this section constant parameter dynamic model of an induction machine in an 

arbitrary reference frame will be given. The three-phase induction machine model in 

phase domain serves as the starting point. This model is then transformed into arbitrary 

reference frame and notion of space vector is introduced. 

A perfectly smooth-air-gap induction machine is considered. It is assumed that 

induction machine phase windings are displaced in space by 120 degrees from each 

other, at both stator and rotor (i. e. squirrel cage is represented with a three-phase 

winding). The winding resistance and leakage inductance are assumed to be constant 
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parameters. The eddy currents and iron losses are neglected. A symmetrical three phase 

smooth-air-gap induction machine with sinusoidal distribution of windings is 

considered and the effects of mmf space harmonics are neglected [Vas, 1992; Boldea 

and Nasar, 1992]. The schematic of the machine is shown in Figure 2.1. 

Figure 2.1: Schematic representation of a three-phase induction machine. 

Stator voltage equations can be expressed in terms of time domain instantaneous phase 

variables as: 

Va=Rj. +dV,, dt 

Vb =Rsib+ 
dd b (2.1) 

v. = Ric + 
dd 

where vQ, va, and v,,, iQ, ib, and i, are the instantaneous values of the stator phase 

voltages and currents, respectively, Rs is the resistance of the stator winding, and VQ, 

yib, and tV, are the instantaneous values of the stator flux linkages. 

Similar expressions hold true for the rotor voltage equations expressed in the reference 

frame fixed to the rotor: 
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va = R`la + 
diy 

dt 

vB =Rr B+ddB (2.2) 

vc = Rr'C +dt d 

where v,,, vB, and v,, i,, i8, and i,, are the instantaneous values of the rotor voltages and 

currents, respectively, R, is the resistance of the rotor winding, and V,, Ve, and yic are 

the instantaneous values of the rotor flux linkages. 

Stator flux linkages and rotor flux linkages are defined in terms of the instantaneous 

current values and inductances as [Vas, 1992]: 

Va = Laois + Labib + Lack + LmiA cos 9+ LaBiB cos(O + 2n / 3) + Luck cos(O + 4n / 3) 

yib = 4aa + Lbbib + LbciC + LbAiA cos(9 +4n / 3) + LbBiB cos9 + Lbcic cos(6 + 2n / 3) 

yip = Lcaia + Lcbib + Laic + Lc, iA cos(O + 2n / 3) + LcBiB cos(O +4n / 3) + Lccic cosh 

(2.3) 

VA = LAA'A + LABiB + LAcic + LAaia cos O+ LAbib cos(9 + 4n 13) + LAcic cos(O + 2; r / 3) 

y'B = LBAiA + LBBiB + LBcic + LBaia cos(O + 2n / 3) + LBbib cosO + LBcic cos(O +41r / 3) 

VC = LCAia + LcBiB + Lccic + Lcaia cos(O + 4n / 3) + Lcbib cos(9 + 2n / 3) + Lccic cosO 

(2.4) 

The angle 0 is the angle shown in Figure 2.1. It describes instantaneous position of the 

rotor winding A magnetic axis with respect to the stationary stator phase a magnetic 

axis. The equation of mechanical motion is given as: 

T. -TL=pdo) (2.5) 

where Te is the developed electromagnetic torque of the machine, TL is the load torque, 

P is the number of pairs of poles, and J is the inertia constant, while Co is the electrical 

speed of rotor rotation (rad/s), that is correlated with angle 0 through 

0=f o)dr (2.6) 

The electromagnetic torque of the machine can be expressed in terms of instantaneous 

phase currents as: 
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T0 =-L[sin 9(ioiA +ibiB +i, ic)+sin(9+4n13)(i. ic + ibiA +iciB) 
+sin(O+2ir/3)(ia 8 +ibic+ic1A)1 

(2.7) 

It is obvious that these equations are much more complicated than equations of a DC 

machine. They constitute a seventh order system of differential equations with time 

varying coefficients. 

For convenience, the stator and rotor voltage equations and stator and rotor flux linkage 

equations can be combined into matrix equations [Vas, 1990]: 

d 
ahc 

Yahc = R, i abc + dt 
dABC 

v ABC = Rr t ABC 
+ 

dt 

lV,, 
nc 

= Ls i 
uni 

+ L,,, 'ABC 

=e 
ABC 

LZ 
ABC 

+ Lsr 1 
ahc 

where 

Va is 

V 
abc 

= Vb l 
ubc 

lh 

Vc lc 

VA to 

! ABC VB 'ABC =iB 

VC is 

(2.8) 

(2.9) 

(2.10) 

cos9 cos(9+27r/3) cos(9+4n/3) 
LS, = Lam, cos(O+4n/3) cosh cos(O+2n/3) (2.11) 

cos(O + 2n / 3) cos(O + 4n / 3) cos o 

Iaa Lab Lac LM LAB LAC 

Ls = Lba "bb Lnc Lý = Len Lae Lec (2.12) 
Lca Lcb Lcc LCA Lce Lcc 

Equations (2.1)-(2.4) (or (2.8)-2.12)) are rarely used even for induction machine 

simulation and are useless from the control point of view. Both stator and rotor 

equations are therefore transformed into a common system of perpendicular axes, that 

rotate at an arbitrary angular speed o%. The transformation is accomplished by applying 

two different transformation matrices for stator and rotor equations and quantities. 

These matrices are given with [Vas, 1990]: 
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cosOO cos(6s - 2n / 3) cos(9, + 2n / 3) 
A, =3- sin O, - sin(O, - 2n / 3) - sin(O, + 2n / 3) (2.13) 

1/2 1/2 1/2 

cos 9r cos(O, - 2n / 3) cos(Or + 2n / 3) 

Ar= 
2- 

sin 6,. - sin(9, - 2n / 3) - sin(9,. +2n / 3) (2.14) 
1/2 1/2 1/2 

where the angles 8s and Or are indicated in Figure 2.2 and 9,. =65 O. The relationship 

between the new stator voltage and stator current components and the corresponding 

three phase components is established in the following way: 

vs Asvabc Er ArvABC 
%s_A, 

V 
abc 

is Astabc tr = Ar! 
ABC 

Vr _ArYABC 

where 

Vds Vdr tdr 

Vs= Vqs 
3= 

1qs Vr= Vqr lr= lqr 2.16) 

V 
os 

tos Vor for 

Indices `s' and `r' denote stator and rotor variables and parameters, respectively. The 

schematic illustration of the relationship between the two reference frames is shown in 

Figure 2.2. 

0 

4q os 
b 

f, or ' qs 
f qr a 

Cc 
r 

ýcý 
6- 

-º 

dr 

"c ds 

d 

Figure 2.2: Illustration of winding transformation from three-phase domain to an 
arbitrary reference frame. 
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As induction machine stator winding is assumed to be star connected with isolated 

neutral and rotor winding is short circuited, there are no zero-sequence voltages and 

currents in the stator and rotor. Hence it follows that 

v05=vo, =0 (2.17) 

i0S=io, =0 (2.18) 

Vos=yior ° (2.19) 

Upon completion of the transformation, the two-axis equations of an induction machine 
in an arbitrary reference frame are obtained in the following form: 

dVd. 
vd = Rsid, + dt -wa1Vgs 

(2.20) d 
s vqs_ 

ý 
R, ags + dt +Co. Vids 

vdr = Rrjdr +dy 
Jr 

_ 
! O)tl _ (07' 

qr lJ 
(2.21) 

Vqr = Rrlgr + rdt qr +(O. )a- ())V dr 

where d-q axis flux linkages are given with: 

V/ds = Lsids + Lm'Jr 

-Li+Li 
(2.22) 

Y' qs -s qs m qr 

V'dr = Lr'dr + Lm'ds 

(2.23) 
V'qr = Lrigr + Lmiys 

Here LS and L,. represent stator and rotor self-inductances and L, � stands for magnetising 

inductance. Speed co,, is the angular speed of the reference frame. The relationship 

between stator inductance, rotor inductance and magnetising inductance and three- 

phase domain inductances is: 

Ls=Laa - Lab=L,,, +Lm, (2.24) 

L,. =LM- L., B= Lam. +Lm (2.25) 

L�, =(3/2)Lý, (2.26) 

where L,, and LO, represent stator and rotor leakage inductances, respectively. 
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The equation of mechanical equilibrium remains the same, 

J dw 
TT -TL=Pdt (2.5) 

while electromagnetic torque may be expressed in terms of d-q axis variables as: 

3 
Tý =2 P(1Vö)gs - V1ysia, (2.27) 

Correlation between stator quantities in an arbitrary reference frame and in phase 
domain is from (2.13) and (2.15) 

_2r 3L fa cos 6f + fl, cos(9s - 2n / 3) + f, cos(6s + 2n / 3)] 

2 
(2.15a) 

fqs =-3 sin 0s + fb sin(6, - 2n / 3) + ff sin(9s + 2n / 3)] 

where f stands for voltage, current or flux linkage. The inverse correlation is 

fq = fd, cos Bs - f9c sinO 

fb = fd, cos(9, - 2n 13) - fq, sin(O, - 2, r / 3) (2.15b) 

f, = fdreos(9s+2n/3)- fgssin(Os+2n/3) 

The new induction machine model in d-q axis reference frame is significantly 

simplified, compared with equations (2.1) - (2.7). In particular, the model is now of the 

fifth order and even more importantly, all the coefficients in the differential equations 

are constants. On the other hand, all the d-q axis voltages and currents are fictitious and 

correlation with physically existing variables has to be established by means of (2.15). 

Based on the model in an arbitrary reference frame, induction machine models for any 

specified common reference frame can be obtained by appropriate setting of the 

reference frame angular speed value. 

If reference frame angular speed equals zero (mu=0), induction machine model in 

stationary a-ß reference frame results: 

va, =RSi+ddt 

vý = Ri, + 
dd t 

(2.28) 
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v.. =RJ 
, +dd, +0)1'iß, 

(2.29) 

vßß = Rrlßr +ddR' -mVY«. 

Tý =2 P(«4ipr -1ý/ýiaý) (2.30) 

Flux linkage equations (2.22) - (2.23) remain to be valid, with appropriate change of 

indices d-ýa, q-3ß. As in a squirrel-cage induction machine rotor winding is short- 

circuited, then vd, =vq, =0 and vc, =vß, =0. Transformation angles in (2.13)-(2.14) are now 

0, =0 and 9,. =-O. Correlation between phase domain and transformed quantities is still 

given with (2.15a), (2.15b), where now 95=0. 

As the transformed model is formed in the orthogonal system of axes, it is possible to 

view one axis as a real axis and the other axis as an imaginary axis of a complex plane. 

It is therefore possible to introduce complex variables that will substitute real variables 

in the model. Complex variables defined in this way are called space vectors. 

If the stator voltage space vector and stator current space vector are defined in 

stationary reference frame as 

-s 
vs=vav+jvßc=vSe 

Is = ias + jiI% = isei 

where 

vs = 
23 (Va +ävb +a2VC) 

(2.32) 
iJ=3 (a + Cl ib -F Cl 

2l 
I) 

=e j2'/3 (2.33) 

then it follows that in arbitrary reference frame stator voltage and current space vectors 

can be expressed as: 

_s 
v: = vse-iB' =v ei(P. -e, ) =v+ Iv 

8d 9s 
_S 

(2.34) 
is = ie-ie' = ise'(E'-B') _+ ligs 
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From equations (2.20)-(2.23) and (2.34), the complex time domain model of an 

induction machine in arbitrary reference frame is obtained: 

d 
vs = RJ, + dt + fO)a 

s 
dyf, 

0 Rrr+ 
d +i(wa(0)VIr 

lý/s = LLi3 + Lmlr 

lýl 
ý= 

Lr L+ Lm ls 

where 

f= ýSe1(ýP, -e. ) lV, = V/rei(ro, -e, ) 
it 

= jrel(e, -B, ) 

(2.35) 

(2.36) 

(2.37) 

Angles ßs, es, cos, cp, and E, in (2.34) and (2.37) define instantaneous position of stator 

voltage, stator current, stator flux, rotor flux and rotor current space vectors, 

respectively, with respect to the stationary phase a magnetic axis. 

Electromagnetic torque can be expressed in terms of space vectors as: 

T =-P---" Im(isvIr+) 
2 L, 

(2.38) 

where * denotes complex conjugation. Equations (2.35)-(2.36) describe space vector 

equivalent circuit of an induction machine, shown in Figure 2.3. 

Figure 2.3: Equivalent circuit of an induction machine in terms of space vectors in an 
arbitrary reference frame. 
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2.3 Principles of rotor flux oriented control 

The clue for successful decoupled flux and torque control in an induction machines is 

in the choice of the speed of the reference frame. If the angular speed of the reference 

frame is selected as equal at all times to the angular speed of rotation of the rotor flux 

space vector c0� d-axis of the reference frame will at all times coincide with the rotor 

flux space vector [Vas, 1990]. This is illustrated in Figure 2.4. 

It can be seen from Figure 2.4 that the stator transformation angle 9S is equal to rotor 

flux space vector position angle cp,., and that the d-axis of the reference frame is fixed to 

the rotor flux vector. The following relationships hold true: 

es=Or er=Pre COa=0)r (Or=dO, Idt (2.39) 

and 

Yr= Y' dr 
+ iVgr 

-Vr 
(2.40) 

i. e. 

yid, =y'r, 1 qr0 dyiy, /dt =0 (2.41) 

Figure 2.4 shows the positions of stator current and rotor flux space vectors in the rotor 
flux oriented reference frame. 

Cdr d 

is 

Figure 2.4: Illustration of space vectors in common reference frame fixed to the rotor 
flux space vector. 

Combining equations (2.38) and (2.40), electromagnetic torque can be expressed as 
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Te = 2p 
L. 

V1rigs (2.42) 
L,, 

It is assumed further on that the induction machine is supplied from a current source. 

Therefore stator currents are impressed and stator voltage equation in (2.35) can be 

omitted from further consideration. This leads to the concept of the current-fed 

machine, that significantly simplifies the vector control system structure [Vas, 1990]. In 

practice, current-fed induction machine is obtained by controlling the voltage source 

inverter switching instants on the basis of motor phase current closed-loop control 

[Boldea and Nasar, 1992; Vas, 1990; Novotny and Lipo, 1996; Trzynadlowski, 1994]. 

Hysteresis current control is the most frequently utilised method of stator phase current 

closed-loop control. 

Substituting equation (2.40) into the rotor voltage equation of (2.35), the rotor voltage 

equation can be rewritten as: 

=1 V', +dV, + 1(w. -w)Vý. -1 Lmia (2.43) dt TI. 

where rotor time constant is introduced as 

Tr=L, /Rr (2.44) 

Separation of equation (2.43) into real part and imaginary part yields the following 

equations: 

Y' r+ 
Tr 

dr 

ý= 
Lmt 

i 

0)r -0))Y', 
Tr = L. 'qs 

(2.45) 

where CvsFWr O) is the angular slip frequency. The equations (2.42) and (2.45) fully 

describe a current fed induction machine in rotor flux oriented reference frame. It 

follows that rotor flux can be controlled by stator d-axis current only. As 

electromagnetic torque is proportional to rotor flux then, if stator d-axis current is 

constant, electromagnetic torque depends on stator q-axis current only. Rotor flux is 

therefore controllable by stator d-axis current component and is constant if ids is 

constant. Torque is then controllable directly by stator q-axis current. Current ids plays 

the role of excitation current in a DC machine, while current iqs corresponds to armature 

current in a DC machine. An induction machine has therefore been converted into its 

29 



CHAPTER 2: PRINCIPLES OF VECTOR CONTROL OF INDUCTION MACHINES 

DC equivalent in this specific reference frame. Block-diagram of a current-fed rotor 

flux oriented induction machine is shown in Figure 2.5. 

i ids L1 a3mI+ 
pTý 

ib 
e-10. Sys 

2 
7L. 

/T, 

ýc 

2P Lm/L. 
01 ýH 

1 

P 

Tý 1 c) 
Jp 

Tý 
Cor 

Figure 2.5: Block-diagram of a rotor flux oriented induction machine. 

Blocks "3/2" and "exp(jor)" in Fig. 2.5 describe the co-ordinate transformation given 

with (2.15a) as a two-step transformation (phase domain to two-phase stationary system 

of axis to rotating two-phase system of axis). 

It should be emphasised once more that decoupled rotor flux and torque control, 

described with (2.42) and (2.45), is obtained if the machine can be regarded as being 

fed from a current source, so that omission of stator voltage equation of (2.35) from 

further considerations is enabled. If the machine cannot be considered as being current- 

fed, it becomes necessary to take into account the stator voltage equation as well. 

Resulting control structure becomes significantly more involved as correlation between 

stator d-q axis voltages and currents is not decoupled. As practical realisations 

predominantly utilise current-controlled voltage source inverter (CRPWM) as a supply, 

and as current control can be done in such a way that current-fed concept holds true, the 

more complicated voltage-fed case is excluded from further consideration. 

2.4 Principles of stator flux oriented control 

As mentioned previously, induction machine can be operated with orientation along one 

of the three flux space vectors. When the reference frame is fixed to stator flux space 

vector, stator flux oriented control of an induction machine results [Vas, 1990; Novotny 

and Lipo, 1996]. 
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The basic principle of stator flux oriented control of an induction machine can be again 

derived from the constant parameter induction machine model in an arbitrary reference 

frame given with (2.35)-(2.36). The procedure closely follows the one explained in the 

preceding section. Reference frame angular speed is now selected as equal to the speed 

of rotation of the stator flux space vector, that is o), , =o),. Stator flux space vector 

therefore coincides at all times with d-axis of the common reference frame, so that 

Cua=- )s Os=Os Or=Ps-e CUs=do ldt (2.46) 

Therefore 

lV, =Vfds +. 1YVys =CVs Vqs =0 dvfgs/dt=0 (2.47) 

Rotor current and rotor flux space vector now become 

(2.48) 

yi r=L 
(yis 

- Ls i s) + L- l' (2.49) 
Ll. 

Hence, rotor voltage equation of (2.35) can be expressed as: 

' 
iVs 

_ 
Ls : Lý dVIc 

_ 
LSL, dis di, L. L 

_R 
L. 

L. Lm s+L. dt L. dt + Lm 
dr +'c'", Lm Yý' - Lm c3+ Lm is 

(2.50) 

where wj=oos w is the angular slip frequency. The position of space vectors is shown in 

Figure 2.6 for the stator flux oriented reference frame. 

Torque equation becomes 

3 
Tý=2PIJsigs (2.51) 

It is again assumed that the machine can be treated as being current fed, so that stator 

voltage equation is omitted from consideration. 

It follows that equation (2.50) is more complicated than the rotor voltage equation 
formulated in the rotor flux oriented reference frame. This has the consequence that 

when the induction machine is current fed, the implementation of stator flux oriented 
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ws d 

is 

Figure 2.6: Illustration of space vectors in common reference frame fixed to the stator 
flux space vector. 

control will be more complicated than the implementation of the rotor flux oriented 

control. This is also the reason why stator flux oriented control of induction machines is 

less frequently used in industrial applications. 

Resolution of equation (2.50) into real and imaginary components yields 

Vi, +T. 
dd, 

=Lsid, + LST, - 
2Rm ddtf 

-CVsiiys 

2 
(2.52) 

L digs 

Lsigs = wsýT. ýV, - 
(LST, 

R dt - wsit 

Equations (2.52) have to be used for stator flux oriented control. However, it can be 

seen that there exists a coupling between the torque producing stator current component 

iqs and the stator flux producing current component ids. In order to eliminate the cross- 

coupling between these two current components, a decoupling circuit has to be utilised. 

If the leakage coefficient is introduced as Q= 14,2/(LL"), equations (2.52) can be 

expressed as follows 

V's+T, 
dd' 

Ls id, +dTddt° I-6Ls7c 
ciigs J 

i9S + a; 
didf, 

= 0)., l L 
(Vs 

- QLsi9, ) 
(2.53) 

Thus, it follows from equation (2.53) that the required stator d-axis current reference 

and slip frequency can be expressed as 
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1+ OT* 
1+PTI +ol; * *iqf (2.54) 

P, 

and 

(1 
-ý p ýý )l 

s Q 2.55 coS, 
v' Tý /L, -dT; ii 

() 

where p=dldt. Asterisk denotes reference quantities. 

Equations (2.54), (2.55) define the required decoupling circuit. Thus, when the correct 

machine parameters are used in these equations, the correct value of ids is obtained for a 

given value of iq5 and stator flux yis is not altered by any changes in the torque current 

reference. Equations (2.54) - (2.55) serve directly as a mean for creation of an indirect 

feed-forward stator flux oriented control scheme. Figure 2.7 shows schematic of such 

an indirect stator flux orientated induction machine, supplied by a current-regulated 

PWM inverter. Blocks "exp(jO3)" and "2/3" describe inverse co-ordinate 

transformation, given with (2.15b), as a two-step transformation. 

As has already been noted, the research described in this thesis applies to rotor flux 

oriented control. The reason for inclusion of this section, that describes stator flux 

oriented control, is that a number of schemes of sensorless vector control, that are to be 

reviewed in chapter 3, have been developed for stator flux oriented control (or its 

simplified versions). 

p T' 
y/S 11 ids 

1+ pdT; 

T, I Iýr 

tqs 

I+ p0q; 
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wt 

Figure 2.7: Indirect feed-forward stator flux oriented control of an induction machine. 
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2.5 Control schemes of a rotor flux oriented induction machine with speed sensor 

There are basically two different types of rotor flux oriented control: direct and indirect 

control techniques. The direct scheme relies on the direct measurement or estimation of 

the rotor flux or stator flux vector amplitude and position. The indirect method uses a 

machine model in the feed-forward manner and performs calculations on the basis of 

references. In contrast to direct methods, the indirect methods are highly dependent on 

machine parameters. Traditional direct vector control schemes use search coils, tapped 

windings, or Hall effect sensors for flux sensing. This introduces limitations due to 

requirement to change the machine structure. Many applications use indirect schemes, 

since these require relatively simpler hardware and can have better overall performance. 

2.5.1 Indirect feed-forward rotor flux oriented control 

The basic structure of indirect feed-forward rotor flux oriented control is illustrated in 

Figure 2.8. The control system structure is directly derived from (2.42), (2.45) and it is 

assumed that the drive operates in the base speed region only, so that rotor flux 

reference is constant and equal to rated rotor flux value. 

Speed sensor 

3 L' -' L:. 
C, =2PL, ii; C2 = T. 'I, r rY'º 

Figure 2.8: Indirect feed-forward rotor flux oriented control of an induction machine. 
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The induction machine is current-fed using a current regulated PWM inverter. In Figure 

2.8, the torque producing current reference iqs* is obtained as the scaled output of the PI 

speed controller. Flux producing current reference ids` is generated from flux reference 
by division with the magnetising inductance. These two currents are then transformed 

to stator currents in the stationary reference frame. The stator current components in 

stationary reference frame can be obtained by applying the following transformation: 

ia" = ice, " cos 0, -iqs` sin 0, 

iý" = i&, " sin 0�+ lqs" cos 0, 
(2.56) 

Block "2/3" completes transition from d-q to phase variables, described with (2.15b). 

The angular slip frequency reference is calculated by using iqs*. Integration of the sum 

of the measured speed and angular speed reference yields transformation angle O,. The 

rotor speed is monitored by a speed sensor (or is derived from position sensor output) 

and is utilised as feedback signal for closed-loop speed control and for calculation of 

the orientation angle. 

The expressions used for the calculations of iqs' and o), I* in Figure 2.8 can be obtained 
from (2.42) and (2.45). If rotor flux reference is constant, then: 

". iý Lm 

and 

.2T, L, 
3P V, I',. 

L: 
- qx 0)f( _ 

Tr. V' 
r. 

_ 

Tr. 
- . 

ids 

ýr =J 
(()s! 

+ o»d t 

Hence Cl of Figure 2.8 equals 

_ 
Lm 1 CZ 
Tr VIr , 

2 L] 1 
C' 

3PL`- C. V, I', 
r 

(2.57) 

(2.58) 

(2.59) 

(2.60) 

and C2 of Figure 2.8 equals 
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2.5.2 Direct feedback rotor flux oriented control 

Direct rotor flux oriented control means that rotor flux space vector is estimated 

directly from measured quantities. Figure 2.9 shows the schematic of the drive with a 

current-fed induction machine employing direct rotor flux oriented control. Drive 

operation in field-weakening region is now included. 

Speed Tý* Torque tys 
contr. contr. 2C 

CV Te e. l'O, R 
P IM 
w 

Field 1Vr Flux ids 

tM 

weak. contr. 

Yfr 0r 

Calculation Signals 
of yiV, and Te from IM 

Speed sensor 

Figure 2.9: Direct feedback control of rotor flux oriented induction machine. 

In the drive scheme of Figure 2.9, rotor flux space vector is estimated from, say, 

measured stator currents and voltages. Speed sensor is utilised to provide feedback 

signal for speed control. The flux producing stator current reference id, * is obtained as 

the output of the flux controller, while the torque producing stator current reference iqs` 

is obtained as the output of the torque controller (torque controller is optional and may 

be omitted). The reference currents are then transformed into the stator phase currents. 

Reference torque, which is the input of the torque controller, is obtained from the speed 

controller. Reference rotor flux is obtained from the field-weakening block. When the 

conventional field-weakening technique is used, then below base speed rotor flux 

reference is constant, and above base speed it is reduced inversely proportionally to the 

rotor speed. 

The rotor flux estimation method in Figure 2.9 can be based on measurement of stator 

currents and stator voltages. From induction machine model equations (2.22), (2.23), 
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(2.28), (2.29), the procedure of estimation can be realised by using the following 

equations: 

V.:, =f 
(vcw 

- Rsi. Pt 

vps =f (vps - Rsi& Pt 
LL 

lVar = 
(1 

+ a, 
as -6 Lm 

I. tas 

V'ßr = 
(1+6, )Wß, 

-6 L. 
m 

Ps 

'Yr = ýex + vß". COS (Pr = V., / vr 

where 

Equation for torque calculation is 

3 
Tý =2 P(Vfiý, -Yf, i«rý 

(2.61) 

(2.62) 

Sin cor = Yfßr / V'r (2.63) 

(2.30) 

The principle difference between direct and indirect field orientation is the way in 

which rotor flux spatial position is calculated. In the indirect scheme this calculation 

does not require measurement of electromagnetic quantities. Only speed (position) 

measurement is required for orientation purposes. In the direct schemes rotor flux angle 

estimation requires measurement of electromagnetic variables such as stator currents 

and voltages. Apart from the scheme based on stator voltage and current measurement, 

another frequently employed method of rotor flux position estimation relies on stator 

current and rotor speed (position) measurement. 

The scheme of rotor flux oriented control dealt with further on in this thesis is the 

indirect feed-forward scheme of subsection 2.5.1. 

2.6 Summary 

The principles of vector control of induction machines are presented in this chapter. 

Constant parameter induction model is at first introduced. Starting from the basic 

model of an induction machine, the transformation of induction machine from three- 

phase to d-q reference frame is described. Induction machine model in terms of space 
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vectors is developed next. In order to control the torque producing and flux producing 

currents in an induction machine separately, induction machine model in rotor flux 

oriented reference frame is derived. It is shown that if suitable reference frame is 

selected, it is possible to control an induction machine in the similar way to a DC 

machine. 

Schemes of stator flux oriented control and rotor flux oriented control of induction 

machine are discussed as well. Stator flux oriented control is more complicated than 

rotor flux oriented control as a decoupling circuit is needed for elimination of the cross- 

coupling between torque producing component and flux producing component of the 

stator current. 

The basic structures of direct control and indirect control of rotor flux oriented 

induction machine are reviewed. They differ with respect to the ways of obtaining the 

rotor flux position angle. The scheme selected for further investigation is, as already 

pointed out, indirect feed-forward rotor flux oriented control. 
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3 REVIEW OF METHODS OF SENSORLESS VECTOR 

CONTROL 

3.1 Introduction 

Sensorless vector control of an induction machine, as discussed previously, has 

attracted wide attention in recent years. Many attempts have been made in the past to 

extract the speed signal of the induction machine from measured stator currents and 

voltages. The first attempts have been restricted to techniques which are only valid in 

the steady-state and can only be used in low cost drive applications, not requiring high 

dynamic performance [Abbondanti and Brennen, 1975]. Different, more sophisticated 

techniques are required for high performance applications in vector controlled drives. In 

a sensorless drive, speed information and control should be provided with an accuracy 

of 0.5% or better, from zero to the highest speed, for all operating conditions and 

independent of saturation levels and parameter variations [Vas, 1998]. In order to 

achieve good performance of sensorless vector control, different speed estimation 

methods have been proposed, so that a variety of schemes exist nowadays In this 

chapter, basic principles of different speed estimation schemes will be reviewed and 

discussed. Speed estimation by utilising various parasitic effects (rotor slot harmonics, 

saliency etc. ) will be discussed in section 3.2. Majority of existing speed estimation 

schemes are based on the induction machine model. Hence detailed discussion of 

induction machine model based speed estimation occupies the remainder of the chapter. 

In section 3.3, speed estimation schemes based purely on an induction machine model 

are reviewed. All the schemes discussed in section 3.3 belong to open-loop speed 

estimation group of methods. Previous work on closed-loop speed estimation is 

reviewed in section 3.4. Model reference adaptive control (MRAC) based, observer 
based and extended Kalman filter based speed estimation schemes are elaborated in 

each of the three consecutive sub-sections, respectively. Finally, section 3.5 summaries 

the chapter. 

3.2 Speed estimation from stator current spectrum 

Stator current harmonics arising from rotor mechanical and magnetic saliencies, such as 

rotor slotting, rotor eccentricity and magnetic saturation, are speed dependent. They are 
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independent of time-varying machine parameters and exist at any non-zero speed. 

Digital signal processing and spectral estimation techniques have made it possible to 

extract these harmonics with minimal data collection and processing time. Therefore, 

the slip frequency and rotor speed of the machine can be estimated by utilising, for 

example the rotor slot harmonics, monitored from the stator currents. 

Many schemes that employ saliency harmonics for slip frequency and rotor speed 

estimation have been reported. These methods can be divided into two major groups 
[Degner and Lorenz, 1997]: 

1) those that use the fundamental excitation to estimate the rotor speed, and 

2) those that use a separate excitation signal from the fundamental excitation to 

estimate the rotor speed. 

The rotor slot harmonics can be detected by using monitored stator currents or stator 

voltages. As monitoring of stator currents is always required anyway, detection of rotor 

slot harmonics by using stator currents is preferred, so that voltage monitoring can be 

avoided. Rotor slot harmonic based speed estimation does not require separate 

excitation signal. 

Ferrah at al [1992b] proposed a speed estimation scheme that uses FFT technique to 

extract rotor slot harmonics. In this technique it is assumed that these air-gap flux 

harmonics are a result of the interaction of air-gap permeance and harmonic 

magnetomotive force waves. Only harmonics due to slotting and saturation are 

considered. The rotor slots produce air-gap permeance waves with a spatial distribution 

dependent on the number of rotor slots. This interacts with the fundamental 

(magnetising) component of air-gap magnetomotive force (mmf) resulting from both 

stator and rotor fundamental mmf's. The modulation process produces two harmonic 

components of air-gap flux density with frequencies displaced from the rotor speed 

related frequency by the fundamental frequency of the stator current [Ferrah et al, 
1992b]. Speed is estimated by decomposition of stator current signal into its harmonic 

components to determine the speed dependent slot harmonic frequency, fsh, and the 

machine fundamental frequency f, 

The basic principle of this scheme is as follows. For a given pole pitch and supply 
frequency fe, the speed of the fundamental rotating field is constant and is the 
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synchronous speed cve=27; ý. Synchronous speed of the rotor in mechanical revolutions 

per minute (rpm) is given by the well-known equation: 

60fe 
ný =P 

9 

(3.1) 

where ne is the synchronous speed and P is the number of pole pairs. The slip, s, is the 

difference between the synchronous speed ne and the actual speed n. It is often 

expressed as a fraction of the synchronous speed as: 

n, -n (3.2) 
n, 

It follows that 

n=(1-s)ne (3.3) 

and 

f=(1-s)fe (3.4) 

Angular frequency of slot harmonics is given with [Ferrah, 1992a]: 

Cosh = 
pc0tWC 

(3.5) 

where Z is the number of rotor slots. Therefore, using (3.1) to (3.5), the rotor 

mechanical speed n in rpm is expressed and calculated by the following expression: 

60 
Z (fh±fe) (3.6) 

The proposed scheme was operated quite satisfactorily in a wide speed range, down to 2 

Hz. The error between the detected and reference speeds was within t 15 rpm. Due to 

the limited processing power and sampling rate of the hardware, the dynamic 

performance was relatively poor. Beguenane et al [1995,1996], reported on extraction 

of slip speed estimate rather than speed estimate on the basis of the slot harmonic 

frequency identification. 

The rotor slot signal is regarded as insufficient in bandwidth for use as speed feedback 

signal in a high performance drive. However, it can be used for parameter tuning of a 

sensorless drive with speed estimation based on machine-model method [Jiang and 

Holtz, 1997; Hurst et al 1994]. The proposed algorithm [Hurst et al, 1994] employs 
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digital signal processing techniques including the FFI,, to detect the speed-related 

harmonics induced by rotor slots and rotor eccentricity. The estimation result is then 

used to tune the parameters of a model of the machine and the load. A speed observer 

based on the mechanical model provides a speed signal to the field-oriented control 

algorithm. As current harmonic spectral estimation provides a parameter-independent 

speed signal, the sensorless field-oriented drive has a good performance at very low 

speed. 

A similar scheme was proposed by Hurst et al [1997]. The estimated speed obtained 

from current harmonic spectrum was used to tune the parameters of a MRAC based 

speed estimator. The proposed scheme combined the best attributes of both model 

based speed estimation and harmonic detection method to obtain improved sensorless 

control of an induction machine. The harmonic detection scheme provides accurate 

rotor speed updates during steady-state operation down to 1 Hz source frequency. 

The speed can also be detected through the machine terminal voltage spectrum. Zinger 

et al [1990] proposed speed estimation scheme through detecting the harmonics from 

measured voltages of the tapped stator windings. 

It is also possible to estimate rotor speed in an induction machine by tracking of high 

frequency magnetic saliency created by magnetic saturation (main flux or leakage flux 

saturation) at zero or low speeds. For this purpose high frequency voltages are injected 

in the stator. The injected voltage can be produced by the PWM voltage source inverter 

used in the drive. Jansen and Lorenz [1996] proposed a sensorless control of an 

induction machine by utilising saturation induced saliencies. The tracking method 

incorporates a signal injection scheme utilising the same inverter that supplies the 

fundamental excitation, and a demodulation scheme. 

Degner and Lorenz [1997] proposed a speed estimation scheme utilising rotor slot 

harmonics and carrier frequency signal injection. A carrier frequency voltage excitation 

is used to produce a carrier frequency current which contains the desired information. A 

closed-loop tracking observer is then used to estimate the rotor position. Due to its 

reliance on a spatial saliency and carrier frequency signal injection, the technique is 

very robust over a wide speed range, including low and zero speed. A method based on 

high frequency current injection into d-axis current was proposed by [Yong et al, 1994]. 
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Speed estimation using multiple saliencies was proposed by Degner and Lorenz [1998], 

where an induction machine model with multiple spatial saliencies was developed. 

Cilia et al [1998b] presented another method of speed estimation by using real-time 

adaptive filter. The recursive maximum likelihood technique is used to track the slot 

harmonics. The recursive maximum likelihood method tunes the centre frequency of 

the bandpass filter and ensures the final speed estimate with an error less than 0.1 %. 

Ferrah et al [1996,1998] proposed a speed estimator based on real-time adaptive filter, 

whose parameters are updated in time using a recursive algorithm, for rotor slot 

harmonic analysis. It was claimed that the accuracy is better than 0.1 %. 

Rotor eccentricity in any induction machine is an unavoidable result of the 

manufacturing process. The compromise between cost and performance means that 

eccentricity will be present in all machines to varying degrees of severity. Speed 

estimator based on rotor eccentricity was proposed by Holliday et al [1995]. However, 

designed rotor asymmetries should yield position signals that are more robust than 

those due to dynamic eccentricity and not as subject to mechanical vibration. For the 

estimation of the rotor speed, it is possible to use saliency effects, which are 

intentionally created by using special rotor construction, where spatial modulation of 

the rotor leakage inductance is created. This can be achieved, for example, by 

periodically varying the rotor slot opening widths or by varying the depths of the rotor 

slot openings [Jansen and Lorenz, 1995a]. Speed estimation method, proposed by 

Jansen and Lorenz [1995b], made use of the spatial modulation of the rotor leakage 

inductance which was achieved via a periodic variation in the rotor slot opening widths. 

The approach incorporated two features deemed necessary for accurate and robust 

estimation independent of speed and load: 1) trackable magnetic saliency, and 2) high- 

frequency signal injection. The method was experimentally verified. 

Another method of using rotor asymmetry was proposed by Cilia et al [1997]. The 

principle of the proposed scheme is to use a designed rotor resistance asymmetry which 
is conceived with the aim of making the rotor position harmonics independent of the 

machine flux and load conditions. A sensorless vector controlled induction motor drive 

using an asymmetrical outer-section cage was presented. The method imposes 

asymmetry in the outer cage of a double-cage machine, in the outer section of a 

standard deep bar cage machine or in a separate cage winding embedded in the rotor 
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surface. - A theoretical study has shown that rotor position tracking through the use of 

circumferential variation in outer-section cage resistance is feasible. 

Dixon and Rivarola [1996] proposed a speed estimator based on the addition of specific 

irregularities in the rotor, which will produce small air gap variations in the machine. 

The detection of irregularities is based on the introduction of a constant high frequency 

carrier signal (400 Hz) in the stator currents. Speed and position are estimated through 

the detection of irregularities in the rotor. These irregularities generate amplitude 

oscillations in the currents generated by the high frequency carrier, which are 

proportional to the rotor position. At the same time, the frequency of these amplitude 

modulations is proportional to machine speed. By detecting the side-band frequency, 

the machine speed can be estimated. It was reported that the speed estimator worked 

well at a speed as low as 11 rpm, which was proved by simulation and experiments. 

In order to estimate the rotor speed on the basis of rotor asymmetries, a high frequency 

signal injection has to be used. Speed information is then obtained from asymmetries, 

caused by rotor resistance, rotor leakage inductance or rotor eccentricity. However, it 

has been found that iron saturation degrades the speed estimation [Staines et al, 1998]. 

This is due to the saturation establishing a degree of saliency in addition to that of the 

asymmetry used to derive the speed. In order to overcome saturation problems, speed 

estimation method which is not affected by saturation has been developed by Staines et 

al [1998]. The estimation algorithm uses a periodic high frequency voltage burst rather 

than continuous voltage injection. Experimental results show that the method is 

effective. 

A good comparative study of different spectrum estimation methods is available in 

Hurst and Habetler [1997]. A significant limitation of this approach is the lack of 

robustness with respect to machine specific structural characteristics. Slot harmonic 

magnitudes and frequencies depend on typically unknown parameters, such as the 

number of rotor slots. Thus user-selectable aspects of the algorithm, such as filter cut- 

off frequencies, the particular PWM switching scheme, and the slot harmonic equation 
itself often must be redesigned for each particular machine. Furthermore, these methods 

are very computationally intensive. The procedures are designed for steady-state 

operation and have limited accuracy in transient state due to the time required for 

current acquisition and FFT calculation. 
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3.3 Speed estimation using induction machine model only 

The first attempt to operate the induction machine in closed-loop without using a speed 

sensor was reported by Abbondanti and Brennen [1975]. The scheme was based on an 

analogue slip calculator that computed the slip frequency in the speed range of 1: 10. 

The slip frequency is the difference between the stator frequency and the electrical 

frequency corresponding to rotor speed. By calculation of the slip frequency, the speed 

of the rotor can be determined. The slip information is obtained by measuring the 

electrical quantities applied to the machine. By performing simple signal processing 

operations on the measured quantities, an analogue signal proportional to the slip level 

is derived and used to control the machine. The proposed scheme is applicable only in 

steady-state, in a limited speed range. 

During the last couple of years, several open-loop rotor speed estimation methods were 

developed for sensorless vector control of induction machine. In most open-loop speed 

estimation methods calculation of the rotor speed is essentially based on the induction 

machine dynamic model. In majority of techniques of open-loop speed estimation rotor 

speed is calculated as the difference between the machine synchronous electrical 

angular speed and the angular slip frequency. 

One such scheme was proposed by Ben-Brahim and Kawamura [1992], Trzynadlowski 

[1994] and Orlowska-Kowalska and Wojsznis [1996]. In this scheme, the rotor speed is 

calculated as 

(» - O)r - Ws! (3.7) 

where o is the rotor speed, co,. is the speed of rotor flux and ws, is the angular slip 

frequency. In a rotor flux oriented induction machine, it is possible to obtain the angular 

slip frequency by using the rotor voltage equation of the machine in the rotor flux 

oriented reference frame. The angular slip frequency can be calculated from: 

Lm tqa 

0). � _ Tr V/ 
r 

(3.8) 

where iys can be obtained from the torque equation as: 

2T: L, 
lys 3P L. V, 

(3.9) 
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Substitution of equation (3.9) into (3.8), considering that V,. =l d,. in the rotor flux 

oriented reference frame and that 

LL. 
-p, -i-) (3.10) 

r 

in the stationary reference frame, yields 

ML/ ýsl -_ 7. ý2 

(Y' 

cot/is _Y ýý' /3rlar) 13.1 1) 

rr 

The electrical angle 0, of the rotor flux vector is defined as: 

or = tan-' 
ßßr 

(3.12) 

The derivative of the angle equation (3.12) can be used to obtain the electrical angular 

speed of the rotor flux. Therefore, 

d lyßr d Vfar 

d Pr dt - V'ß" 
dt 

ýr 
dt 

Y aT 
+ 

Y'ßr 
(3.13) 

If the rotor flux components are known, the electrical angular speed of rotor flux can be 

calculated by using equation (3.13). It is convenient to estimate the rotor flux 

components from the stator voltage equations. Substitution of equations (2.22) and 
(2.23) into (2.20) gives the following equations for derivatives of the rotor flux 

components: 
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(3.14) 

(3.15) 
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Electrical angular speed of rotor flux, given with (3.13), and angular slip frequency 

(3.11), are thus calculated using (3.14) - (3.15) and measured stator voltages and 

currents. Finally, the rotor speed is estimated from: 

dVfßr d 
ar 

1Var dt -V ßr dt L. 1 
(3.16) w= Cvr - (Ost = 

V/ + v/ýr . ýV' 
(lV«ri 

ßs -y priacr) 

Figure 3.1 shows the diagram of implementation of the speed estimation scheme based 

on the equations given above. The inputs are stator currents and stator voltages in 

stationary reference frame. Stator currents can be measured at the machine terminals. 

Stator voltages can be measured at the machine terminals or reconstructed from the 

inverter switching states and measured DC link voltage. 

Figure 3.1: Diagram of an open-loop speed calculation method. 

The same scheme, but improved for low speed estimation by addition of stator 

resistance identification, was presented by Ohmori et al [1997]. This method has 

problems at low speeds due to parameter variations and it is known that this kind of 

speed estimator works without failure above 10% of synchronous speed [Bose, 1988]. 

In order to reduce the parameter sensitivity, Ben-Brahim and Kawamura [1992] 

proposed a similar speed estimation scheme for a rotor flux oriented induction machine, 

but based on using the stator flux instead of rotor flux in the process of speed 
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estimation. Such a scheme estimates the rotor speed with less sensitivity to parameter 

variations than the one described here. 

As slip frequency can be calculated in different ways, speed estimation in a rotor flux 

oriented reference frame was also proposed [Ohtani et al, 1992; Lai et al, 1997]. It is 

essentially the same principle as reviewed previously. The only difference is the 

calculation of angular slip frequency. In this method, the angular slip frequency is 

calculated in rotor flux oriented reference frame using 

Lm Rr 
0051 =L iqs 

r Y'r 
(3.17) 

A similar scheme, that again uses stator current components in rotor flux oriented 

reference frame [Zhang, 1996; Lin and Chen, 1996], and additionally makes use of the 

correlation between rotor flux and stator d-axis current component, calculates angular 

slip frequency as: 

_ 
Lm 

_1+pTri9, 9 sl-7'rYr s Tr ids 
(3.18) 

In both cases stator d-q axis current components in rotor flux oriented reference frame 

are used (commanded or measured values). It can be seen that if synchronous electrical 

speed and angular slip frequency are calculated, the rotor speed can always be obtained 

from equation (3.7). A similar speed estimation method was proposed by Bonanno et al 

[1995]. In this scheme, an improved rotor flux observer was developed so that the rotor 

flux components can be estimated at very low speed. 

An alternative speed estimation method was discussed by [Ilas et al, 1994; Kanmachi 

and Takahashi, 1993]. It is again based on the induction machine voltage equations and 

the flux equations in stationary reference frame. The rotor speed can be calculated 

directly using these equations. From the machine flux equations (2.22), the rotor current 

components in stationary reference can be expressed as a function of the stator flux: 

lcx 
(3.19) 
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From rotor voltage equation (2.29), eliminating the rotor resistance Rr, it is possible to 

obtain the rotor speed as follows: 

dVfß, dVf, 

(0= 
dt ß' dt 

tarV'ov +lp. lßr 
(3.20) 

Substitution of equations (3.19) into rotor speed equation (3.20) enables rotor speed to 

be expressed as: 

m_(Vim-Lsiar)dylßr/dt-(yIß, 
-Lsip, 

)d1V, /dt 
(3.21) (wa. 

- Laity)vf«r +(vfß" - Li )Vfßº 

where stator flux components and rotor flux components can be estimated by means of 

the following equations: 

Vfý. =f (vm -R5 j it (3.22) 
V& =f 

(vAl 
-- Rai 1t 

L 
rtý V/ar=rL V/ý- 

crL L 

, 7L Lr 
, 

(3.23) 
L 

VQr =L VA -LA 

mm 

Another speed estimation method for a stator flux oriented control was proposed by 

Jiang and Holtz [1995], Xu and Novotny [1991], Bose and Simoes [1995]. In this 

scheme, the stator flux speed and the slip frequency are calculated by means of the 

following equations: 

_ 

igsLs(1+drp) 

mss` 
Tr(Y'ds -QL5i, 

) (3.24) 

- 
(v.., -t1R, )Vf. -(v. -i«, R., )1Vß, 

(3.25) 
VIsa 

Equation (3.24) directly follows from equation (2.53), while equation (3.25) essentially 

represents: 
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dos 
=d tan-' 

dt dt yip 

4s I dt) - (dlJa, /dt)V/ße 
(3.26) 

(d Yý Vý«ý 

where 

dI fas /dt = vas - R3ias 

(3.27) 
d yi1 /dt = v1 - R, i, 

and therefore it fully corresponds to (3.13), valid for rotor flux oriented control. 

In order to improve accuracy of speed estimation, a rotor resistance adaptation 

technique can be employed [Jiang and Holtz, 1995]. The rotor resistance can be 

updated by means of the second rotor speed estimate, obtained from rotor slot 

harmonics. It was confirmed by experiment that the speed estimation error is less than 

0.2 %. In the scheme proposed by Bose and Simoes [1995], stator resistance 

compensation technique was applied. 

Zeng et al [1997] proposed a speed calculation method based on the decoupled 

induction machine model in rotor flux reference frame. The method is verified by 

simulation. Yoo et al [1994] proposed a speed estimation method which does not 

involve any pure integration. The method is derived from an induction machine model 

in the polar coordinate reference frame. The proposed method was further improved 

with on-line parameter identification scheme for both stator and rotor resistances [Lee 

et al, 1996]. 

Some other speed estimation schemes, based on induction machine model, were also 

reported by Pana [1996,1997], Keimen et al [1996]. Rotor speed can also be calculated 

directly from the dynamic model of the machine given in different formats [Shirsavar 

and McCulloch, 1996; Nguyen et al, 1998]. 

The open-loop speed estimation methods, reviewed here, are simple to implement. 

However, it should be noted that the accuracy of open-loop speed estimators depends 

greatly on the accuracy of the machine parameters used. In general, at low speed the 

accuracy of open-loop speed estimators is reduced [Vas, 1998]. 

50 



CHAPTER 3: REVIEW OF METHODS OF SENSORLESS VECTOR CONTROL 

3.4 Speed estimation based on induction machine model 

In section 3.3 various open-loop speed estimation methods have been reviewed. These 

have utilised the stator and rotor voltage equations of the induction machine. However, 

the accuracy of these open-loop schemes depends strongly on the machine parameters. 

In closed-loop speed estimators the accuracy of estimation can be improved. There are 

three types of closed-loop machine model based speed estimators that are discussed in 

this section. The first one is the model reference adaptive control (MRAC) based speed 

estimator. The second one is the speed estimator based on an observer. The third type 

of speed estimation relies on extended Kalman filter (EKF) technique. 

3.4.1 Model reference adaptive control (MRAC) based speed estimation 

Model reference adaptive control is increasingly being used to identity plant parameters 

and inaccessible variables. A successful MRAC design can yield the desired variables 

with less computational effort than other methods and is often simple to implement. 

The measured signals that are used in MRAC based speed estimators (and in all other 

model based approaches) are stator phase voltages and currents. Alternatively, stator 

voltages are reconstructed from measured DC link voltage and inverter switching 

functions. The model reference approach makes use of two independent machine 

models of different structure to estimate the same state variable on the basis of different 

sets of inputs variables. The estimator that does not involve the quantity to be estimated 

(in this case, the rotor speed) is considered as a reference model of the induction 

machine. The other estimator, which involves the estimated quantity, is regarded as an 

adjustable model. The error between the outputs of the two estimators is used to drive a 

suitable adaptive mechanism that generates the estimated rotor speed for the adjustable 

model. When the estimated rotor speed in the adjustable model attains the correct value, 

the difference between the output of the reference model and the output of the 

adjustable model becomes zero. The estimated rotor speed is then equal to the actual 

rotor speed, under ideal conditions. The idea of a MRAC based speed estimator is 

illustrated in Figure 3.2. 

The outputs of the reference and the adjustable model in Figure 3.2 are shown as 

reactive powers [Peng and Fukao, 1994]. The most frequently used scheme has rotor 
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vs 

i, 

Figure 3.2: Conceptual block diagram of MRAC estimator. . 

flux space vectors at the output of the reference and the adjustable model [Schauder, 

1992; Tajima and Hori, 1993]. However, other solutions are possible as well. The 

outputs of the two models may be back emf [Peng and Fukao, 1994] or air-gap power 

[Zhen and Xu, 1995]. 

Comparative studies of speed estimation based on MRAC and extended Kalman filter 

approaches have been done by Armstrong and Atkinson [1997] and Armstrong et al 

[1997]. The transient performance of MRAC schemes is similar to that of sensored 

indirect rotor flux oriented vector controller and is much simpler to understand and 

commission. It was suggested that rotor flux MRAC is the better choice for use in a 

sensorless rotor flux oriented vector controlled induction motor drive in situations 

where hardware economy is an important consideration. 

All the most important different forms of MRAC based speed estimators will be 

discussed in detail in the next chapter. 

3.4.2 Observer based speed estimation 

For sensorless vector control of an induction machine it is required to estimate both the 

machine speed and the rotor flux spatial position. One of the possible solutions is to use 

a full order state observer and a suitable adaptation mechanism. Based on the measured 

quantities (stator currents and voltages) and on the previous speed estimate, the 

observer calculates the rotor fluxes and the stator currents. The difference between the 
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measured and the estimated stator currents is used by the adaptation mechanism to 

estimate the rotor speed. 

A state observer is a model-based estimator which can be used for state (and/or 

parameter) estimation of a dynamic system in real time. In an induction machine drive a 

state observer can also be used for the real time estimation of the machine speed and 

some of the machine parameters, e. g. stator resistance. Many authors have developed 

sensorless vector control systems based on observers. 

Speed estimation schemes based on an observer are presented by Kubota et al [1993] 

and Kubota and Matsuse [1994a]. The full-order state observer can be obtained by 

using the induction machine model. Based on the constant parameter induction machine 

model given in section 2.2, an induction machine can be described by the following 

state equations in the stationary reference frame: 

d [is A" A12 is 
+ 

BI 

,= 
Az+Bv, (3.28) 

1[ 

y, 0 dt V, 
-1=1A2 p 

A22 

is= Cx (3.29) 

where 

is _ 
ioc: 

_ 
lVar 

v_f = 
Var 

(3.30) 
aý -' 'Var a, 

-{Rs l (6L5)+(1-Q)/(dl, )} 0 
Al 

0 -{Rs /(oLL)+(1-Q)/(o1 )} 

co L. / (QLs LrT, ) L. / (6L, 4) 
412 

-Lm /(QLsLr)O) Lm I (6L, LrTr) 

(3.31) 

(3.32) 

Lm / T. 0 
A21 

0LT (3.33) 
m 

A22 -1/Tr -w (3.34) 
c) -1 / Tr 

[1/(oL) 0 
01/ (6Lf) (3.35) 
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The full order state observer which - estimates the stator current and rotor flux 

components is written in the form: 

dz_. 
dt = Az+Bv +G( , -i, 

) (3.36) 

where ^ denotes the estimated values and G is the observer gain matrix which is 

selected so that the observer is stable. The machine speed is estimated by the following 

adaptive scheme which is derived by using the Lyapunov's stability theorem [Kubota et 

al, 1993]: 

ýýs_ Kp (er«, Viß, - eip., Vi� +Kif (er. Výpýe ß, (3.37) 

where 
AA 

e;.. = id. - ia, e; ß., = iß., - iß, (3.38) 

From previous considerations if follows that motor speed is in observer-based speed 

estimation considered as a parameter rather than as a state. In other words, speed is 

assumed to be constant during one sampling interval and change in electro-magnetic 

states is observed. Speed estimate is obtained by observing the difference between 

monitored and estimated stator currents. 

Figure 3.3 shows the block diagram of the state observer for induction machine speed 

estimation. 

Figure 3.3: Structure of the full-order state observer. 
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The method proposed by Kubota and Matsuse [1994b] can identify simultaneously the 

machine speed and the rotor resistance using the adaptive flux observer. Another 

similar rotor speed estimation method based on a full-order adaptive observer with 

stator resistance identification was also reported by [Yang and Chin, 1993]. 

As the observer based speed estimation methods again identify the speed by measuring 

stator voltages and stator currents, the accuracy of speed estimation is again not only 

strongly dependent on the machine parameters, but also on measured quantities. Lower 

the speed is, lower the stator voltage becomes. It is very difficult to measure the stator 

voltage precisely at low speed. In order to estimate the rotor speed at low speed, Kubota 

and Matsuse [1996] proposed an improved speed estimation scheme based on adaptive 

observer with offset compensation of stator voltage. A sensorless vector controlled 

induction motor drive with stator voltage offset compensation was also reported by 

Kataoka et al [1997]. A successfully implemented sensorless direct field oriented 

control of induction motor drives based on adaptive observer was described by Das and 

Magureanu [1996]. 

In order to reduce the computational burden, it is possible to use a reduced order 
dynamic induction machine model to derive the state observer. Reduced order observer 

with real-time parameter identification scheme was proposed by Hur et al [1996]. This 

scheme utilises a reduced order induction machine model, which was obtained by 

substitution of equation (2.36) into the stator current equation (3.28). The reduced order 
induction machine model is obtained as follows: 

d tas laa -ißc 7'�, Y'ß, 

dt i ps ißs im v-Vf. 

a-1/T, 
CO 

1 var 

v 
1/(QLT, ) =! TO 

w/(QL3 ) 
1/QLs 

(3.39) 

where a =-{R, /(QLL)+(1-Q)/(cq, )} 

Based on the reduced order model (3.39), the state observer is obtained as: 

dtä, 
(TO+G( 

s-i3) 
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The stator flux is estimated by equation (3.22). The proposed method worked well in 

the speed region above 5-10 % of the rated speed. 

Many schemes, based on observer theory, have been proposed. Speed estimation with 

sliding observer was suggested by Doki et al [1992], Benchaib et al [1997], Nardocci et 

al [1997]. An observer with rotor resistance adaptation was introduced by Has et al 

[1994] and stator voltage error compensation was discussed by Tsuji et al [1996]. Sng 

et al [1998] proposed an improved speed observer functioning continuously at low or 

zero speed, where rapid change of speed does not occur and signal frequency can be 

zero. Based on the variable structure control theory, variable structure observer was 

applied in speed estimation of an induction machine. Kim et al [1997] and Arcker- 

Hissel et al [1998] presented speed estimation schemes using variable structure 

observer. Simultaneous on-line identification of rotor speed and parameters, based on a 

full-order observer, was proposed by Attaianese et al [1997]. In this scheme, the rotor 

resistance and magnetising inductance are identified simultaneously with . 
the rotor 

speed estimation. Speed estimation with rotor time constant identification was also 

suggested by Attaianese et al [ 1995]. Speed observer for a stator flux oriented induction 

motor drive was developed by Marchesoni et al [1997]. 

When an appropriate observer is used in a sensorless vector controlled drive, stable 

operation can be obtained over a wide speed range. Due to higher computational 
burden, observer based methods are more computationally intensive then MRAC based 

methods. 

3.4.3 Extended Kalman filter (EKF) based speed estimation 

The extended Kalman filter is a recursive optimum stochastic state estimator which can 
be used for the joint state, and parameter estimation of a non-linear dynamic system in 

real-time by using noisy monitored signals that are disturbed by random noise. This 

assumes that the measurement noise and disturbance noise are uncorrelated. The noise 

sources take account of measurement and modelling inaccuracies. The extended 
Kalman filter is a variant of the Kalman filter, but the extended version can deal with a 

non-linear system. It should be noted that in the full-order state observer the noise has 

not been considered. Furthermore, in the state observer the speed was considered as a 
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parameter, but in extended Kalman filter it is considered as a state. Similarly to the 

observer, where the state variables are adapted by the gain matrix, in the extended 
Kalman filter the state variables are adapted by the Kalman gain matrix. 

The extended Kalman filter algorithm is based on a mathematical model for the 

determination of the system state. The estimation is constantly corrected by using a 

feedback correction scheme. This scheme makes use of actual measured states by 

adding a term to the predicted states. The additional term contains the weighted 

difference of the measured and estimated output signals. Based on the deviation from 

the estimated values the extended Kalman filter provides an optimum output value at 

the next input instant. In an induction motor drive the extended Kalman filter can be 

used for the real-time estimation of the rotor speed, but it can also be used for joint state 

and parameter estimation. For this purpose the stator voltages and stator currents are 

again measured. 

Kim et al [1994] proposed a speed estimation method using extended Kalman filter. A 

dynamic model for an induction machine is formed in the stationary reference frame, by 

choosing the stator currents and rotor flux components as state variables. These are 

augmented with the estimated quantity, which in this case is the rotor angular speed. 
The equations of the induction machine are the following: 

dx(t) 
= Ax(t)+Bv(t) 

dt (3.41) 
y(t) = Cx(t) 

where 

x= 
[i. iß 1Var V%. (OT (3.42) 

{ias 
ißs 

} (3.43) 

v= 
[va, 

vß. 
1 (3.44) 
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(3.47) 

It should be noted that in equation (3.45) it has been assumed that the rotor speed 

derivative is negligible, doi. Ydt=O. Although this corresponds to infinite inertia, the 

required correction is performed by the Kalman filter (by the system noise, which also 

takes account of the computational inaccuracies). The EKF algorithm contains basically 

two main stages, a prediction stage and a filtering stage. During the prediction stage, the 

next predicted values of the states and the predicted state covariance matrix are 

obtained. For this purpose, the state variable equations of the induction machine are 

used. During the filtering stage, the filtered states are obtained from the predicted 

estimates by adding a correction term to the predicted value. This correction term is an 

error term. This error is minimised in the EKF. The EKF equation is: 

dz 
d =A(x)x+Bv+K(if-is) (3.48) 

By considering the system noise, u, and measurement noise, w, which are assumed to 

be zero-mean, white Gaussian, and independent of states x, the structure of the extend 

Kalman filter for speed estimation, shown in Figure 3.4, results. 
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Figure 3.4: Structure of extended Kalman filter. 

A number of different EKF based schemes have been proposed recently. Westerholt 

[1997] proposed one of them. Based on the non-linear induction machine model, a 6`h 

order extended Kalman filter was constructed and used to observe the machine state 

variables including the rotor speed and the load torque. A very satisfactory overall 

performance was obtained with standard inverters. Another implementation of DSP 

based sensorless induction motor drive which uses the extended Kalman filter was 

described by Salvatore et al [1998]. The proposed method has the ability of on-line 

updating of the mathematical model parameters, so that the high accuracy of speed 

estimation is obtained. As various mathematical models can be used, the overall 

sensitivity to parameter variations depends on the structure of the estimator. It is 

possible to employ alternative models of induction machines. Beierke et al [1997] 

proposed a scheme by using an induction machine model in which the number of 

machine parameters is reduced. 

A study that compares directly parameterised observers and extended Kalman filters for 

sensorless induction motors has been performed by Harnefors [1998]. It was shown that 

although the noise content of the estimates of the EKF is lower than that of the directly 

parameterised observers, EKF tends to be less accurate in the presence of erroneous 

machine model parameters. Furthermore, the computational requirements of the EKF 

based methods are much higher than those of observers. 
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3.5 Summary 

In this chapter, ' a review of existing speed estimation methods was presented. Speed 

estimation methods based on stator current harmonics were discussed first. As stator 

current harmonics contain rotor speed information, speed estimate can be obtained by 

analysis of current spectrum and is independent of machine parameters. However, it is 

computationally complex and time-consuming. Due to vast amount of computation 

required, speed estimation based on current harmonics is accurate in steady-state 

operation, while it has limited accuracy in fast transient operation. ' 

The basics of model based speed estimation schemes were explained. Speed estimation 

methods based on induction machine model only (open-loop speed estimators) were 

discussed. These methods are the simplest and easy to implement. The drawback of the 

open-loop speed estimation is that it is very sensitive to parameter variations and has 

poor behaviour in low speed region. For better quality of speed estimation, speed 

estimation based on induction machine model in conjunction with modern control 

theory forms the closed-loop group. There are three types in this group. Speed 

estimation based on MRAC was briefly introduced and will be discussed in detail in the 

following chapter. Speed estimation schemes based on observer and extended Kalman 

filter were reviewed. In the observer based methods, the rotor flux is estimated through 

an observer and the rotor speed is derived using the stator current errors and the 

estimated rotor flux. The Kalman filter based methods have been employed by many 

researchers to identify rotor speed and flux of an induction machine. These methods 

also require high speed DSP which will lead to costly hardware and software. Among 

these methods, MRAC based speed estimation methods are the simplest to implement. 

The methods based on Kalman filters and observers are more computationally intensive 

than the MRAC based speed estimation methods and are therefore excluded from 

further considerations. 
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4 SENSORLESS ROTOR FLUX ORIENTED CONTROL USING 

MRAC BASED SPEED ESTIMATION 

4.1 Introduction 

Many different speed estimation algorithms have been developed in recent past. Among 

them, the model reference adaptive control (MRAC) based speed estimators are the 

most attractive approach due to their relatively simple implementation requirements 

[Marwali and Keyhani, 1997]. The basic idea of MRAC is that one quantity can be 

calculated in two different ways. Based on MRAC theory, it is possible to construct the 

MRAC based speed estimator in different forms. The estimation schemes primarily 

differ with respect to which quantity is selected for adaptation purposes. In this chapter, 

detailed analysis of different MRAC based speed estimation methods will be presented. 

Scheme based on rotor flux is the first one to be discussed in section 4.2. Back emf 

based speed estimation method is elaborated in section 4.3. This is followed by 

discussion of reactive power based MRAC speed estimation in section 4.4 and air-gap 

power based MRAC speed estimation scheme in section 4.5. Finally, section 4.6 gives 

the summary of this chapter. 

4.2 Rotor flux based MRAC scheme for speed estimation 

MRAC based speed estimation method makes use of two independent observers which 

are constructed to estimate the same quantity, using measured stator voltages and 

currents. The two observers can be obtained from the induction machine model 

equations. One of the observers does not involve the quantity that is to be estimated (in 

this case rotor speed). This observer is regarded as a reference model of the induction 

machine. The second observer does involve the quantity that is to be estimated, and it is 

regarded as an adjustable model. The error between the outputs of the reference model 

and the adjustable model is then used to drive a suitable adaptation mechanism, which 

generates the estimated rotor speed for the adjustable model. The appropriate adaptation 

mechanism can be derived by using Popov's criterion of hyperstability. This results in a 

stable and quick response system, where the differences between the outputs of the 

reference model and the adjustable model are manipulated into a speed tuning signal. 

61 



CHAPTER 4: SENSORLESS ROTOR FLUX ORIENTED CONTROL USING MRAC ... 

The speed tuning signal is the input to a PI controller. The estimated rotor speed is 

obtained at the output of the PI controller. 

Rotor flux based MRAC method was proposed by Schauder [1992]. In this scheme the 

outputs of the two observers are two rotor flux space vectors. Based on the induction 

motor space vector model expressed in an arbitrary reference frame (2.35) and (2.36), 

the induction machine voltage equations in stationary reference frame can be obtained 

by letting wu=0. 

vs =Ris+dd 

dyf, 
Rrlr +dt J(t)Y/r 

(4.1) 

Considering (2.36) and (4.1) and eliminating stator flux vector and rotor current vector, 

enables derivative of the rotor flux vector to be expressed in the form of: 

d1Vý_L, A 
dt L 

vs-Rsis-QL, dt 
(4.2) 
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By resolving equations (4.2) and (4.3) into two-axis components, the rotor flux 

components in the stationary reference frame are obtained as: 

Lý vý ý(Rs +QL, p) 0 iar 

yýpr Lm vßs L0 (Rs +QL, p) i11c 
(4.4) 

las 

1//Qý Cv -1 / T, V'pr 7, 
r 

i 
(4.5) 

where p is the differential operator. Equation (4.4) represents so-called voltage model, 

which does not contain the rotor speed and is therefore the reference model. Equation 

(4.5) is the current model, it contains the rotor speed, and therefore it represents the 

adjustable model. The reference model and the adjustable model are used to estimate 

the rotor fluxes. The angular difference between the two rotor flux space vector 

positions is used as the speed tuning signal (error signal). The speed tuning signal 

actuates the rotor speed estimation algorithm, which makes the error signal converge to 
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zero in steady-state. The adaptation mechanism of MRAC based speed estimation 

method was derived by Schauder [1992] and has the form of 

m"` = Kpe + K; f Fdt (4.6) 

where 

e= (1) (2) 
- 1'/ar (')1/(2) (4.7) 

7ßr 
Va; /iil. 

Kn and Ki are arbitrary positive constants (parameters of a PI controller) and 

superscripts (1) and (2) identify outputs -of the reference and adjustable model, 

respectively. 

Figure 4.1 shows the complete scheme of the MRAC based speed estimation using 

rotor flux for adaptation purposes. 

ias 

Val 
VP, 
ip 

Reference model 
F T-1 

............ 
eM...... od.................. Adjustablel 

Figure 4.1: Block diagram of MRAC based speed estimator using rotor flux for the 
speed tuning signal creation. 

It should be noted that the factors L, /Lm in (4.4) and LJTr in (4.5) have been 

incorporated into the adaptation mechanism gain constants K,, and K;. The outputs of 

the two models thus only represent the rotor flux space vector in angle. 
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In practice, it is very difficult to implement the pure integrator in the reference model 

due to the problems of initial conditions and drift. In order to eliminate the pure 

integrator, Schauder [1992] suggested that it is possible to implement the reference 

model by using a low-pass filter, with the transfer function 1/(p+l/T), instead of the 

pure integrator. However, since 1/(p+I/T) = (lip)[p1(p+l1T)], the pure integrator can be 

eliminated by inserting a high pass filter [p/(p+l/T)] in the output side of the reference 

model (which contains 11p). Since the output of the reference model gives the modified 

rotor flux, the adjustable model needs to be modified as well. Therefore, the identical 

high pass filter [p/(p+l1T)] can be placed on either the input of the adjustable model or 

the output of the adjustable model. Two types of modified rotor flux based MRAC 

speed estimation schemes using auxiliary variables are illustrated in Figure 4.2. 

v, 

i, 

VI 
i, 

a) b) 

Figure 4.2: Modified rotor flux based MRAC speed estimator. 

In order to overcome the pure integration problem in the voltage model of the MRAC 

speed estimator, Hu and Wu [1997] proposed a new integration algorithm for 

estimating the motor flux. It was claimed that the new algorithm can estimate the motor 

flux over a wide speed range. Akin et al [1998] also presented an alternative integration 

algorithm for the calculation of stator flux in the reference model. 

Another successful application of the rotor flux based MRAC speed estimation was 

presented by Tajima and Hod [1993]. In this application, the modified rotor flux is 

obtained as in Figure 4.2a. It was also suggested by Kim and Hung [1995] that the rotor 

flux based MRAC speed estimator can be derived in the rotor flux oriented reference 

frame. In this MRAC based speed estimator, the pure integrators are replaced by the 

first order delay. The structure is very similar to the scheme of Figure 4.2b. 
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Rotor flux based speed estimation scheme for sensorless indirect field oriented control 

of induction motor drives with rotor resistance identification was presented by Jemli et 

al [1998]. The simulation results show that the performance of the proposed scheme is 

satisfactory in wide speed range and robust with respect to rotor resistance variations. 

Based on rotor flux based MRAC, Jansen and Lorenz [1993] proposed an improved 

topology that utilises an integrated closed-loop flux observer and a mechanical system 

model in the process of rotor speed estimation. Incorporation of the mechanical system 

model into the MRAC system has been shown to significantly improve the speed 

estimation dynamics. 

Dynamic studies for MRAC based speed and flux observers in high performance 

sensorless induction motor drives have been performed by Cilia et al [1998a]. The 

authors argue that the MRAC estimator based on rotor flux error vector offers perhaps 

the best performance for sensorless drives. This conclusion is almost the same as that 

stated by Marwali and Keyhani [1997]. They did a comparative study of rotor flux 

based MRAC and back emf based MRAC speed estimators. For these reasons, the rotor 

flux based speed estimator has been selected for analysis in this thesis. 

4.3 Back emf based MRAC scheme for speed estimation 

To avoid the pure integrators in the reference model of rotor flux based MRAC speed 

estimator, an alternative MRAC speed estimation method was proposed by Peng and 

Fukao [1994]. The proposed back emf based speed estimation method does not require 

any pure integrators in its reference model and adjustable model, so that this method 

can achieve wider bandwidth speed control. 

In this case, the outputs of the two observers are the back emf space vectors, instead of 

the rotor flux space vectors. When the back emf is used, problems of pure integration in 

the reference model do not exist. 

From equation (4.2), the back emf components in stationary reference frame can be 

obtained. As these equations do not contain the quantity that is to be estimated, they 

may be regarded as the reference model of the speed estimator. 
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(l) _ 
Ld yi 

_ 
di 

ema Lr dt - vs - Rsim - 6LS dt 

L dVJßr digf (4.8) 

ernß L dt - vs - Rcips -6L, dt r 

Equations for the adjustable model can be obtained from equation (4.3): 

L,,, dyi L L. (2) ar L1 m 
- = era Lr dt Lr 

_ l"` T, iVar -0 Výp' 
(4.9) 

Lm dlVßr 
(2) Lm 1 

_ _ e'"ß L, dt L, 
''/ 

T, 
iß` - T, Y ßr + wYf«r 

Back emf based MRAC speed estimator can be constructed using (4.8) and (4.9). By 

introducing the equivalent rotor magnetising current as: 

lma = La' 
i. p = Lýý (4.10) 

mm 

equations (4.9) can be rewritten as: 

(2) _L�, 
dcm"_L2 11 

eL dt -L- 0vamß -T i�, " +T 
rrrr 

(4.11) 
ý2) _ 

Lm di 0= Lm 11. 
emo L dt L ýi'"" T IMP +T ta° 

rrrr 

The block diagram of the speed estimation system is shown in Figure 4.3. It should be 

noted that the factor L,, 2/L, has been incorporated into the adaptation mechanism gain 

constant. Although in the back emf based method pure integration is removed from the 

reference model, differential term appears in the reference model. 

The adaptation mechanism for this MRAC system can be derived, using the 

hyperstability criterion in the following form [Peng and Fukao 1994]: 

(j)' =K (e(')e(2) - en'a e(2)) +fK e(I) e(2) - emn e(2) )dt (4.6a) p mß ma ma mß t( mß ma ma mß 

Although the low speed performance of the back emf based MRAC speed estimator is 

better than the one of the rotor flux based MRAC speed estimator, the back emf based 

speed estimator is more difficult to design due to the non-linear effects of the 

adaptation gain constants [Marwali and Keyhani, 1997]. 
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Reference model 
" .................................. oc, ý 

iw 

vw 
vfll 
iA, 

Figure 4.3: Back emf based MRAC speed estimator. 

4.4 Reactive power based MRAC scheme for speed estimation 

Back emf based speed estimation method has no pure integration in its reference model. 

However, stator resistance still remains in the reference model. In order to eliminate 

stator resistance from the MRAC based speed estimation, an alternative quantity for the 

output of the reference and adjustable models was introduced by Peng and Fukao 

[1994]. The new quantity is the cross product of the back emf vector and the stator 

current vector: 

q=iý®em (4.12) 

It should be pointed out that the new quantity represents the instantaneous reactive 

power. By considering equation (4.2) and noting that i, 0 is = 0, the output of the 

reference model is obtained in the form of: 

q(I) 
dis 

=is® vs-6Ls dt 
(4.13) 
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It can be seen that stator resistance does not appear in the reference model. There is also 

no pure integration in the reference model. In the similar manner, by considering 

equation (4.3), the output of the adjustable model is obtained as: 

L1 
Lr Tr 

(4.14) 

From equations (4.13) and (4.14) reactive powers of the reference model and the 

adjustable model are expressed as follows: 

qý') = vý, i -v., i. -QLS iu 
dý` -iý. dtv 

(4.15) 

qL 
(Wm 

/ir - ýý3r 
as) lVim as 

Wpr 
ý3s) 

r 
TI. 

The rotor flux components are estimated by equation (4.5). The full block diagram of 

reactive power based MRAC speed estimator is given in Figure 4.4. 

Vac 

ill 

iAl 

vfi, 

ill 

iAl 

Figure 4.4: Reactive power based MRAC speed estimator. 
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Good features of reactive power based MRAC method are that it is independent of 

stator resistance variations and the calculations are relatively simple as no integration is 

involved. However, differentiation is required in the reference model. 

Rotor time constant, which is sensitive to temperature variations, still remains in the 

adjustable model. In order to remove the rotor time constant from the adjustable model, 

Pemg et al [1997] proposed the following MRAC based speed identification scheme for 

sensorless vector controlled induction motor drives. The reactive power equations for 

the reference model and adjustable model are derived from the machine model in the 

rotor flux oriented reference frame: 

qW_ Vystds -Vdstya (4.17) 

q(2) = CUr QLSigs + Lsi 2) + idsQLj Pigs - iqs Ls Pis (4.18) 

Reactive power in the adjustable model is function of rotor flux angular speed, so that 

this speed rather than rotor speed is initially estimated using MRAC. It is worth noting 

that equations (4.17) and (4.18) do not contain either rotor resistance or stator 

resistance. Moreover, there is no pure integration in both equations. Once the 

synchronous speed is estimated, the rotor speed can be calculated as: 

est 
los 

Tr ids 
(4.19) 

Choy et al [1996] proposed an alternative speed estimation approach with high 

performance over a wide speed range. The method introduces a new quantity as the 

output of the reference and adjustable model. The quantity is the weighted sum of 

reactive power and cross-product of stator current and rotor flux. The new quantity h, � 
has the form of. 

hrn = 1s 0 (ae,, +k(l-a)yir) (4.20) 

where the weighting factor a has the values of 0: 5 (x<_ 1, and k is a normalising factor 

with k >_ 0. 

The proposed method is robust with respect to variations in stator resistance at low 

speed and to variations in leakage inductance at high speed. 
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A comparative study of rotor flux based, back emf based and reactive power based 

MRAC speed estimation methods was performed by Conroy et al [1995]. The 

behaviour of these methods was evaluated in medium performance sensorless vector 

controlled drives. The results show that the rotor flux based method can provide good 

performance in all operating conditions except near zero and low speeds. Back emf 

based method has excellent performance over a wide speed range, however its accuracy 

at low speed is affected by inaccuracy in stator resistance. Reactive power based 

method has the advantage of eliminating stator resistance but it is difficult to get stable 

control in all operating conditions. 

4.5 Air-gap power based MRAC scheme for speed estimation 

In previous section, an instantaneous reactive power based speed estimation scheme is 

reviewed. In that scheme, the stator resistance is eliminated from the reference model. 

However, the stator transient inductance is still present in the reference model. The 

accuracy of speed estimation is affected by variations of stator transient inductance. In 

order to eliminate the impact of stator transient inductance on speed estimation and 

eliminate the pure integration in the reference model, Zhen and Xu [1995] proposed 

another way to improve the performance of the MRAC based speed estimation method. 

In the proposed method, stator transient inductance is eliminated from the reference 

model, but stator resistance is still present. However, an on-line stator resistance 
identification scheme is applied so that an accurate speed estimate can be obtained at all 

speeds. 

The proposed speed estimation method is derived from the basic induction machine 

equations (4.5) and (4.8). In order to eliminate the stator transient inductance, the first 

equation of (4.8), multiplied by pig, is subtracted from the second equation of (4.8), 

multiplied by pi. &. The difference is defined as Dm(1) and is given with: 

D(') _ (vPS pig - var pik) - Rs (iý pig - iý pik) (4.21) 

It should be noted that equation (4.21) represents the air-gap power of the induction 

machine. 
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Similarly, the first equation of (4.11) is multiplied by pi, ", the second equation of (4.11) 

(2): is multiplied by pip, and the difference is defined as Dm 

0)i i +i i+1 i(t ý Pi -i i)+U Pi -i i 
mL ý� P ßm Pß) T pý pm p«, «, «sP ý, )) 

rr 

(4.22) 

Based on equations (4.21) and (4.22), the air-gap power based MRAC speed estimator 

is obtained. Equation (4.21), which does not involve the rotor speed, is used as the 

reference model and equation (4.22), which involves the rotor speed, as the adjustable 

model. Figure 4.5 illustrates the complete diagram of the air-gap power based speed 

estimation scheme. 

v0, 

im 

ijk 

v& 

i@ 

ip 

Figure 4.5: Air-gap power based MRAC speed estimator. 

As there is no stator transient inductance in the reference model and the stator 

resistance is identified by an on-line identification scheme, the speed estimator has 

good performance over a wide speed range. 

4.6 Summary 

Different types of MRAC speed estimation schemes are reviewed. They mainly differ 

with respect to which quantity is selected as the output of the reference model and 
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adjustable model. Among these methods, rotor flux based MRAC speed estimation 

method is believed to be the most common choice due to its design simplicities. 

Although there are some problems due to the pure integration in the reference model, it 

is possible to modify the algorithm to solve these problems. Therefore, rotor flux based 

MRAC speed estimation scheme will be used in further study of the sensorless vector 

controlled induction motor drives. 

Back emf based MRAC speed estimation method was developed to overcome the 

integration problem. It eliminates the pure integration from the reference model. 

However, existing literature suggests that it is difficult to properly design the gain 

constants of the adaptation mechanism. 

Reactive power based MRAC speed estimation method has the advantage of being 

completely robust with respect to the stator resistance variations as the stator resistance 

is eliminated from the reference model. 

Air-gap power based speed estimation method eliminates the transient stator inductance 

from the reference model, but the stator resistance still remains. However, the stator 

resistance can be identified on-line, so that the good performance of the speed 

estimation can be obtained over a wide speed range. 
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5 MODELS OF AN INDUCTION MACHINE USED FOR STEADY- 

STATE AND TRANSIENT ANALYSIS OF THE DRIVE 

5.1 Introduction 

Fundamental principles of vector control of an induction machine, described in Chapter 

2, were developed using a constant parameter induction machine model, under the 

assumption of ideal magnetic conditions. Consequently, in a constant parameter 

induction machine model, the iron loss and main flux saturation are neglected. 

However, the iron loss and saturation do exist in any induction machine in reality. The 

omission of iron loss and main flux saturation representation in the control system of a 

vector controlled induction machine will result in deterioration of the drive 

performance with respect to idealised, theoretical behaviour. Therefore, for a high 

performance induction machine drive, improved induction machine models need to be 

used for development of the controller, if accurate control is to be achieved under 

varying operating conditions. 

In order to analyse the detuning caused by iron loss and main flux saturation and to 

compensate these detuning sources in vector controlled induction machine drives, 

different improved induction machine models have to be used. In recent past, improved 

induction machine models that account for iron loss, main flux saturation or both iron 

loss and main flux saturation have been developed and proposed in literature. These 

models are reviewed in this chapter. 

The improved induction machine models presented in this chapter will be subsequently 

used for representation of induction machine in quantitative analysis of detuning in 

sensorless vector controlled induction machine drives. Furthermore, the improved 

induction machine models will be utilised to develop improved vector controllers and 

speed estimators that compensate detuning in vector controlled induction motor drives. 

It should be noted that all the models of this chapter result by appropriate modification 

of the basic machine model, given in chapter 2 with equations (2.35) to (2.38). 

Dynamic and steady-state induction machine models that account for iron loss are 

presented in section 5.2. Dynamic and steady-state induction machine models that 

include main flux saturation representation are elaborated in section 5.3. In section 5.4, 
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dynamic and steady-state induction machine models that simultaneously account for 

both iron loss and main flux saturation are given. 

5.2 Dynamic and steady-state models with included iron loss 

Investigation of iron loss impact on vector control of an induction machine has been 

reported in a number of recent publications [Kubota and Matsuse, 1992; Garcia et al, 

1994; Levi, 1995; Sokola, 1998]. All these studies apply to the case when an induction 

machine is equipped with a speed or position sensor. In general, inclusion of_ iron loss 

representation in a dynamic model of an induction machine closely parallels the method 

used in steady-state analysis of induction machines supplied from a sinusoidal source 

[Vas, 1992]. A dynamic model, with all the winding currents selected as state-space 

variables, that includes iron loss representation, was proposed for the first time by 

Boldea and Nasar [1987]. This model can be regarded as the starting point in derivation 

of appropriate models, applicable to different types of vector control that include iron 

loss representation and that were developed by Levi [1994]. In this section, the 

improved induction machine model with included iron loss representation, developed 

by Levi [1994], is reviewed. The model is derived in an arbitrary system of orthogonal 

axis. Iron loss is represented with an equivalent resistance, which is placed in parallel to 

the magnetising branch in the space vector equivalent circuit of the induction machine. 
The iron loss equivalent resistance can be experimentally determined [Levi et al, 1996]. 

Leakage flux saturation and main flux saturation effects are neglected. 

The dynamic space vector equivalent circuit of an induction machine in an arbitrary 
frame of reference is shown in Figure 5.1. The equivalent circuit is more complicated 

than the standard circuit with neglected iron loss, since there is an additional branch 

with the equivalent iron loss resistance. 

The equations that describe an induction machine with included iron loss 

representation, shown in Figure 5.1, can be expressed in terms of space vectors in an 
arbitrary reference frame as: 

v, =Rfi=+dVS+jwuV dt s (5.1) 
d 

0=R. iº+ 
dl' 

+ j(cva - (O)Vi 
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A 

Figure 5.1: Space vector equivalent circuit of an induction machine, in an arbitrary 
reference frame, that includes iron loss representation. 

yip = Lei3 +Lmim = Lt, rL +yim 

1ýlr=Lair+Lmim=Lcr r+vm 

RFe Fe = Lm 
d im 

dt + jO3° Lm m 

im+lFe 

3 Lm 
Y' grldm T. =2P Lam, 

(V 
drtgm - 'I/ 

and 

T. -TL -p 
Jd 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

where RFe = f(fý), and coa is the angular speed of the reference frame. It is important to 

note that function RFe =, f (fý) models only the fundamental component of the iron loss. 

Model (5.1) - (5.6) should therefore be used only under the assumption of ideal 

sinusoidal supply. The reason for this restriction is that, with a PWM supply, there are 

higher order voltage harmonics for which function RFe = f(fý) can be quite different 

when compared to the one valid for fundamental harmonic [Levi et al, 1996]. Another 

important note is that in general, equivalent iron loss resistance is a function of both the 

frequency and flux density. Identification procedure of [Levi et al, 1996] is performed 
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in such a way that dependence on flux density is automatically taken into account, so 

that the identified function RFe =, t fý) is directly applicable for vector controlled drives. 

If o),, =O, the two axis dynamic induction machine model in stationary reference frame is 

obtained in the following form: 

di, 
vom, =Riar+Lam, +Ld dt ' dt 

did did� (5.7) 

vý = Rsiý + La 
dt + L' 

dt 

0=Riý+La,. 
di., 

+L. 
ddt 

+WW(Liß, +Lip, �) 
(5.8) 

0=R, iß, +Ladill' dt +L, � dt -w(La, im+Lmia� 

l i- 
e= 

iw + tar 'pm + 1ßFe = Lý + 'pr (5.9) 

dim� did� 
RFeiaFe =Lm dt 

RFeipFe = L. 
dt 

(5.10) 

T`=2PL (iy, J 
, -VAJ. ) - (5.5) 

m 

T. - TL =p 
do) 

(5.6) 

For steady-state analysis, an induction machine model valid under steady-state 

conditions has to be utilised. Such a model can be easily obtained from (5.1) - (5.6) if 

sinusoidal supply condition are assumed and speed of the reference frame co, ', is selected 

as equal to the fundamental frequency of the supply, coe=27J. Then, in steady-state, all 

the time-derivatives become zero and induction machine model for steady-state 

operation is obtained as: 

v: = Rs i, + jco, Vi 

O= Rr ir+ j(C), - CV) r 
(5.12) 

RFelFe = jCOeL. im 

vf= L L+ L) 
m= 

Lor i s+ Vm 
(5.2) 

Vr=L., + L. jm=L., +ým 
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Im+IFe =is+ir (5.4) 

Tý =2P 
L'" 

Im{i, �yi, } (5.5) 

where the asterisk represents complex conjugation. 

Dynamic model (5.5) - (5.10) and steady-state model (5.2), (5.4), (5.5), (5.12) will be 

used in both assessment of iron loss induced detuning and in development of 

compensations schemes. In particular, steady-state model (5.2), (5.4), (5.11), (5.12) is 

applied in section 6.2 in assessment of iron loss induced detuning in steady-state 

operation. State-space form of the model (5.6) - (5.11), in which stator voltage 

equations are omitted due to assumed ideal current feeding (iw=iar. * and iron 

loss current components are eliminated, and state-space variables are selected as rotor 

speed and rotor current and magnetising current a-ß components, is used in simulation 

of transients in section 7.7. State-space form of this model is 

dim� 
_1, dt - TFý 

ýý +i., -i. 
) 

did� (,. 

di 
_1L1L dt T 1m Lm T 

(i- + i«. - i�, 
�) -w ißr + L- iß,,, (5.11) 

ar ar Fe ar 

din, 
_ 

1L1 L"' 
dt - T;. Lo, TFe 

++w for + LI1r 
iC,,, 

dw_P 3 

dt J 

[2 
PLm(i"'i"" -triý, ")-T` 

where TFe=LWRFe, Ta, =LQ, 1Rr. 

Induction machine will be represented with (5.11) in simulations of section 7.7, while 

stator voltage equations (5.7) will be used to reconstruct the voltages (that are required 

as inputs of the speed estimator). 

Finally, the use of the model (5.5) - (5.10) will be made in development of a modified 

speed estimation scheme that provides for compensation of the iron loss in section 8.2. 
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5.3 Dynamic and steady-state models with included main flux saturation 

In a constant parameter induction machine model main flux saturation is neglected. 

However, many research results show that main flux saturation in induction machines 

plays an important role in a number of operating regimes. Therefore, main flux 

saturation has to be accounted for in the induction machine model. 

A number of publications describe how main flux saturation can be included in an 

induction machine model [Boldea and Nasar, 1987; Vas, 1992; Levi and Krzeminski, 

1996]. The induction machine model, based on all the winding currents as state-space 

variables [Vas, 1992] is given at first in this section. To start with, the model of an 

induction machine with included main flux saturation consists of the same equations as 

the constant parameter machine model. The voltage equations, in terms of space vectors 

in an arbitrary frame of reference, are written from (5.1) and (5.2) in the form: 

dis d- 
va = RJi, s +L. dt +Jo)aL. i- + dt. +JW"VJ 

-m (5.13) 
di, d 

O=Rai, +L,, dt +J[vaLar iº+ dm+IWaJfm JW(LJr+Vm) 

Thus it is assumed that leakage flux can be separated from main flux and these two flux 

components are further treated independently. 

The dynamic equivalent circuit of the saturated induction machine, in an arbitrary 

reference frame can be constructed based on equations (5.13) and is shown in Figure 

5.2. The only difference compared to the equivalent circuit of a constant parameter 

Figure 5.2: Dynamic equivalent circuit of a saturated induction machine in an arbitrary 
reference frame. 
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induction machine is that the magnetising inductance is now a variable parameter. 

Derivation of the developed form of the model further proceeds along the lines detailed 

in [Vas, 1992], using (5.13) as the starting point. All the winding currents are selected as 

state-space variables and main flux linkage space vector is eliminated from (5.13) using 

correlation 

ým = Lmlm (5.14) 

As this elimination involves time derivative of yim and as Lm is a variable parameter, 

then it is necessary to perform differentiation of L, n in (5.14) as well. In other words 

dyrm / dt = (dLm / dt)im + Lmdi, � / dt (5.15) 

Detailed derivation procedure is available in [Vas, 1992]. Upon completion of the 

derivation, the model is obtained in matrix form as: 

v=L 
dt 

=+ Bi (5.16) 

where 

V= 
Ivk 

Vqc 0 Of i= 
{id.. 

lqs Idr Lqr Jr 
(5.17) 

R, - coa (Lm + L,, ) 0- cv4 Lm 

cýQ (Lm + Lam,. ) Rs 0). L. -0 B0 
(Oa-lv)Lm Rr (0%-CA)(Lm-f"4r) 

(wa-co)Lm 0 (cýQ-0*Lm+Lor) Rr 

(5.18) 
LL + Ldd,,, Ldq Lam 

n 
Ldq 

Ldq LL + Lqqm Ldq Lqqm 

Lddm Ldq L, 
r + Lddm 

(5.19) 
Ldq 

Ldq Lqqm Ldq Lam. + Lqqm 

T. =2 PL, n 
(idrigs 

- 'qr ds) 
(5.20) 

Inductances in (5.19) Lddn and L9gm are the transient magnetising inductances along the 

direct and quadrature axes of the arbitrary reference frame, and Ldq is the cross-coupling 
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inductance between the two d-q axes windings, which are in space quadrature. These 

inductances are defined as follows: 

Lddm=Lcos2tt+L�, sin2µ (5.21) 

Lgqm=Lsin2µ+Lmcos2µ (5.22) 

Ldq=(L-Lm)cosµsinµ (5.23) 

where L is the dynamic inductance defined as 

L=d Ifn /dim, L f(im) (5.24) 

and L, � is the steady-state saturated magnetising inductance: 

Lm=1/FnIlm. Lm=(im) (5.25) 

The angle it is the angle between the d-axis of the arbitrary reference frame and the 

magnetising current (flux) space vector whose real and imaginary components are id,, 

and iqm (V'dm and yiq, �), respectively. Due to the non-linearity of the magnetising curve of 

the machine, both the steady-state magnetising inductance and the dynamic inductance 

are variables and depend on the corresponding value of the magnetising flux (i. e. 

magnetising current): 

Ym- 

(''dm 22 +ýý 
`1/2 

lm = 
(a,,, 

+1q 
)i/2 

(5.26) 

The magnetising current and magnetising flux d-q axis components are 

ldm=ldc+idr iqm=iqs+igr (5.27) 

ldm=Lmldm /! qm=Lmtgm 
(5.28) 

The model given with equations (5.16) to (5.25) is the current state space model and it 

completely describes a single cage saturated induction machine. 

When equation (5.16) is compared with equation (2.35), which describes the linear 

model, it follows that as a result of saturation, all the inductance terms are modified in 

the matrix L and there are 16 variable inductance terms in the inductance matrix. 

Furthermore, in the saturated model the transient inductances of both the stator 

windings and the rotor windings in the system matrix are unequal along d- and q-axis, 

and all the windings in space quadrature are coupled owing to cross-saturation. 
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In steady state operation, taking again cwa=cne, all the time derivatives in the dynamic 

model are zero, and thus the model becomes: 

=Rsis+Jae[(Lý+Lm)L+Lmir] 
0= Rr 2r+ j(We - CV)[(L, + L. )1, + LmL ] 

(5.29) 

1m =i, +1, 

(5.30) 
Lm =f(im) 

Te =2 PLm(idrigs -igrid) (5.20) 

Current state-space model is used further on for representation of a saturated induction 

machine in detuning studies. In particular, steady-state model (5.20), (5.29), (5.30) is 

used in detuning studies of sections 6.3 to 6.7. Dynamic model, given with (5.16) - 
(5.25) is accommodated to the assumption of ideal current feeding, so that stator 

voltage equations are omitted from consideration. Rotor currents and rotor speed are 

selected as state-space variables. The model for simulation purposes is formed in the 

stationary reference frame (cWu=0) and ij=ii* is accounted for. The equations 

used to model the machine in sections 7.3 - 7.8 are thus in state-space form: 

dia 
_-1 

LZ 

{Rriw+WLmz+(O(Lm+Lar)ßr+Lacon+Laß! ddt 

`L 
Lý + Loo. 

L-P dim dig, 
L +L 

R, ifl, -wL,. i* -w(Lý, +Lm)ice, +Lý dt +Lßß"' dt ßý 
dip, 

--1 
diädi{Rrißr_wLmi_w(Lm+Lar)c+Laß+Lßmn! 

_ dt L dt dt 
Lý, + Lßß, 

� - Lý + Lam,,, 

_ 
L4 di;, 

L +L 
Rrio, +WLmi; +w(L,. +Ly, )iß. +La, 

� dt 
+L"ß 

dt 
or 

dw_P 3 
dt J2 

PLm(to, i -i, i* )-TL 

(5.31) 

where 

Lam=Lcos2p+L�ýsin2µ (5.21) 
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Lpp,,, =Lsin2µ+L, cos2p (5.22) 

Laj (L-Lm)cosµsinµ (5.23) 

Stator voltage components, required as inputs into the speed estimator, are obtained 

using stator voltage equations of (5.16) - (5.19) in the stationary reference frame. 

Current state-space model is inconvenient for development of a modified control 

system and/or speed estimator, due to high complexity of the inductance matrix. 

Alternative models are therefore used for this purpose in chapter 8. These models are 

those in which state-space variables are stator current and rotor flux, and magnetising 

flux and stator current [Levi and Krzeminski, 1996], respectively. 

In all the cases mathematical model of a saturated induction machine is given in the 

form 

dx 
v_=A dt +Bx (5.32) 

The mixed stator current-rotor flux model is derived from the general model by 

elimination of the rotor current space vector and stator flux space vector. Vector of 

voltages is once more: 

E= [vds Vqs 0 Olt ' (5.33) 

while the state vector is now: 

[ Lc iqs VVd. V qr 
It (5.34) 

The matrices A and B are [Levi and Krzeminski, 1996] 

41 

- Ldd Ld Ldd 

q L 
22 

± ' A= -L 1- 
L 

- 
LL. 

+L", - 
L° 

Ld9 49 d4 94 

(5.35) 

0010 

0001 
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x L°' L'" 
RS -wa L. + Lam. - Lr 

0 -wu L, 

-wa L,, + Lam. 
L 

Rs 
L B= º r 

0 
T, Tr 

L 1 
0 Tr Tr 

The saturation dependent coefficients in (5.36) are: 

(5.36) 

1_1 `YJ Z 'Yg Z 

L Lr P+ Lr `Y 

i( 

'J 
12 

LL+L 
(5.37) 

qq r 'Y r 

1 `Yd'fg 
Ldq Lr Lr `Y `Y 

where 

lyd = V'dr + Lards 
= 

(Lor + Lm )dm 

`Yq = V'qr + Lýigs = (L,, + Lm )lqm (5.38) 

_ qd + Tq 

is the so-called generalised flux vector amplitude and its d-q axis components [Levi and 

Krzeminski, 1996], and 

'ý=Lm+L=d 
m 

(5.39) 

The mechanical equation of motion remains unchanged. The electromagnetic torque is 

expressed, in terms of d-q variables, as: 

Ti =2P,. 4 
(Y' 

drigs - 7' grlds 

) 

Lýr 
(5.40) 

The magnetising flux-stator current model, presented in [Levi and Krzeminski, 1996], 

is derived from the general model by selecting the d-q components of the magnetising 
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flux and the stator current as state variables. The vector of voltages is given with (5.33), 

while the state vector is now: 

I=r ýtds tqs Y' 
ýý/dm V 

qm 

Matrices A and B are now: 

010 
0 LL 01 

", q= - L. 
I. 

01+ 
LL JJ d q 

0- Lý 
L°' 

1+ 
L°" 
L qq Jq 

R, WaLas 0 

(0a L. R, wa 0 

$_ -Rr w, 1Lär 
L' 

m 
-(J)Si 1+ 

L 

m 

L°' R. 
- cos! Lam. - R, cos, 1+ 

L L 
m m 

The saturation-dependent coefficients in (5.42) are 

1 2 1Y 
dm 

2 
1Y 

4m 
Ldd 

_ 
L 1I/m 

+ 

Ym 

T. 

1 t V1I, 
i 

1 qm 
1 ýý/ 1Y dm 

Lqq L Vfm 
+ 

L. )m 

1 
11 

Y' dm Y' qm 

Ldq L Lm V. V'm 

(5.41) 

(5.42) 

(5.43) 

(5.44) 

where the dynamic inductance L is defined by (5.24). The mechanical equation of 

motion remains unchanged. The electromagnetic torque, expressed in terms of d-q 

variables, becomes: 

Tý -23 P(Vdmtgs - Y' gmtds 

) 
(5.45) 

The last two induction machine models will be used in design of an improved speed 

estimator in chapter 8 that enables compensation of main flux saturation. 

Accommodation of these models to the actual needs is elaborated in more detail in 

section 8.3. 
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5.4 Dynamic and steady-state models with included iron loss and main flux 

saturation 

Induction machine models -with either iron loss or with main flux saturation have been 

presented in the previous two sections, respectively. However, both iron loss and main 

flux saturation should be considered simultaneously, as these effects do exist in the 

induction machine at the same time. Detailed analysis of the detuning due to both iron 

loss and main flux saturation and means for simultaneous compensation in vector 

controlled induction motor drives have been elaborated in detail by [Sokola, 1998] for 

the case when speed (position) sensor exists. 

The induction machine model with iron loss represented by an equivalent resistance 

placed in parallel with magnetising branch, and with main flux saturation accounted 

for, is expressed in terms of space vector as [Sokola, 1998]: 

di, d 
v, = R, is+L dt +d "` + jcýuyif (5.46) 

d 
0= Ri, +L�. 

dot 
+d "' + j(cýa -m)yi,. (5.47) 

dp 
RPe I Fe = je)a ý/m +dm5.48) 

1Fe+1m=1, i+1,. (5.49) 

La 
s+Lj. 

1Vr = Lý. iý + Lmim 
(5.2) 

V'm = Lmlm (5.50) 

RFe _ .f 
(fe) L. =f (lm) 

or L. = ,f 
(Vm) (5.51) 

The equivalent circuit of an induction machine with both iron loss and main flux 

saturation taken into consideration can be constructed from the above equations. The 

corresponding equivalent circuit is shown in Figure 5.3. Both equivalent iron loss 

resistance and magnetising inductance are variables. 

Based on equations (5.46) - (5.51), model of an induction machine in stationary 

reference frame is obtained in the following form [Sokola, 1998]: 
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Figure 5.3: Induction machine dynamic equivalent circuit, with both iron loss and main 
flux saturation, in an arbitrary reference frame. 

dEar yar 11 V'am 
im im +l- 

dt L. Tý TMF, Lm 
(5.52) 

VA, 11 Vý 
dtr = L. T. 

iý - T. Fe 
i3 +ißß - L. 

di,,,,. 1 
tar -1 lar +iar - -Cvlßr -CA 

Yßm 

dt T,,, T. F. Lm Lý 
(5.53) 

dßr 
_11 am" 

dt 
ißr-T ii+ißr -L +wiQ,. +w Lar Tar aFt m 

d yf,, 
_ RFc im + iar 

_ 

ý«m 

(5.54) 
dyr�_ 

_1/Ipm L dt 
RF` tA, +P, - m 

T[ 
_2 

P(i.. Vp. -ip"V m) 
(5.55) 

T-TL=pdco (5.6) 

RFe =f (fe) L. =f (lm) or L. = 
,f 

(V. ) (5.56) 

Time constants Tom, T, TaFe and TQFE are defined as To, =La)R,, To, =LQ, IRr, 

T. Fe=LdRFe and TaFe=LO IRFe" 
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State-space variables are selected as stator current, rotor current and magnetising flux 

components. Assumption of current feeding will enable omission of (5.52) from the 

model in simulations of transients in section 7.8. In particular, as i. =i. * and ij=ip$, 

equations (5.53) - (5.56) and (5.6) will be used to describe the machine, while equations 

(5.52) will be used to reconstruct stator voltage components that are inputs into the 

speed estimator. 

For the purpose of steady-state analysis, the steady-state induction machine model can 

be obtained from equation (5.46) - (5.51) by setting wa=We and equating all the time 

derivatives to zero. Steady-state induction machine model is obtained as: 

vd = Rs i, + jwe(L,, i= +ýV 

RFe(L+L-im)= jc), y/m (5.64) 
O- Rrlr + j(CV, -w)(Larir +V. ) 

yim = Lmlm (5.2) 

Lm = .f 
(vm) RFe = .f 

(fe) (5.65) 

Tý =2PL Im p 
r 

(5.66) 

This model is used for evaluation of steady-state detuning due to combined impact of 
iron loss and main flux saturation in section 6.7. 

5.5 Summary 

Three types of improved induction machine models were presented in this chapter. 

They are given for both dynamic and steady-state operation. In induction machine 

model with iron loss included, the iron loss is represented by an equivalent iron loss 

resistance placed in parallel with the magnetising branch. This model will be used for 

analysis of iron loss induced detuning and compensation of iron loss in a sensorless 

rotor flux oriented induction machine. Saturated induction machine models are 
discussed next. Three models reviewed in this section are the pure winding current state 

space model, mixed stator current-rotor flux state space model and mixed magnetising 

flux-stator current state space model. The first one will be used for induction machine 
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representation in all the relevant simulations, while the other two will play a role in 

designing the improved speed estimator that compensates for main flux saturation. 

Since there are cross-coupling inductances between two axes, the dynamic saturated 

induction model is more complicated than the constant parameter induction machine 

model. Finally, an improved induction machine model with included both iron loss and 

main flux saturation is given. Based on this induction machine model, it is possible to 

design a high performance sensorless induction motor drive with compensation for both 

iron loss and main flux saturation, as will be shown in Chapter 8. 
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6 DETUNING IN STEADY-STATE OPERATION OF A 
SENSORLESS ROTOR FLUX ORIENTED INDUCTION 
MACHINE WITH ROTOR FLUX BASED MRAC SPEED 
ESTIMATOR 

6.1 Introduction 

The aim of this chapter is to evaluate detuning effects due to iron loss, main flux 

saturation and parameter variations in steady-state operation of the sensorless vector 

controlled induction motor drive supplied from the current regulated PWM (CRPWM) 

voltage source inverter. 

In a sensorless vector control of an induction machine, parameter variations will affect 

the accuracy of speed estimation. They will lead to deterioration of the drive 

performance. All the parameters involved in the sensorless vector control of an 

induction machine, such as stator resistance, rotor resistance, and magnetising 

inductance, are subject to change under certain conditions. Iron loss and main flux 

saturation, as possible sources of detuned operation in sensorless control of rotor flux 

oriented induction machine have received little attention so far. In order to quantify the 

amount of detuning caused by iron loss, main flux saturation and other parameter 

variations, steady-state operation in the speed mode (i. e. with closed loop speed 

control) is analysed in this chapter. The analyses and the results presented here are 

available in [Levi and Wang, 1997; Levi and Wang, 1998; Levi et al, 1999; Wang and 

Levi, 1999]. Detuning is evaluated for operation in the base speed region only, except 

in section 6.2 where field-weakening region is encompassed as well. 

Section 6.2 discusses impact of iron loss on operation of the sensorless indirect rotor 

flux oriented induction machine. Detuning due to incorrect setting and/or variation in 

leakage inductances is elaborated in section 6.3, while section 6.4 evaluates detuning 

due to incorrect setting of the magnetising inductance. Sections 6.5 and 6.6 are devoted 

to detuning caused by incorrect setting and/or variation of stator resistance and rotor 

resistance, respectively. Combined impact of iron loss and incorrect setting of the 

magnetising inductance is investigated in section 6.7. On the basis of results of 

sections 6.2 - 6.7, relative importance of various parameter variation effects is 

discussed in section 6.8. Section 6.9 summaries the chapter. 
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6.2 Detuning due to iron loss 

In this investigation, a 4-pole, 50 Hz, 4kW induction machine is used. All the 

parameters of the machine used here are taken from [Sokola, 1998], and are given in 

Appendix A. The iron loss is represented by an equivalent iron loss resistance, RFe, 

which is the function of frequency, as explained in chapter 5. Its analytical 

approximation is: 

R- 
128.92 + 8.242fß + 0.07788f, 2 f, 5 50 Hz 

(6.1) 
F` 1841- 55275 / fe fe > 50 Hz 

The magnetising curve is given in terms of RMS values with: 

T. 
0.19642851. Im S 2.2 A 

0.8374 + 0.00671m - 0.924 / I. Im > 2.2 A 
(6.2) 

Hence the magnetising inductance can be expressed as: 

0.1964285 'Y, 
� 5 0.432 Wb 

L. 
0.8032 - 0.6874`Ym - 0.1338 / Im T. > 0.432 Wb 

(6.3) 

Main flux saturation is neglected in this section. Equations (6.2) and (6.3) will be used 
however in all the subsequent sections. 

6.2.1 Analysis 

Indirect rotor flux oriented current-fed induction machine is studied. The estimator used 

in this system is rotor flux based MRAC speed estimator discussed in section 4.2. Iron 

loss is represented in induction machine model with an equivalent iron loss resistance 

in parallel with magnetising inductance, as described in section 5.2. Structure of the 

sensorless rotor flux oriented induction machine is shown in Figure 6.1. 

Rotor flux reference is constant and equal to the rated value in the base speed region. In 

the field-weakening region rotor flux reference is reduced in inverse proportion to rotor 

speed. Rate of change of the rotor flux reference in the field-weakening region is 

neglected in the control system of Figure 6.1. The current controlled PWM inverter is 
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Figure 6.1: Sensorless rotor flux oriented induction machine. 

assumed to be ideal and steady-state operation is discussed only. Mathematical 

modelling is performed in the reference frame firmly attached to the commanded rotor 

flux space vector. The speed estimator of Figure 6.1 is the one of section 4.2 (Figure 

4.1) and is shown again in Figure 6.2. It relies on measurement of stator currents and 

voltages. 

vs 4 Reference model 
is 

Figure 6.2: Basic configuration of MRAC speed estimator. 

The outputs of the reference and adjustable part of the speed estimator are rotor flux 

space vectors. In steady-state operation it follows from (4.2) and (4.3) that, by letting 

dldt-jcWe`, the two rotor flux space vectors can be given as 

I 
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Lr" 
-J L* 

[Vs - (Rs + jo)esa"is")1Tfr] 

em 

1, .1 
(6.4) 

F(2) =Lm* T' 1 
r -+i(co,. -()r*) Trs 

L `2 
where once more 6* =1- * is the total leakage coefficient. In any steady-state L, L$ 

operation, the PI controller forces the estimated speed to be equal to the commanded 

speed (w`=west), as the estimated speed is used as feedback signal to form the closed 

loop system. The independent inputs in the control system of Figure 6.1 are reference 

speed and reference rotor flux. The output of the PI speed controller is reference torque, 

whose value is in general unknown. However, for each value of the torque command 

there is a corresponding value of the actual torque. In any steady-state, actual torque 

must equal load torque. Therefore, it is possible to regard torque command as an 

independent input. From Figure 6.1 the relationship between the reference rotor flux 

and reference stator d-axis current is: 

Vir* = Lm*c&* (6.5) 

r_ Y'rn 
IWIý Wn 

V'r 
ýý/rnwn / cý icoi> %on 

(6.6) 

td: 
' 

= Y' r7 m' 
(6.7) 

The commanded torque is equal to: 

7=2PL. V1rýigs' (6.8) 

The commanded slip angular speed and the commanded electrical angular frequency 

are: 

Lm Iqs 

cos, =T *ýý/ 
r Y'r 

wee = (Üs1s +West 

Commanded q-axis current can be expressed from equation (6.8) as: 

(6.9) 

(6.10) 
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. _T tys *_T 
3 Lm* . 2PL"Vr 

r 

(6.11) 

The steady-state induction machine model, with iron loss accounted for, given in 

section 5.2, is utilised here. Equations (5.2), (5.4), (5.5) and (5.12) are re-written for 

convenience: 
sý_ý/ 

= is Raris + 
. 
lcoeY's 

RFe1Fe = jO)e Lm im 

0=R,, ir + fwsl it 

im'+1fe =Is+it 

ýa = L:.. ii + 
mim 

V, = 1. 
o, 

1r + lmlm 

3 
m'/ T. =2P Lýr r 

OVdrigm -Vgrtdm 

(6.12) 

All the parameters in the machine model, that are the same as those of the 

controller/estimator, are identified with an asterisk. 

Elimination of iron loss current vector by means of (5.4), elimination of stator flux and 

rotor current space vectors using (5.2) and, finally, resolution of (6.12) into d-q axis 

components yields: 

Vds= Ra ida - we Lcrx iqs - Coe Lm *'qm 

Vqs = R3 
qsr 

+we"Las*'ds" +Coe"Lmr'dm 
(6.13) 

Y'dr = Lm+tdm +WslTorY 
yr 

Vqr = Lm tqm -wsITar dr 

L 
ýý/ m ýý/ '" ýý/ 6.14 Y'dm = 

L* 
(`Ydr +La 1ý +0)e TaFe7'gm) C) 

r 

L'o 
ylgm =L. iYýy, + Lor lqs -0e TaFeYýdm ) 

r 

The torque equation remains as in (6.12) and electrical angular frequency is determined 

with (6.10). Simultaneously, however: 

w, = CA Cýsý = CA CAst (6.15) 
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Time constants in (6.13) and (6.14) are defined as TgFe=La,. '/RFe and TT,. *=La,. ̀/R, *. 

Inspection of equations (6.13)-(6.14) shows that there are six equations that contain 

seven unknowns (stator voltage, magnetising current and rotor flux d-q axis 

components, plus angular slip frequency). Thus, it is not possible to solve this system of 

equations without determining which of the seven variables is only apparently 

unknown. 

However, it is possible to solve these equations in conjunction with the speed estimator 

equations. Due to the presence of the PI controller in the speed estimator, the constraint 

that 

o V-- (6.16) 

is valid in any steady state. This means that instantaneous positions of the two rotor 

flux estimates with respect to the fixed stator axis are equal, i. e. 

rr 
Or "' Y`2' _O (6.17) 

The rotor speed estimator does not require that magnitudes of the two rotor flux 

estimates are the same. Hence, in rotor flux oriented reference frame determined with 

the control system, rotor flux estimates are: 

''/ (2) 
_'I, 

(2) 'I, (Z) 
7r= 7'dr 

+. ý7'qr 

ýý/ (ý) 
Yr= Y'dr 

+. ý7'qr 

dr 
(2) Vr I" 

* 'I, 
qº 

(2) 
=0 

Y= 

qr 7 
(1) tI ' 

r" 
Vqr (1) 

Y 
(6.18) 

As the consequence of (6.17), rotor flux q-axis component in the commanded reference 

frame equals zero for both flux estimates. However, d-axis component of the first 

estimate is not necessarily equal to the commanded rotor flux (the magnitude of the 

second flux estimate is by default equal to the rotor flux reference). If the q-axis 

component of the first rotor flux estimate is expressed from (6.4) and equated to zero 

(in the commanded rotor flux reference frame), d-axis component of the stator voltage 

is calculated from (2.35) as: 

v =R*i *-c)*a*L*i ds s ds c: ys (6.19) 

This is the well known stator voltage d-axis equation, valid under the correct rotor flux 

orientation conditions (with neglected iron loss). The speed estimator will force stator 
d-axis voltage to be equal to the one required for perfect rotor flux orientation. 
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However, as the estimator does not force equality of magnitudes of rotor flux estimates, 

stator q-axis voltage will deviate from the one required for perfect rotor flux 

orientation. 

As vds is pre-determined by the speed estimator, the machine model (6.13)-(6.15) 

becomes solvable. In particular, magnetising current q-axis component can be obtained 

directly from the first of equations (6.13). Hence its value is known for specified 

operating conditions, 

1m=. 
* (-vds + RS*' 

J* - weg Lcy, i 
s 

(6.20) qm ýc Lm 9 

since vds is given with (6.19). Next, the magnetising current d-q axis components can be 

expressed as functions of angular slip frequency, with ids* and iqs` as independent inputs. 

They may be derived from the machine model equations (6.13)-(6.15) in the form: 

Bigs - Aids 
ldm A2 +B 2 

(6.21) 
-Big, '-Ai 4 

1qm 
A2 + BZ 

where 

A= 
L.. 1 L'. 
L,. ' 1+(c)s`Tý. )2 Lam. ' 

(6.22) 
B 

Lm* a "Tm* 
L* 1+(cws, Tý*)2 

+eve TFe 

Hence, in any steady-state with given ids` and iq3*, the two q-axis magnetising current 

components given in (6.20) and (6.21) must be equal, i. e. 

tqm (1) -< qm 
(2) (6.23) 

The actual angular slip frequency can then be found numerically, by forcing igm(1)=iqm 2, 

using iterative calculation method. It therefore follows that the detuning effects due to 

iron loss in speed sensorless vector control of induction machine can be evaluated using 

the described procedure, originally developed in [Levi and Wang, 1997]. 

Detuning is characterised with the following quantities: 
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Speed estimation error (in mechanical rpm): 

An =n-n' (6.24) 

Torque ratio (in p. u. ): 

1 
(6.25) 

Rotor flux ratio (in p. u. ): 

Ir 

(6.26) 
V'r 

Orientation angle error (in degrees): 

Ao = (180 / n) arctan 
V yr (6.27) 
V'dr 

In contrast to an induction machine with rotor flux oriented control which includes 

speed sensor, here d=w`Sr but d#m Simultaneously, wsl*, -ovst. In other words, if the 

speed sensor exists, actual slip and rotor speed equal commanded values and impact of 

iron loss is mostly pronounced in the orientation angle error [Levi, 1995]. If speed 

sensor does not exist, cwj*, -wsj, oc o) (but o), *=L(»O), j-- f+wsz*=Cw*+wsl*), and iron loss 

leads to an error in speed estimation, as shown next. It should be noted once more that 

main flux saturation is completely neglected in the study whose results are to follow, 

although field-weakening region is encompassed by the study. The reason for doing so 

is that only in this way it is possible to visualise detuning effects purely due to iron loss. 

6.2.2 Results of the study 

Impact of iron loss on behaviour of the drive is studied first for constant speed 

command operation, with torque command as the independent input. Torque command 
is varied from zero up to twice the rated value and is given in all the figures in per unit. 
Figure 6.3a shows speed estimation error for three values of the reference speed, 

namely one fifth of the rated speed, rated speed and twice the rated speed. 

Speed estimation error is from Figure 6.3a load dependent and it increases as load 

increases. Speed estimation error appears to be typically two to three rpm for operation 
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Figure 6.3: Detuning effects due to iron loss as function of commanded torque for 

operation with constant speed command. 

at the rated speed, for commanded torque up to the rated. Speed estimation error is 

speed (frequency) dependent and is smaller at lower speeds, typically 1.5 to 2 rpm at 

one fifth of the rated speed for variation of the torque command from zero to the rated 

torque value. If the machine is operated in the field weakening region, speed estimation 

error may increase significantly, reaching 11 rpm for operation at twice the rated speed 

with the rated torque command. On the other hand, torque ratio (Figure 6.3b) has 

maximum error always at low torque commands. As the torque command increases 

error in the torque ratio decreases. This is explained by the fact that higher the load is, 

smaller the relative value of the iron loss with respect to output power is. 

Figure 6.3c shows rotor flux ratio for constant speed operation. Error in rotor flux 

magnitude is extremely small. For operation in the base speed region actual rotor flux 

in the machine exceeds commanded rotor flux by less than 1% for all the operating 

points. Maximum error appears for operation with the rated speed and rated torque 
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command, when ratio of actual to commanded rotor flux equals 1.0092. The error of 

rotor flux increases in the field-weakening region. If the machine runs at twice the rated 

speed with rated torque, the error in rotor flux is 4.5%. 

Orientation angle error is shown in Figure 6.3d. For machine operating in the base 

speed region, the orientation angle error is between 0.1 to 0.2 degree. Even when the 

machine operates in the field-weakening region, the error is still less than 0.25 degree. 

This result shows that in a sensorless drive the orientation angle error caused by iron 

loss is negligibly small. 

The impact of iron loss on sensorless vector controlled induction machine is further 

studied with commanded speed taken as independent variable (normalised with respect 

to the rated speed) and the commanded torque set to a constant value in the base speed 

region. For operation in the field-weakening region, torque command is reduced 

inversely proportionally to the speed so that constant power operation is obtained. 

Figure 6.4a shows the speed estimation error as function of the speed command [Levi et 

al, 1999]. In base speed region, the error is 2 to 3 rpm with torque command between 

one fifth and rated torque value. It increases as speed is increased. If the machine is 

running at twice the rated speed with rated power, the speed estimation error is up to 

4.5 rpm. 

Torque error increases with decreasing load. Actual torque is up to 5% less than the 

commanded torque with rated torque/power command operation from zero to twice the 

rated speed command. When machine is operating with light load, say one fifth of the 

rated torque value, in base speed region, the error becomes up to 20%, Figure 6.4b. 

The impact of iron loss on rotor flux ratio and orientation angle error is extremely 

small, Figures 6.4c and 6.4d. For base speed region with rated torque command, the 

rotor flux error is about 1% and the orientation angle error is only 0.2 degrees. When 

the machine runs in the field-weakening region, the maximum rotor flux error is just 

above 2% and the orientation angle error is still around 0.2 to 0.25 degrees, which is 

identical to the result shown in Figure 6.3d. 

A study similar to this one, but for the reactive power based MRAC speed estimation 

scheme, has been performed as well. It is described in Appendix B and the results are 

reported in [Wang et al, 1997]. 
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Figure 6.4: Detuning effects due to iron loss as function of commanded speed for 

operation with constant torque/power command. 

6.3 Detuning due to incorrect setting and/or variation of leakage inductances 

Leakage inductance variation, as a possible source of detuning, is studied next. Leakage 

inductances may change due to saturation of the leakage flux paths. This can be caused 

by differing currents under different operating conditions. When the machine is running 

with heavy load, the current is high. Light load asks for low current. Hence, leakage 

inductances vary for different currents. Another possible problem with leakage 

inductances is that their values are not easy to obtain accurately, because they are 

normally calculated from measured quantities. There are always some assumptions 

when the calculations are performed and there are always some measurement errors. 

Therefore, the values of leakage inductances used in the controller and speed estimator 
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may differ from the actual values in the machine. In this section, the detuning effects 
due to variation of leakage inductance are elaborated. 

6.3.1 Analysis 

The induction machine model utilised here is given in section 5.3. In the machine 

model, the main flux saturation is accounted for while iron loss is neglected. All the 

operating conditions remain the same as before. In this study, rotor and stator resistance 

are assumed to be constant and equal to the rated values (i. e R,, *=Rr=R.,,, Rs*=Rs=R,.,, )" 

The study focuses only on the influence of leakage inductance. 

Actual data regarding variation of leakage inductances with currents for the machine 

used in the study were not available. The following procedure is therefore adopted. 

Both stator and rotor leakage inductance in the controller and speed estimator are 

assumed to differ by the same amount from correct values in the motor (that are rated). 

Three sets of leakage inductance values are considered, namely L"''=0.8 LO',,, Lm'=0.8 

LQ,,,; Lam`=1.2 Lam,,, LO, *- -1.2 La,,, and Lý*=Lý,,, Lm`=La,.,,. The three cases are studied in 

order to determine the detuning effects due to variation of leakage inductances, with 

main flux saturation included in the machine model. The definition of detuning 

quantities (speed estimation error, torque ratio, rotor flux ratio and orientation angle 

error) is the same as in section 6.2. Due to leakage inductance variation, the value of the 

magnetising inductance will be affected. Therefore, the error in magnetising inductance 

is additionally introduced. It is defined as ratio of actual magnetising inductance to 

magnetising inductance value used in the controller and speed estimator (that equals 

rated in the base speed region). 

The procedure of evaluation is almost the same as the one described in section 6.2. 

Commanded stator d-q axis currents, commanded torque, commanded slip angular 

speed and commanded electrical angular speed are given with: 

"_ 
V'rn ýn 

ýr 1V1rnC()n 
/ CO CU > Ct)n 

(6.6) 

ids 
rm (6.7) 
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Tc' _2PL, 1Vr. iq$ (6.8) 
r 

L. 'y` 
(6.9) cvSý=T. ýý/ . 

r Y'r 

(6.10) 03e* = (1)si +0) est 

* 
Ts 

9s L (6.11) t3 
mt 2PL'Yr 
r 

The induction machine model, with main flux saturation accounted for, can be written 

for steady-state operation from (5.29), (5.31) of section 5.3 in the following form: 

Vd R, *t, + j(J)e(L. I, s + Lmlm) 

0= Rr*Ir" + jo)S1(L. Ir Lmlm) (6.28) 

4'4(Vdrqm 
1ýTe-V 

grldm) 

Parameters that are the same in the machine model and in the controller/estimator bear 

once more an asterisk. 

Resolution of (6.28) into d-q axis components yields: 

vdS = Rs ids - of Loiys - coe Lmigm 

Vqs = Rs"iqs* + We Laxids* + (Oe* Lmdm * 
(6.29) 

Y' dr = I'mlde+ + 0) T,. V' 
qr 

(6.30) 
Vqr = Lmigs - wsºTrV yr 

where from (5.2) 

1Vdr =-Limit*+lVdm 1+ Lý =-La,. i! +idm(Lm+Lm) 
m (6.31) 

I, tYgr =-Lariy. 
v'+Vqm 

1+ 
Li 

=-Lmigs+igm(Lm+Lor 

m 

The torque equation remains as in (6.28). 

Main flux saturation is represented by the L,,, (y/m) non-linear function: 
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Lm f(JIm) (6.32) 

Ym- 

4Y'dm2 
+V/gm2 (6.33) 

Inspection of (6.29) to (6.31) shows that there are essentially four equations that contain 

five unknowns (stator voltage and magnetising flux d-q axis components, plus angular 

slip speed). It is again not possible to solve this system of equations without 

determining which of the five variables is only apparently unknown. As discussed in 

section 6.2, vds can be obtained from speed estimator equations as: 

Vds=R, ik -(i, " Lsjgs (6.19) 

Thus, magnetising current q-axis component is from (6.29) known for specified 

operating conditions, 

1 
lqm = 

.L (-vd, +R3*id, * -O)e*Laxigs*) (6.34) 
em 

Insertion of (6.19) into (6.34) yields 

! 
qm 

=L Eys -1- 
(L. 

- Lw) (6.35) 
l. 

Next, magnetising flux d-q axis components can be expressed as functions of angular 

slip frequency, with ids` and Iqs* as independent inputs. They can be derived from 

machine equations (6.30) - (6.31) in the form: 

Cid, * + Digs' 
tdm 

E 
C1gs" 

- Dldsr 

{9m 
E 

where 

C=1+(Ws, Tc, 
r)x 

1+ Lm 
or 

colm 

(6.36) 

(6.37) 
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The two magnetising q-axis current components, given with (6.35) and (6.36) must be 

equal, i. e.: 

L 
Lm 1- 

Lm. 
+ (Lý 

-Lam) 
igsß . 

Clys 
EDi (6.38) 

mr 

or 

L' Ci *- Di ' 
Lm1- L. + (Lý 

- Lý iy, " - Lm ys 
E 

JS (6.39) 

Thus, in any steady-state with given ids` and iq5*, the two q-axis magnetising current 

components are equal, so that the actual angular slip frequency can be found 

numerically, by forcing igmW = igm(2) , using iterative calculation method. It follows that 

the detuning effects due to leakage inductance variations in speed sensorless vector 

controlled induction machine can be evaluated. 

6.3.2 Results of the study 

Induction machine is assumed to run at constant speed with rated speed command. It 

should be noted that detuning effects due to leakage inductance variations are speed 

(frequency) independent, in contrast to the iron loss induced detuning. The study, 

whose results follow, therefore applies to the complete base speed region. Figure 6.5a 

shows the speed estimation error against torque command. The absolute errors caused 

by leakage inductance variation are small. When the values of leakage inductance are 

less than rated values, say 0.8 rated values, the error is negative and is only up to -1 

rpm. When the values of leakage inductance are changed to 1.2 rated values, the error is 

also up to 1 rpm with rated torque command. 

Torque errors are load dependent. The maximum torque error appears with light load. 

When machine runs with light load with ± 20% variation of leakage inductance, the 

errors in torque are less than ± 1%, Figure 6.5b. For rotor flux ratio, Figure 6.5c, the 

errors behave similarly to the speed estimation errors. When the values of leakage 

inductance vary from 0.8 to 1.2 of the rated values, the rotor flux errors are less than t 

2%. 

103 



CHAPTER 6: DETUNING IN STEADY-STATE OPERATION OF A SENSORLESS ... 

The orientation angle error due to variation of leakage inductances is shown in Figure 

6.5d. The error increases with torque command. When machine runs with rated torque 

command at rated speed and leakage inductances vary by ± 20%, the orientation angle 

error is only ± 1.5 degrees, respectively. 
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Figure 6.5: Detuning effects due to 
incorrect setting of the leakage 
inductances against torque command. 

e. magnetising inductance ratio 
Figure 6.5e shows the magnetising inductance ratio against torque command. When 

machine runs with light load, the errors are small. When machine runs with full load 
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with ± 20% variations of leakage inductance, the errors in magnetising inductance are 

about ± 3%, respectively. 

6.4 Detuning due to incorrect setting of the magnetising inductance 

Magnetising inductance in the controller/estimator may differ from the actual value in 

the machine due to an error in measurement. Additionally, when the machine runs in 

the field-weakening region, the actual value of the magnetising inductance will change 

due to change of the reference rotor flux. 

6.4.1 Analysis 

All the definitions of detuning effects remain the same as in previous sections. The 

magnetising inductance is set to different values in the controller and speed estimator in 

order to investigate its influence on operation of the drive. Stator and rotor resistance, 

as well as stator and rotor leakage inductance, are all assumed to be equal to rated 

values both in the controller/estimator and in the machine model. Therefore, the 

variation of the magnetising inductance is the only detuning source to be considered. 

Induction machine model that includes main flux saturation, given in section 5.3, is 

again utilised here for machine representation. Its form for steady-state operation is 

identical to (6.29) - (6.31) (leakage inductances are constant now): 

vdü = Rf iý -'0e LQy lqs - We Lm'gm 
(6.29) 

vqs = R3"tgs" +We Los'"tds" +We Lmldm 

7'dr = Lm'ds +O)slTrlVgr 

(6.30) 
'I, 
Y' qr 

= Lmigs - O)arTr, I` Y' qr 

L' 
Y'dr=-Lur1ids++ V dm 

1+ =-L:, i1+idm(Lm+L ) 

l 
1Vgr = -LQ,. *iqs* +V/qm 1+_ -Lorigs +igm(Lm + Lor) 

Once more, parameters that are the same in the machine model and in the 

controller/estimator have an asterisk. 
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The procedure for deriving the expressions for detuning due to the L. variations is 

exactly the same as the procedure presented in the previous sub-section, so that an 

equation similar to (6.39) is used for iterative calculation to determine the actual 

angular slip frequency (in (6.39) now Lam` = Lm): 

j 
mý 

Lm" 
[Ciq. 

c* - Dtd. 

Lm 
1- 

Lr. lys =E (6.40) 

Coefficients C, D and E are still given with (6.37), but now T,, ` = T. and LOr* = L-. 

The actual angular slip frequency is again found numerically, by forcing i9, �('ß =! qm(2), 

using iterative calculation method. It follows that the detuning effects due to 

magnetising inductance variations in speed sensorless vector controlled induction 

machine can be evaluated. 

The value of the magnetising inductance in the controller and estimator is varied from 

0.8 to 1.2 of the rated value. Detuning effects are again speed independent in the base 

speed region. Analysis is performed for rated speed command operation. However, the 

results apply to the complete base speed region. 

6.4.2 Results of the study 

Figure 6.6a shows the speed estimation error caused by incorrect value of the 

magnetising inductance. The error is linear and load dependent. With the deviation of 

the magnetising inductance increasing, the error increases as well. When magnetising 

inductance is varied by ± 10% from the rated value in the controller/estimator, speed 

estimation error is about ± 1.5 rpm. Maximum speed estimation error is up to ±3 rpm 

at rated torque command when magnetising inductance value in the controller/estimator 

deviates by ± 20% from the rated value. When machine runs in light load condition, the 

error is quite small. It will reach zero when load torque equals zero. 

Torque error is shown in Figure 6.6b. It can be seen that torque error is load 

independent. It varies only with change in magnetising inductance. When magnetising 

inductance deviates ± 10% from the rated value in the controller/estimator, torque error 

is about ± 4%. When magnetising inductance deviates ± 20% from the rated value, the 

maximum torque error is up to ± 8%. 
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Figure 6.6: Detuning effects due to 
incorrect setting of the magnetising 
inductance. 

e. magnetising inductance ratio 

Rotor flux ratio has the same features as the torque ratio. This can be seen from Figure 

6.6c. The only difference is that the rotor flux error is slightly smaller that torque error. 

Orientation angle error caused by incorrect magnetising inductance setting is once more 

negligible small. Maximum orientation angle error is only about ± 0.02 degrees when 

magnetising inductance deviates ± 20% from the rated value. Figure 6.6d shows the 

orientation angle error against torque command. 
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Incorrect setting of the magnetising inductance in the controller/estimator affects the 

level of main flux saturation. Figure 6.6e shows the ratio of actual to rated magnetising 

inductance. It is linear and independent of load torque as well. The values of this ratio 

are quite close to the values of the ratio of controller/estimator to rated magnetising 

inductance. 

6.5 Detuning due to incorrect setting and /or variation of the stator resistance 

Stator and rotor resistance will vary in an induction machine due to temperature 

changes. The influence of variation of stator and rotor resistance on a sensorless vector 

controlled induction machine is investigated in this and next section. 

6.5.1 Analysis 

Main flux saturation is accounted for in the induction machine model. In order to 

investigate the detuning effects caused by stator resistance variation, it is assumed that 

stator leakage inductance, rotor leakage inductance and rotor resistance all have the 

rated values in both the controller/estimator and the machine. Magnetising inductance 

has the rated value in the controller/estimator. Magnetising inductance in the machine 

will be determined by the saturation level. All the operating conditions are the same as 

before. 

Steady-state induction machine model, with main flux saturation accounted for, is again 

given with 

Vd, = Rrids* 
-%)e*L. 

*'qs* 
-0l)e+Lmlgm 

(6.29) 
Vqs = Rsjgs* +o)e* Las*idv* +fie'Lmtdm 

V'dr = Lmids +('slTrVfgr 
(6.30) 

Vigr = Lmigs - ws1Tr 'I, 
Y'gr 

L" 
Vdr = -L, 

11lds 
+Vdm 1+ 

m (6.31) 
W, Vqr = -Lý. `igs' + Vqm 1+ 

LLm* 
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In order to solve these equations, as discussed in section 6.2, vds can be obtained from 

speed estimator as: 

v =R`i `-w*6*Lti 
ý sý ý s9s 

(6.19) 

Thus, magnetising current q-axis component is known for specified operating 

conditions, 

iqm =w 
1L 

(-v d, +R5i , -coe*L,, 'igs*) (6.41) 

Substitution of (6.19) into (6.41) yields 

iqm = 
1L 

((R3 - Rs' )ids' + Lmý coýýigs (6.42) 
emr 

Next, magnetising flux d-q axis components can be expressed as functions of angular 

slip frequency, with id, ' and iq5* as independent inputs in the form: 

Cid, * + Digs* 
id" E 

Cig. 
c - 

Did,, ' 
iqm 

E 

(6.36) 

where C, D and E remain to be given with (6.37), where TQ,. = To, * and LQ,. = L,. *. 

In any steady-state, the two q-axis components in (6.42) and (6.36) must be equal, i. e. 

iL 
((Re _ Rf* )i *+ Lm* 1_L+e, 

gs, 
) _ 

Cig, EDiý, (6.43) 
cmr 

so that in any steady-state with given ids* and iqs* the two q-axis magnetising current 

components must be equal. The actual angular slip frequency can then be found 

numerically, by forcing iqm(» = using once more iterative calculation method. 

The value of stator resistance in the machine model is set to vary by up to ± 20% from 

the rated value. Detuning in base speed region is elaborated only. Detuning effects due 

to stator resistance variation are speed (frequency) dependent, as is obvious from (6.43). 

Two series of results for two speed references, 5% of the rated and the rated are 

therefore presented. These illustrate impact of stator resistance on low speed and high 

speed operation, respectively. 
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6.5.2 Results of the study 

Figure 6.7 illustrates the impact of incorrect stator resistance value on low speed 

operation. The results are given for speed command equal to 5% of the rated. Speed 

estimation error is given as function of the torque command. The error is slightly 

dependent on load torque. When'the value of stator resistance deviates by ± 10%, ' the 
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speed estimation error is about ±2 rpm. When the value of stator resistance deviates by 

± 20%, maximum speed estimation error is up to ±6 rpm with rated torque command. 

It follows from Figure 6.7b that torque error is excessively high at low torque command 

values. As the load torque increases, torque error decreases. When machine runs with 

rated torque command, torque error becomes zero. Rotor flux ratio is shown in Figure 

6.7c. Rotor flux error is increasing when torque command increases. Maximum rotor 

flux error is up to ± 5% at rated torque command when stator resistance value in the 

machine deviates by ± 20% from the rated value. Orientation angle error (Figure 6.7d) 

is significant and is up to 8 degrees. Main flux saturation level in the machine is 

affected as well, as witnessed by the ratio of actual to rated magnetising inductance, 

Figure 6.7e. It increases with an increase in torque command. When machine runs with 

the rated torque command, error in magnetising inductance is up to ± 10%. 

Figure 6.8 displays detuning effects due to incorrect stator resistance value for rated 

speed command operation. It shows that detuning effects diminish as the speed is 

increased. Speed estimation error is only up to 0.4 rpm at rated torque, when stator 

resistance varies by ± 20%. All the other detuning effects are very small as well. These 

results show that stator resistance variation affects significantly the system behaviour 

only at low speed. 

6.6 Detuning due to incorrect setting and/or variation of the rotor resistance 

Rotor resistance value changes due to temperature variation. Correct setting of the rotor 

resistance is crucial for successful operation of the drive with speed sensor [Vas, 1990]. 

As shown shortly, detuning in rotor resistance causes the largest speed estimation error 

in a sensorless drive without speed sensor. 

6.6.1 Analysis 

Induction machine model that includes main flux saturation is utilised once more. In 

order to investigate the detuning effects due to rotor resistance variation, stator 

resistance and leakage inductances have the rated values both in the controller/estimator 

and in the induction machine model. Magnetising inductance in the controller/estimator 
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Figure 6.8: Detuning due to incorrect 
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reference equal to the rated speed. 

e. magnetising inauctance ratio 

has the rated value. Magnetising inductance in induction machine will change with 

variation in saturation level. 

Induction machine model in d-q axis reference frame is once more the same as in 

previous sections and is given with (6.29) - (6.31): 
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r s, s 

vd3 = R3"ice, 
f 

- we Lý lys - Ct)e" Lmigm 

(6.29) 
Vqs = R1 

qs + we* LL; idv' + cve* Lmidm 

Y'dr 
I'mtds +(')sITr7 

yr 
(6.30) 

1Ygr = Lmigs -W1 Tr'r, Y'gr 

L` 
Vdr =-Lor*'ds +v4� 1+ 

" .. 
Lm 

Vqr = -Lm iqs + Vqm 1+ 

The procedure of mathematical analysis is also exactly the same as described in section 

6.4.1, except for the difference between rotor resistances in motor and controller/ 

estimator. The actual angular slip frequency can be again found numerically. Then, the 

detuning effects due to rotor resistance variation can be evaluated. It should be noted 

that detuning due to rotor resistance variation is speed (frequency) independent. 

It is assumed that induction machine is running at rated speed. The value of rotor 

resistance is set to vary from 0.8 to 1.2 of the rated value. Operation in the base speed 

region is discussed once more. 

6.6.2 Results of the study 

Figure 6.9 displays the calculation results of detuning due to rotor resistance variation. 

Speed estimation error depends on load torque. It increases with increase in torque 

command, Figure 6.9a. The error is symmetrical with respect to x-axis. When rotor 

resistance varies by ± 20%, the speed estimation error is up to ± 10 rpm with rated 

torque command. Speed estimation error is ±5 rpm when rotor resistance varies by ± 

10%. Figure 6.9 also shows the torque error, rotor flux error, orientation angle error and 

magnetising inductance error. They are all very small. Maximum errors occur at light 

load and are only about 0.2%. Orientation angle error is negligible small, Figure 6.9d. It 

is within 0.0002 degrees for torque commands up to rated value. Saturation level in the 

machine is hardly affected, Figure 6.9e. 
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Figure 6.9: Detuning effects due to 
rotor resistance variation. 
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6.7 Combined impact of iron loss and incorrect setting of the magnetising 

inductance 

Until now, the detuning effects due to iron loss and main flux saturation have been 

investigated separately. However, the phenomena of iron loss and main flux saturation 
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appear simultaneously in practical case. Therefore, it is necessary to investigate the 

combined detuning effects due to both iron loss and main flux saturation. 

6.7.1 Analysis 

In this study, induction machine model that includes iron loss and main flux saturation, 

given in section 5.4, is utilised. In order to investigate the detuning effects due to both 

iron loss and main flux saturation, stator resistance, rotor resistance and leakage 

inductances have the rated values both in the controller/estimator and in the machine 

model. Magnetising inductance in the controller/estimator is set to different values 

between 0.8 and 1.2 of the rated value. 

In steady-state operation, induction machine model, with iron loss and main flux 

saturation accounted for, can be written from (5.64) - (5.66) as: 

vs = Rs to + fO)e 1Va 

RFetFe = fO)e"Lmlm 

0=Rr"lr+jos1 Flir (6.44) 
L. 

T, =2PL" (Vfdri gm - V' grdm 
) 

m 

Elimination oft Fe, i, and yi, , and resolution of (6.44) into d-q axis components yields: 

VdS = RS lds - COe L. tqs - co, Lmigm 
(6.45) 

Vqs - 
R3+lgs' +O)e*L,,, *ids* +We*Lmldm 

Y'dr = Lmldm +CslTvr* 
qr (6.46) 

V'qr = Lmqm - wslTar IVdr 

tý 

r 

Lm 
rt, 

ds 
+ ýe. TaFe 

Y 
fym Y' dm Lr+ 

I'ar 1ý 

(6.47) 4j(V1qr 
m ., 

'r, Vqm = 
L, 

Main flux saturation is represented by the non-linear function: 

Lm=( V'm) (6.32) 
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V' 
mýVdm2+ 

VVym2 (6.3 3) 

and TaFe=Lar*IRFe, where RFe is given with (6.1). 

The torque equation remains as given by (6.44) and electrical angular frequency is 

determined with (6.10). Simultaneously, however: 

cýý' = cc + ms1 (6.16) 

Voltage vds is again pre-determined by the speed estimator, 

vdS = R, *i is - m, *a L5 
qs 

(6.19) 

From the first equation of (6.45) magnetising q-axis component can be obtained 
directly: 

(6.41) tqm _ 
1(-vd, 

+ R, 'iý` - mo *Lm *qt *) 
0)1L. 

Next, the magnetising current d-q axis components can be expressed as functions of 

angular slip frequency, with ids` and iqs* as independent inputs. They may be derived 

from (6.45)-(6.47) in the form: 

Biiys* - A, i 
,"2 

'' (6.48) 
-B, i - A, igs 

i9, 
� = 

A12 + B'z 

where 

Lm 1 Lr 
A' 

L 1+(ws, Tý)2 Lor_ 

Lm o Tý 
(6.49) 

B, 
Lor. 1+(ýSrTý»)Z +cý, TFer 

. 

Hence, in any steady-state with given ids; and iqs* 9 the two q-axis magnetising current 

components must be equal, i. e. 

1"""", 
" -B1i -Ally' v 

e L. 
(-vds + Rx iý - We L. tqs) - A1 2+ B1 2 (6.50) 
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The actual angular slip frequency can be found once more numerically by means of 

(6.50), using iterative calculation method. Then, the detuning effects due to 

magnetising inductance variation and iron loss can be found. Detuning effects are now, 

due to inclusion of iron loss, again speed (frequency) dependent. Study is performed for 

operation with rated speed command only. 

6.7.2 Results of the study 

Figure 6.10 displays the calculation results. Speed estimation error is function of torque 

command, Figure 6.10a. When magnetising inductance is set to rated value, the speed 

estimation error is about 2.2 rpm in the whole torque range. When magnetising 

inductance is set to 0.8 of the rated value, speed estimation error is up to 2.5 rpm with 

light load and 6 rpm with the rated torque. When magnetising inductance is bigger than 

the rated value, speed estimation error is decreasing with increase in torque. For 

operation at rated speed with rated torque, speed estimation error is up to -1 rpm, when 

magnetising inductance is set to 1.2 of the rated value. It is worth noting that speed 

estimation error here is about 2 rpm shifted with respect to speed estimation error 

shown in Figure 6.6a (detuning due to main flux saturation only). This amount 

corresponds to the speed estimation error introduced by iron loss only, Figure 6.4a. 

Torque ratio is shown in Figure 6.10b. It can be seen that torque error increases in light 

load region. Torque error is within 20% in the torque range from half to the rated 

torque. 

Rotor flux ratio is shown in Figure 6.10c. It is independent of load torque and up to 8% 

when magnetising inductance is varied from 0.8 to 1.2 of the rated. Orientation angle 

error is torque dependent and is very small. It is only 0.5 degree when magnetising 
inductance is 80% of the rated value with rated torque. It is about 0.2 degrees for 

magnetising inductance variation from 0.8 to 1.2 of the rated with light load torque. The 

ratio of magnetising inductance shown in Figure 6.10e has the same behaviour as the 

one shown in Figure 6.6e. 
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Figure 6.10: Detuning effects due to 
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6.8 Relative importance of various parameter variation effects 

On the basis of the results of steady-state analysis, presented in sections 6.2 to 6.7, it is 

possible to draw a number of important conclusions regarding relative importance of 
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various sources of detuning. These are summarised in Table 6.1, taken from [Wang and 

Levi, 1999]. Comparison is based on the speed estimation error, torque ratio error, 

orientation angle error and main flux saturation level in the machine, and applies to 

operation in the base speed region. 

It follows from Table 6.1 that the critical parameter from the point of view of 

orientation (and therefore associated dynamics of the drive) is stator resistance at very 

low speeds of operation. All the other source of detuning hardly affect the orientation 

angle, so that one can expect dynamic performance in detuned operation to be of the 

same quality as in tuned operation. Indeed, this expectation will be confirmed by the 

study of dynamics in the following chapter. 

Table 6.1 Summary of relative importance of various parameter variation effects. 

Speed estimation Torque ratio Orientation Main flux 
error error angle error saturation 

level 

Rotor resistance speed independent, negligible negligible not 
variation load dependent, affected 

large (10 rpm) 

Incorrect speed independent, moderate negligible affected 
magnetising load dependent, 
inductance setting moderate 
Incorrect value of speed independent, small small slightly 
leakage load dependent, affected 
inductances small 

Stator resistance speed dependent, large at low large at low affected 
variation almost load speeds and speeds (up to at low 

independent; light load, 8°), small at speed 
moderate at low moderate to high speeds only 

speed, very small at small as 
high speed speed 

increases 

Iron loss speed dependent, moderate to negligible not 
lightly load large as load affected 

dependent, moderate decreases 

As far as the speed estimation error is concerned, variation of rotor resistance leads to 

the highest values. Stator resistance variation at low speed of operation, iron loss and 

incorrect magnetising inductance setting all lead to a moderate speed estimation error. 
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Torque ratio error can be large due to stator resistance variation at low speed and light 

load, and due to iron loss at light load, while it is moderate for incorrect setting of the 

magnetising inductance. Main flux saturation level is in general not affected 

significantly for any of the detuning sources. One interesting observation is that the 

rotor resistance variation does not affect the saturation level, this being in huge contrast 

with the situation in a vector controlled drive with speed sensor. 

Actual data regarding variation of leakage inductances with currents for the machine 

under consideration were not available. However, from Table 6.1 it appears that the 

least important detuning effect is the incorrect setting and/or variation in leakage 

inductances. This source of detuning is therefore excluded from the transient study, that 

follows in the next chapter. 

6.9 Summary 

A number of quantitative studies were performed for a4 kW induction machine in 

order to investigate the impact of iron loss, main flux saturation and parameter 

variations in MRAC based sensorless rotor flux oriented induction machine on steady- 

state operation. Comprehensive analysis is performed for various steady-states and 

results are presented. Speed estimation error due to leakage inductance variation is 

much smaller than the one caused by other parameter variations. It is shown that speed 

estimation error due to iron loss is of the same order as are the errors due to other 

parameter variation effects. It may be therefore concluded that iron loss should be 

compensated in a sensorless rotor flux oriented induction machine. It is also shown that 

variation of stator and rotor resistance will affect the behaviour of system. The highest 

speed estimation error results from rotor resistance deviation, while stator resistance 

variation is critical at low speed. Combined impact of iron loss and main flux saturation 

was examined. Most of the results presented in this chapter, will be confirmed by 

dynamic simulations in the next chapter. 
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7 DETUNING IN TRANSIENT OPERATION OF A SENSORLESS 
ROTOR FLUX ORIENTED INDUCTION MACHINE WITH 
ROTOR FLUX BASED MRAC SPEED ESTIMATOR 

7.1 Introduction 

Detuning during transient operation of a sensorless indirect rotor flux oriented 

induction machine due to iron loss, main flux saturation and parameter variations is 

evaluated in this chapter on the basis of programmes developed using Simulink and 

Matlab. The machine under consideration is the same 4 kW induction motor analysed 
in chapter 6. At first problems of integration of the stator flux equation are discussed in 

section 7.2. A couple of existing integration methods are analysed. On the basis of the 

results of this section the most suitable integration method is selected for further 

investigations and is then utilised in all the subsequent sections. Section 7.3 presents 

simulation results regarding transient operation of the drive under tuned conditions. 

Detuning due to incorrect magnetising inductance is studied in section 7.4. Detuning 

effects caused by rotor resistance and stator resistance variation are elaborated in 

sections 7.5 and 7.6, respectively. Impact of iron loss is investigated in section 7.7. The 

combined impact of both iron loss and main flux saturation is finally addressed in 

section 7.8. Contributions of the chapter are summarised in section 7.9. 

7.2 Problem of integration in the process of speed estimation 

The basic structure of the MRAC based speed estimator is shown again in Figure 7.1. 

The outputs of the reference and the adjustable models are two estimates of rotor flux 

components in stationary reference frame, as already discussed in section 4.2. 

The estimator shown in Figure 7.1 involves pure integration within the reference model. 
This leads to problems with initial conditions and drift. To solve this problem, two 
improved schemes that use auxiliary variables have been suggested by Schauder 

[1992]. Two identical linear transfer functions are inserted into both the reference 

model and the adjustable model. In the first case, the transfer function is placed at the 

output side of the reference model and at the input side of the adjustable model. In the 
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second case, the transfer functions appear at the output side of both the reference 

and the 
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Figure 7.1: Basic structure of a MRAC based speed estimator. 

ext 

PI r 

adjustable models. These two modified MRAC estimators are shown in Figure 7.2 and 

Figure 7.3, respectively. The transfer function is of the form p 
p+l/T 

v, 

i, 

Figure 7.2: MRAC based speed estimator with auxiliary variables - Scheme 1. 

As shown in [Schauder, 1992] addition of these elements has no adverse impact on the 

operation of the estimator, since attenuation and phase shift introduced are the same for 

both the output of the reference model and the output of the adjustable model, and the 

error quantity e is the difference between the two instantaneous positions of the two 

rotor flux vector estimates. 
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vs 

is. 

Figure 7.3: MRAC based speed estimator with auxiliary variables - Scheme 2. 

The behaviour of these two estimators has been investigated by simulation, using 

Simulink/Matlab. The induction machine model is the constant parameter one, in which 

all the parameter variation effects, as well as main flux saturation and iron loss are 

neglected. The induction machine is assumed to be fed from an ideal current source (i. e. 

current controlled PWM inverter is taken as ideal). As input stator currents are known, 

stator voltage components are created by means of stator voltage equations in stationary 

reference frame. The control scheme for simulation is illustrated in Figure 7.4. Actual 

i 
Vr = Vrn 

Figure 7.4: Control scheme of indirect rotor flux oriented induction machine with speed 
estimator placed in parallel. 

speed is used for control purposes in indirect rotor flux oriented induction machine and 
the speed estimator is operated in parallel. Note that estimated speed is not used either 
for speed control or for rotor flux space vector spatial position calculation. 
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In each case, three values of 1/T are selected in order to investigate impact of T on 

estimated speed. The conditions of simulation are the following: 

1. Initial excitation is started at zero speed under no-load conditions at t=0s 

with V- = constant = yim. 

2. The rated speed command is applied at t=0.1 s in a ramp-wise manner. The 

reference speed becomes rated at t=0.32 s. 

3. Rated load torque is applied at t=0.5 s. 

Simulation results obtained with Scheme 1 of Figure 7.2 are given in Figures 7.5 -7.7. 

F 

H 
t I 

1%M(4 7M. (u 

a) b) 
Figure 7.5: a) Actual speed and estimated speed (electrical angular) and b) rotor speed 

error (mechanical, rpm) with speed estimator of Scheme 1 and 1IT = 100. 
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Figure 7.6: a) Actual speed and estimated speed (electrical angular) and b) rotor speed 
error (mechanical, rpm) with speed estimator of Scheme 1 and 11T = 10. 
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Figure 7.7: a) Actual speed and estimated speed (electrical angular) and b) rotor speed 
error (mechanical, rpm) with speed estimator of Scheme 1 and 1/T = 1. 

Simulation results that apply to the Scheme 2 of Figure 7.3 are given in Figures 7.8 - 
7.10. 
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Figure 7.8: a) Actual speed and estimated speed (electrical angular) and b) rotor speed 

error (mechanical, rpm) with speed estimator of Scheme 2 and 1IT = 100. 
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Figure 7.9: a) Actual speed and estimated speed (electrical angular) and b) rotor speed 
error (mechanical, rpm) with speed estimator of Scheme 2 and 1/T = 10. 
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Figure 7.10: a) Actual speed and estimated speed (electrical angular) and b) rotor speed 

error (mechanical, rpm) with speed estimator of Scheme 2 and 1/T = 1. 

From the results shown above one can conclude that the MRAC speed estimator is very 

sensitive to the value of 11T. Figure 7.5a shows actual speed and estimated speed with 

11T = 100, while Figure 7.5b shows the speed error An=n-n"' for Scheme 1 when 11T is 

equal to 100. One can see that the estimated speed in Figure 7.5a is stable. The speed 

error is very close to zero in steady state. It becomes significant only during initial run- 

up time. As a comparison, the actual speed and estimated speed and speed error are also 

shown in Figure 7.6 and Figure 7.7 when 1/T is set to 10 and 1, respectively. From these 

two Figures one can see that the estimated speed becomes unstable with 11T decreasing. 

In Figure 7.6 the oscillations of the estimated speed appear in the period from 0.1 s to 

0.7 s. After that, the estimated speed stabilises and the speed error becomes zero. For 

11T =1 the magnitudes of oscillations become very high, up to 1400 rad/s, as shown in 

Figure 7.7a. Oscillatory behaviour lasts much longer than in Figure 7.6a. 

For Scheme 2 of Figure 7.3 the simulation results for 1/T = 100,1/T = 10 and 1/T =1 

are shown in Figures 7.8 - 7.10. One can see that this set of results is similar to the set 
discussed previously. It is worth noting that the maximum speed error when 11T = 100 

(Figure 7.8b) is smaller than in Figure 7.5b. Therefore the better choice for speed 

estimation appears to be 1IT = 100 with Scheme 2. 

The initial condition and drift problems in a MRAC based speed' estimator can also be 

solved based on a modified integration algorithm with an adaptive magnitude 

compensation, which is suggested in [Hu and Wu, 1997]. The block can be used to 

replace the pure integrators in MRAC's reference model. The scheme is shown in 

Figure 7.11. 
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Figure 7.11: Modified integration algorithm with an adaptive magnitude compensation 
(LPF = low pass filter, FB = feedback, cmp = compensation). 

The principle of this scheme is based on the fact that the motor flux is orthogonal to the 

back emf. A quadrature detector is proposed to detect the orthogonality between the 

estimated flux and the emf. A PI regulator is used to generate an appropriate 

compensation level so that the motor flux is orthogonal to the back emf. The inputs of 

this algorithm are hack emf and the outputs are motor flux components in stationary 

reference frame. This estimator with modified integration algorithm is called Scheme 3. 

In this algorithm the cut-off frequency (o,. must be selected carefully. Simulations have 

been done for different values of coy,. For cw, = 20,50 and 100 rad/s the simulation results 

are shown in Figures 7.12,7.13, and 7.14, respectively. 
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Figure 7.12: a) Actual speed and estimated speed (electrical angular) and h) rotor speed 
error (mechanical, rpm) with speed estimator of Scheme 3 (c), = 20). 
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Figure 7.13: a) Actual speed and estimated speed (electrical angular) and b) rotor speed 

error (mechanical, rpm) with speed estimator of Scheme 3 (w = 50). 
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Figure 7.14: a) Actual speed and estimated speed (electrical angular) and b) rotor speed 
error (mechanical, rpm) with speed estimator of Scheme 3 (c), = 100). 

The simulation results in Figure 7.14 show that, with co(. = 100 rad/s, the estimated 

speed of Scheme 3 exhibits almost the same behaviour as Scheme 2 with 1/T = 100 

(Figure 7.8), except in the initial part of the starting transient. There is unfortunately 

extremely high value of the speed error in the initial part of the transient. The scheme is 

therefore not utilised in simulations further on. It is worth noting that for the value of w, 

= 20, recommended in [Hu and Wu, 1997], the simulation results in Figure 7.12 show 

that the quality of speed estimation is very poor, so that the estimated speed can not be 

used for control and orientation. 

On the basis of the simulation results given in Figures 7.5 to 7.10 and 7.12 to 7.14, 

Scheme 2 with 11T = 100 is selected for all the subsequent simulations. Scheme 2 will 

be used additionally in experimental work, described in chapter 9. In one specific case, 

f=tl 
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related to the experimental verification of the novel speed estimator with main flux 

saturation compensation (chapter 9) use will be made of Scheme 3 as well. 

7.3 Operation of the system under tuned conditions 

In this part of the study, operation of the system with MRAC based speed estimator 

under tuned conditions is examined. The structure of the indirect vector controller 

system, with constant parameter speed estimator, was shown in Figure 6.1. It should be 

noted that, in contrast to section 7.2 where actual speed was used for speed control and 

field orientation, in this section and in all the subsequent sections estimated speed is 

utilised for both field orientation and speed control. Actual speed is now only 

monitored. 

Induction machine is represented with the full saturated machine model in stationary 

reference frame, given in section 5.3 with the system of equations (5.31). Due to 

assumed ideal current feeding stator current commands in stationary reference frame 

are equal to actual stator current components, so that stator voltage equations are not 

required in the machine model. 

Inputs of speed estimator are stator voltage components and stator currents components 

in stationary reference frame. Stator voltage components can be reconstructed by using 

stator current components and their derivatives, as well as various required saturated 

inductance values and rotor current components in stationary reference frame from the 

machine model. On the basis of complete induction machine model given in section 5.3 

with (5.16) - (5.20), stator voltage components are found in the stationary reference 

frame as: 

di dig' di, dißr 
vý _ (Lý + Laý, ý 

dt + Laß 
dt + Lam" 

dt + Lp 
dt + R, i. 

(7.1) 
did' dia, diß. 

vý =Lit di + (L,,, + Lßß. ) 
dt + LL 

dt + Lß 
dt + Rjý, 

where all the inductance terms are defined in (5.21) - (5.23). 

The Simulink model for simulation of the drive system is included in Appendix C. All 

the parameters in both the controller/estimator and in the machine model have the rated 
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values (given in Appendix A). Representation of the machine and therefore the 
Simulink model as well are the same for subsequent sections 7.4 to 7.6. 

The machine is excited under no-load conditions at zero speed with rated rotor flux 

reference. Speed command of rated value is applied at t=0.1 s in a ramp-wise manner. 

Rated torque is applied at t=0.6 s. Figure 7.15 shows the simulation results of the 

sensorless system. The results shown are actual and estimated speed response, speed 

estimation error (An=n-n"'), actual and commanded torque, magnetising current 

components, reference and actual rotor flux, rotor flux components, and actual and 

controller/estimator magnetising inductance. 

As is evident from Figures 7.15a, b, c, the estimated speed tracks the actual one very 

well, except in the initial part of the acceleration. Commanded and actual torque are in 

good agreement, except during acceleration, Figure 7.15d. Field orientation is initially 

lost, as witnessed by oscillatory torque behaviour. In steady-state operation, orientation 

angle error is negligibly small again, as rotor flux q-axis component is essentially zero, 

Figure 7.15h. Speed estimation error, initially large, is zero for both full load and no- 

load operation at rated speed and has negligibly small values during transient caused by 

rated load torque application, Figure 7.15 b and c. Commanded and actual rotor flux are 

in good agreement and magnetising inductances in the controller/estimator and in the 

machine are equal, except during acceleration, Figures 7.15 f and g. It should be noted 

that rather unsatisfactory performance during acceleration transient can be improved by 

reducing the gains of the speed PI controller of Figure 6.1. 

7.4 Detuning due to incorrect magnetising inductance setting 

In this part of study detuning due to incorrect magnetising inductance setting during 

transient operation is elaborated. Detuning due to magnetising inductance variation is 

independent of speed, but load independent as discussed in section 6.4. It is at 

maximum when load torque is rated, Figure 6.6. The same simulation study as in 

section 7.3 is performed again, with the magnetising inductance set to constant values 
from 0.8 to 1.2L,,,,, in the controller and estimator. All the other parameters in the 

controller/estimator and in the machine remain the same and equal to rated values. 
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Figure 7.16 displays a sample of simulation results. Speed estimation error, and 

commanded and actual torque are shown for Lm* = 0.8,0.9,1.1 and 1.2L,,., respectively 

Speed estimation error during acceleration remains the same as in Figure 7.15. 

Therefore, the results, given in Figure 7.16, contain speed estimation error for time 

interval uz -(0.5s, Is). One can observe that speed estimation error in steady-state 

operation with rated speed and rated load torque is around +3 rpm, +1.8 rpm, -1.7 rpm 

and -4 rpm for L, n* = 0.8 to 1.2Lnm respectively ([Wang and Levi, 1998]), which closely 

agrees with results of steady-state analysis (section 6.4). Torque response to load torque 

application is again instantaneous, indicating absence of orientation angle error. 

However, it also can be seen from Figure 7.16 that there are some discrepancies in 

steady-state operation between commanded and actual torque, caused by magnetising 

inductance variations. When magnetising inductance is smaller than rated, actual torque 

is greater than commanded torque. When magnetising inductance is greater than rated, 

actual torque is less than commanded torque, which is in agreement with results of 

steady-state analysis of section 6.4. Orientation angle errors are in all the cases 

negligibly small. Rotor flux components have similar response characteristics as in 

Figure 7.15, and are therefore not shown in Figure 7.16. 

If magnetising inductance value in the controller and speed estimator is set to correct, 

rated value (that is Lm` = L,,. ), main flux saturation will cause detuned operation mainly 

in field-weakening region due to non-linear nature of the magnetising curve. Therefore, 

induction machine operation in field-weakening region is further examined. 

If an evaluation of detuning purely due to omission of the main flux saturation 

representation in the speed estimator is to be obtained, it is necessary to at first modify 

the structure of the indirect vector controller of Figure 6.1. In particular, compensation 

of main flux saturation effects in the indirect vector controller is necessary. A 

convenient way of achieving this is the method developed in [Levi et al, 1990]. 

As shown in [Levi et al, 1990], an indirect feed-forward rotor flux oriented controller 

with partial compensation of main flux saturation is described with the following 

equations: 

yim = yr; + T,, d yi; / dt (7.2) 
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ids=i, 
n(V1m)+(1/Lr)T,, 

dV, /dt (7.3) 

wsý = K1i / Výý (7.4) 

iys ' =(1/K2)Te`l 1J 
(7.5) 

where K, = L:.,, IT, -,, and K2 = 
(3/2)P L�, 

n 
IL:,.,, are constants. An indirect vector 

controller, described by (7.2)-(7.5), ignores the cross-saturation effect and neglects the 

change in the ratio of magnetising inductance to rotor inductance in (7.4)-(7.5) [Levi et 

al, 1990]. 

If the rotor speed is assumed to vary much more slowly than the electromagnetic 

transients, then the rate of change of the rotor flux reference in (7.2)-(7.3) is slow. It is 

therefore possible to further simplify (7.2)-(7.3), by neglecting the rate of change of 

rotor flux reference. Hence: 

m= 
ýr tds = tm 

(V. ) (7.6) 

The indirect vector controller based on (7.4)-(7.6) is illustrated in Figure 7.17. It is now 

used in simulation instead of the one of Figure 6.1, that was sufficient for operation in 

Figure 7.17: Indirect rotor flux oriented controller with compensation of main flux 
saturation. 

the base speed region. Symbols TG and SG in Figure 7.17 stand for 

SG = Lm�/T, = K, and TG = 2/(3P) C,. 1, C.,, =1/K2 . 

The same type of simulation is done again with rated values of all the parameters 

(including magnetising inductance in the speed estimator) in the machine and 
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controller/estimator. The machine is initially excited at zero speed under no load 

conditions. Speed command is then applied so that rated speed operation under no load 

condition is achieved. During operation at rated speed a load of 1 p. u. is applied in a 

step-wise manner at t=0.5 s. At t=1s load torque is stepped down to one half of the 

rated and this value is not changed any more. Final operating steady-state is therefore 

with 0.5 p. u. load torque. Transients for four different final speeds are simulated, 

namely speed commands of 1.25 p. u., 1.5 p. u., 1.75 p. u. and 2 p. u. Results are 

displayed in Figures 7.18 to 7.21. Actual and estimated speed, speed error, actual and 

commanded torque, and rotor flux components are shown in all the four Figures. 
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Figure 7.18: Dynamic response of the machine (final operating speed is 1.25w,,. ) 

Transient behaviour of the machine while it runs in base speed region remains the same 

as discussed for tuned conditions, section 7.3. Undoubtedly, constant parameter speed 

estimator enables satisfactory quality of rotor flux oriented control in the base speed 

region if all the parameters are tuned. The problems however begin once when the 

field-weakening operation is initiated at t=1.5 s. Speed estimation error quickly 

increases. For machine running in field-weakening region, one can see that detuning 

effects are speed dependent. Speed estimation error in final steady-state operation is 

6.75 rpm, 11.6 rpm, 16.56 rpm and 21.5 rpm for machine running at 1.25,1.5,1.75 and 
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2 p. u. speed, respectively. Rotor flux orientation is lost due to main flux saturation 

effect in field-weakening region, as final steady-state is characterised with substantial 
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value of rotor flux q-axis component in all the cases. Torque error in steady-state 

operation increases with increase in final speed. The highest torque error appears at 

final speed reference speed of 2 p. u. These results show that main flux saturation in 

induction machine may cause serious problems when machine runs in field-weakening 

region. Results shown here clearly demonstrate the need for incorporation of the main 

flux saturation in the speed estimator, if satisfactory performance is to be achieved in 

the field-weakening region. This issue will be addressed in section 8.3. 
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7.5 Detuning due to rotor resistance variation 

Thermal variation of rotor resistance causes detuned operation. As discussed in section 

6.6, detuning effects due to rotor resistance variation are independent of speed, but load 

dependent. Maximum detuning occurs when machine runs with rated torque command. 

In order to evaluate detuning effects due to rotor resistance variation, the same 

simulation procedure is repeated again. Rotor resistance is fixed to values between 0.8 

and 1.2R�ß in the machine while the one in the controller/estimator is rated. All the 

other parameters in the machine and in the estimator/controller remain the same and 
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equal to rated values (magnetising inductance in the controller/estimator is equal to 

rated). Sequence of transients is the same as in section 7.3. 

Figure 7.22 displays a sample of simulation results. Speed estimation error, and actual 

and commanded torque are given for R, = 0.8,0.9,1.1 and 1.2 R, n, respectively. 

Transient behaviour during acceleration remains essentially the same as in Figure 7.15. 

Therefore, Figure 7.22 shows speed estimation errors for the four cases for time interval 

tE(0.5s; Is). Torque response is included as well. It is interesting to note that the 

orientation angle error is negligibly small when rotor resistance varies, so that transient- 

free torque response is maintained irrespective of the speed estimation error. This is in 

close agreement with results of steady-state analysis given in section 6.6. Furthermore, 

speed estimation errors in steady-state operation at rated speed with rated load torque 

are +10 rpm, +5 rpm, -5 rpm and -10 rpm, [Wang and Levi, 1998], which equals the 

values predicted by steady-state analysis in section 6.6. Torque error in steady-state is 

negligibly small, this again being in full agreement with results of the steady-state 

analysis presented in section 6.6. 

7.6 Detuning due to stator resistance variation 

Detuning due to stator resistance variation is speed (frequency) dependent and is most 

pronounced at low speeds as discussed in section 6.5. On the other hand, impact of 
loading is smaller than in the previous two cases. The simulation model is the same as 

the previous one. The simulation is done for reference speed of 0.05 p. u.. Load of 0.2 

p. u. is applied at t=0.6 s, while rated load torque is applied at t=0.8 s. Stator 

resistance in the machine is taken as R, 3 = 0.8Rs,, and R,, =1.2RS,,, respectively, while the 

one in the estimator equals rated value. All the other parameters are the same in both 

machine model and controller/estimator (i. e. all have rated values). Results obtained for 

the value of 1.2 p. u. of the stator resistance in the machine are shown in Figure 7.23a. 

Actual and estimated speed, speed error, and actual and commanded torque are given. 
However, for stator resistance of 0.8 p. u., it was not possible to get the results for the 

same speed command. It is worth noting that a similar problem at low speeds was 

observed in experimental study of detuning reported by [Armstrong and Atkinson, 

1997]. Therefore, speed command for this stator resistance is increased to 0.1 p. u. and 
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It can be seen that speed estimation error is speed dependent, with weak load 

dependence, and is the highest at low speed. 

Speed estimation error is around 4 rpm for speed command of 0.05 p. u. with Rs = 1.2Rsn 

in Figure 7.23a. It is close to -4 rpm for speed command of 0.1 p. u. with RS = 0.8Rs,,, 

[Wang and Levi, 1998]. Stator resistance variation also causes significant discrepancy 

between actual and commanded torque at low speeds. Moreover, orientation angle error 

0 

"i 

1 7 

06 0.7 08 0.6 

0 
TYm (a) 

00 ý50 

30 
30 

20 
10 
0 

"w 
s0 
40 

140 



CHAPTER 7: DETUNING IN TRANSIENT OPERATION OF A SENSORLESS ... 

is of rather significant value at low speeds as well. These results are in good agreement 

with results of the steady-state analysis, section 6.4. As complete failure of the speed 

estimator may result, accurate adjustment of stator resistance appears to be of crucial 

importance. 

7.7 Detuning due to iron loss 

As discussed in section 6.2, detuning effects due to iron loss are speed dependent and 

load dependent. In order to evaluate detuning effects due to iron loss in transient 

operation, main flux saturation is neglected in the machine model. Although omission 

of main flux saturation representation in the field-weakening region is unrealistic, this 

approach enables examination of detuning purely due to iron loss. Structure of the 

sensorless vector controlled induction machine drive remains the same as shown in 

Figure 6.1, with estimated speed used for speed control and orientation purposes. All 

the parameters have the rated values both in the machine model and in the 

controller/estimator. However, induction machine model with iron loss accounted for 

(given in section 5.2) is utilised here. Due to assumed current feeding, the machine 

model does not include stator voltage equations and is given with system of equations 

(5.11). The stator equations are however utilised for calculation of stator voltage 

components, required by the estimator. From section 5.2, equations (5.7), one has 

v, = Rsi. * + L, 
dim" 

+ L. 
dim� 

dt dt (7.7) 
di1ý dig� 

v, = Rsip, * + Lý 
dt + L. 

t 

In order to investigate the influence of iron loss at different speeds and with different 

load torques, four cases are simulated. The first simulation is done with reference speed 

of 0.5 p. u. with rated load application at t=1s. Load torque is then reduced to 0.5 p. u. 

at t=1.5 s. The second simulation is done for rated speed command. Rated load torque 

is applied at t=1s and is subsequently reduced to 0.5 p. u. at t=1.5 s. Next, 

simulations for speed commands equal to 1.5 p. u. and 2 p. u. are done. 

Figure 7.24 presents simulation results for speed command of 0.5 p. u.. It can be seen 
that speed estimation error is load dependent. In steady-state operation, speed 
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estimation error is 2 rpm for zero load torque. For rated load torque and 0.5 p. u. load 

torque, speed estimation error is 2.6 rpm and 2.25 rpm, respectively. Torque response to 

load torque application is instantaneous. In steady-state operation, torque error is 

evident. It increases when load torque decreases, the actual torque being smaller than 

commanded torque. Orientation angle error is negligibly small, except during 

acceleration, as indicated by rotor flux q-axis component trace shown in Figure 7.24. 

Simulation results shown in Figure 7.25 apply to the rated speed reference. Speed 

estimation error in steady-state operation is 2.2 rpm for zero load torque. It is 2.8 rpm 

and 2.4 rpm for rated load torque and 0.5 p. u. load torque, respectively. Torque error 
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Figure 7.24: Detuning in transient operation due to iron loss (speed command of 0.5 
p. u. ). 

has the same features as discussed above. Field orientation angle error is again 

negligibly small as rotor flux q-axis component is essentially zero, except during 

acceleration. 

Simulations are done next when the machine runs in field-weakening region. For speed 

command of 1.5 p. u., rated load torque is applied at t=1s and is then reduced to 0.5 

p. u. at t=1.5 s. For speed command of twice the rated speed, rated torque is applied at t 

= 1.5 s and is then reduced to 0.5 p. u. at t=2.5 s. Figure 7.26 displays simulation 
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results for 1.5 and 2 p. u. reference speed. Torque and rotor flux component behaviour is 

similar as before and is therefore not shown in this Figure. In steady-state operation at 

1.5 p. u. speed estimation error is 3.5 rpm with rated load torque and 2.5 rpm with 0.5 

p. u. load torque, Figure 7.26a. Speed estimation error at 2 p. u. speed is 4.7 rpm with 

rated load torque and 3.1 rpm with 0.5 p. u. load torque, 7.26b. 

Comparing the speed estimation errors shown in Figures 7.24-26, one can conclude that 

speed estimation error is speed dependent and load dependent. It increases with speed 

increase. The results presented in this section are in good agreement with results of 

steady-state analysis given in section 6.2. 

7.8 Detuning due to iron loss and incorrect setting of the magnetising inductance 

Investigation of detuning effect due to iron loss and incorrect setting of the magnetising 

is performed in this sub-section. The simulation is done again assuming incorrect 

setting of the magnetising inductance. Magnetising inductance in the controller/ 

estimator is set to 0.8L,,,,,, L,,,,, and 1.2L,,,,,. All the other parameters in the machine and 

controller/estimator remain the same and equal to rated values. Induction machine 

model with both iron loss and main flux saturation accounted for, given in section 5.4 

with equations (5.53)-(5.56), is utilised here. Stator voltage components, required by 

the estimator, are reconstructed using (5.52) 

di ' ýVam 
v., = R, i.. +Lc dt + RFe iin +iw -L 

m (7.8) 
v., = Rsi, ' + Lý 

d" 
ot 

+R Fe 
ißs + ip, - L. 

The Simulink model is included in Appendix C. 

At first the simulation is done for magnetising inductance set to Sequence of 

transients is as follows. Excitation of the machine is initiated at t=0s at zero speed 

under no-load conditions with rated rotor flux reference. At t=0.5 s rated speed 

command is applied in a ramp-wise manner. Rated load torque is applied at t=1s and 

at t=1.5 s load torque is reduced to one half of the rated. Then, the same simulation is 

repeated with Lm`=0.8L,.. For case of L, n*=1.2L,,., sequence of transients is as follows. 

Excitation of the machine is initiated at t=0s at zero speed under no-load conditions 
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with rated rotor flux reference. At t=0.5 s rated speed command is applied. Rated load 

torque is applied at t=1.5 s and is not changed any more. Figures 7.27-7.29 illustrate 

the simulation results for these three cases, respectively. 
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Figure 7.27: Detuning in transient operation due to iron loss and incorrect setting of the 
magnetising inductance (L�, '=L,,,,, ): a) actual and estimated speed, b) speed 
error, c) actual and commanded torque, d) rotor flux components. 

For case of Lm*=L,,,,,, it can be seen that estimated speed tracks actual one very well, 

except during acceleration, Figure 7.27a. As iron loss does exist, speed estimation error 

is around 2 rpm for all load torque conditions in final steady-state operation, Figure 

7.27b. Actual torque is smaller than commanded torque, Figure 7.27c. Orientation angle 

error is very small, as rotor flux q-axis component is essentially zero. All the steady- 

state values shown here fully correspond to the results of steady-state analysis presented 

in section 6.7. 

For L, n*=0.8L,,,,,, it can be seen that the simulation results shown in Figure 7.28 are 

similar to those shown in Figure 7.27, except for the speed estimation error. Speed 

estimation error in final steady-state operation is dependent on load torque. It is about 2 
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Figure 7.28: Detuning in transient operation due to iron loss and incorrect setting of the 
magnetising inductance (Lm*=O. 8L,,,,, ): a) actual and estimated speed, b) 
speed error, c) actual and commanded torque, d) rotor flux components. 

rpm for no-load condition. It is 5.3 rpm for rated load torque and 3.8 rpm for one half of 

the rated load torque, Figure 7.28b. 

For Lm*=1.2L, M, speed estimation error in final steady-state operation is about 2 rpm for 

no-load condition and is 1.7 rpm for rated load torque condition, Figure 7.29b. Torque 

error is slightly larger than in the previous two cases, Figure 7.29c. Orientation angle 

error is again very small, Figure 7.29d. The simulation results are again in good 

agreement with results of steady-state analysis presented in section 6.7. 

7.9 Summary 

A detailed study of transient behaviour of a sensorless indirect rotor flux oriented 

current-fed induction machine, with rotor flux based MRAC speed estimator, in the 

presence of parameter uncertainties, iron loss, and main flux saturation is presented. 
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Figure 7.29: Detuning in transient operation due to iron loss and incorrect setting of the 
magnetising inductance (Lmi=1.2Lnm): a) actual and estimated speed, b) 
speed error, c) actual and commanded torque, d) rotor flux components. 

The major results of this chapter were reported in [Wang and Levi, 1998; Wang and 

Levi, 1999]. The results obtained in this chapter are in good agreement with results of 

steady-state analysis given in chapter 6. It is shown that the major consequence of 

parameter detuning is a speed estimation error, that is of the highest value when rotor 

resistance varies. Speed estimation error caused by stator resistance variation is speed 

dependent, with weak load dependence. It is the highest at low speed. Combined 

detuning effects due to iron loss and main flux saturation are studied. It is shown that 

speed estimation error is dominated by iron loss in base speed region and is of the same 

order as the one caused by other parameter variations. In field-weakening region, speed 

estimation error is up to 20 rpm and is dominated by main flux saturation. In order to 

obtain high performance of a sensorless induction machine drive, one can conclude that 

iron loss and main flux saturation should be compensated. 

1 
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s COMPENSATION OF PARAMETER VARIATION EFFECTS BY 

MODIFIED INDUCTION MACHINE MODELS 

8.1 Introduction 

Compensation of parameter variation effects in sensorless vector controlled induction 

motor drives with model based speed estimation has been a subject of considerable 

interest in recent past. In majority of cases attempts are made to provide on-line 

identification of either stator resistance [Umanand and Bhat, 1995; Blasco-Gimenez et 

al, 1995; Yang and Chin, 1993], or rotor resistance [Kubota and Matsuse, 1994; Pana, 

1997; Jiang and Holtz, 1997]. Simultaneous identification of both the stator and the 

rotor resistance is proposed in [then and Xu, 1995; Lee et al, 1996], while the 

possibility of simultaneous on-line estimation of rotor resistance and magnetising 

inductance is discussed in [Attaianese et al, 1997]. However, very little effort has been 

put so far into compensation of iron loss and main flux saturation by means of the 

model based approach in sensorless vector controlled induction machine drives, the 

exception being [Blasco-Gimenez et al, 1996b]. Detuning due to iron loss and main 

flux saturation was discussed in detail in the previous two chapters. These two effects 

can be compensated by means of modified vector controller and speed estimator, whose 

structure is derived from modified induction machine models. Compensation schemes 

for iron loss only, main flux saturation only and both iron loss and main flux saturation 

are developed in this chapter. Modified indirect vector controllers, already available in 

literature, are used in conjunction with modified speed estimators that are developed. 

Modified estimators are used in conjunction with suitable modified indirect vector 

controllers and their effectiveness in compensating the given phenomenon is confirmed 

by simulation. 

Section 8.2 discusses compensation of iron loss, while compensation of main flux 

saturation is elaborated in section 8.3. Simultaneous compensation of both the iron loss 

and main flux saturation is the subject of section 8.4, while section 8.5 summaries the 

chapter. Major results of this chapter are available in [Levi et al, 1999; Wang et al, 

1999; Levi and Wang, 1999]. 
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8.2 Compensation of iron loss in sensorless indirect rotor flux oriented induction 

machine 

Iron loss inevitably leads to a speed estimation error, since it always exists in an 

induction machine. Although the speed estimation errors are not excessive, they are not 

negligible either, as discussed in section 6.2 and section 7.7. A modified indirect vector 

controller, that enables full compensation of iron loss induced detuning in a drive with 

speed sensor is proposed in [Levi, 1995 ]. It requires knowledge of the functional 

dependence of the equivalent iron loss resistance on the supply frequency, which can be 

determined for a particular induction machine on the basis of the experimental method 

described in [Levi et al, 1996 ]. This modified indirect vector controller is to be used 

here, in conjunction with newly developed modified speed estimator, to compensate the 

detuning due to iron loss. 

8.2.1 Description of the system 

The modified indirect feed-forward rotor flux oriented controller with iron loss 

compensation is shown in Figure 8.1 [Levi, 1995]. It is derived from the general model 

of an induction machine that accounts for iron loss (5.1) - (5.5) under the assumption of 

ideal current feeding and by application of the rotor flux orientation constraints. The 

model is given with [Levi, 1995]: 

Y'r 
+Torn dV'rldt = Lmnidm 

(O3 Lmnlgm/(Tarn /r) 

(Lrn/Lorn)idm 
+TFe ddm/dt ='ds +Y'rl Lore +CVrTFelgm (8.1) 

(Lrn/Larn)igm 
+TFe dlgm/Ut 'qs -O)rTFetdm 

T. =3Pj'mn lyrigm 
2 Lin 

where once more TFe=L, ��/RF,, T,,,, =L,, /Rrn and RFe f(fe). 

Assuming that rate of change of the rotor flux reference is slow, the term Tmd yi/dt in 

the first equation of (8.1) can be neglected. The modified indirect vector controller is 

then described with 
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vir - Vfrn IQ)IS CO. 

Dn 
" yr = v'. I(AI> O)n 

(6.6) 

* 
_'r, 

. 
tdm = Y' r/ 

Lmn 

qm =P2 
(Larn /Lmn) Te /Vfr 

. 

"_ 
Lmn 

qm 

ws! T. Vor (8.2) 

r=f 
(cvsr + »)dt 

. = idm - cw:, + w)TFeigm 

iqs = (wsr + O. 
)TPe'dm 

+ [(L�, / Lm) + PTFe 
]'qm 

Taking into account that for a sensorless drive actual speed w needs to be substituted 

with estimated speed oft, that O)r`-[USl*+üft and that the last, derivative, term in 

equation for stator q-axis current command can be neglected as time constant TFe is 

very small [Levi, 1995], the structure of the modified controller of Figure 8.1 is 

obtained. Note that the term didJdt in the third equation of (8.1) automatically 

disappears when rate of change of rotor flux is neglected. (It is worth mentioning that 

main flux saturation is here neglected, although field-weakening region is 

encompassed. The reason is the same as in chapters 6 and 7. ) Constants TG and SG in 

Figure 8.1 stand for TG =3pL.,,, /Lmn and SG = Lmn l imn . 

Figure 8.1: Modified indirect vector controller with compensation of iron loss. 
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In order to retain the simple structure of the speed estimator of Figure 7.3, it is desirable 

to avoid modification of the estimator structure by means of modified induction 

machine's equivalent circuit. An alternative and indeed very simple way consists of 

modification of the input into the estimator rather than of change of its structure. Stator 

current references in Figure 8.1 are obtained by adding iron loss compensation currents 

to the controller outputs. Estimator input is therefore modified in such a way that input 

currents are obtained by deducting iron loss compensation currents from the measured 

stator current components. As iron loss compensation currents are available in the 

rotating reference frame, while speed estimator operates in the stationary reference 

frame, this method requires co-ordinate transformation of iron loss currents from d-q 

reference frame to stationary a, /3 reference frame. Modified speed estimator is 

illustrated in Figure 8.2 [Levi et al, 1999]. 

idFe*=-(Or«TFelgms lgFe«=wr*TFeldm4 las 1ßc vs 

Figure 8.2: Approximate method of iron loss compensation in the speed estimator. 

The behaviour of the proposed compensation method is examined by steady-state 

analysis and dynamic simulation in what follows. 

8.2.2 Results of the study 

In steady-state analysis, commanded speed is taken as independent variable (normalised 

with respect to the rated speed) and the commanded torque is set to a constant value in 

the base speed region. For operation in the field-weakening region, torque command is 

reduced inversely proportionally to the speed so that constant power operation is 

obtained. Induction machine model that includes iron loss, given in section 5.2, is 
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utilised here. Structure of the control system is a combination of Figures 8.1 and 8.2. 

From Figure 8.1 and (8.2), the following relations can be obtained (m, -*=coe}): 

ids - tdm - ZdFe = 1dm We TFelgm 

*2 Lam� 1 (8.3) 
ids = Ir Lrnn -weTFe 

(3P 

L. 1y,. 
Te 11 

tqsf = lqm" LrnlLorn +'qFef = Iqmf Lrn /L + we"TFetdmf 
arn 

"2 
Lrn 1f" (8.4) 

I, 
Te + 6. T )e 

Fe 
V'r. 

/Lmn lqs = ; 7- 
3P Lmn Yr 

All the parameters in both the controller/estimator and the induction machine model are 

equal to rated values. The approach to analysis of steady-state operation is the same as 

the one described in section 6.2 and involves iterative calculation that forces equality of 

the two values of the q-axis magnetising current component. Figure 8.3 displays the 

results of steady-state calculations as function of the speed command. 
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One can observe that speed estimation error is significantly reduced, Figure 8.3a, when 

compared to Figure 6.4a. Speed estimation error is less than -0.3 rpm in the base speed 

region with rated torque command. In field-weakening region, maximum speed 

estimation error is up to 1 rpm with rated power command, while it is up'to 4.5 rpm in 

Figure 6.4. Maximum torque error is only 0.8% in Figure 8.3b for machine speeds up to 

twice the rated speed, while it is up to 20% without iron loss compensation. Rotor flux 

error and orientation angle error are negligibly small. These results illustrate the 

effectiveness of the iron loss compensation scheme, developed in the preceding section. 

The explanation why the speed estimation error, although small, is still present after the 

compensation is as follows. Modified indirect vector controller of Figure 8.1 is 

obtained from the model in which equivalent iron loss resistance is placed in parallel 

with the magnetising branch. On the other hand, method of iron loss compensation in 

the speed estimator of Figure 8.2 corresponds to the placement of the equivalent iron 

loss resistance immediately before the stator resistance. As equivalent iron loss current 

and resistance slightly differ for these two representations of the iron loss [Sokola, 

1998], compensation of the iron loss induced detuning is not perfect. 

Compensating effects are further studied by dynamic simulation using Simulink. 

Dynamic induction machine model with iron loss accounted for, given in section 5.2, is 

again utilised here for induction machine representation. Main flux saturation is 

neglected in the controller, speed estimator and the machine. The structure of the 

modified vector control system is shown in Figure 8.1, while modified speed estimator 
is depicted in Figure 8.2. The Simulink simulation model is included in Appendix C. 

In order to examine dynamic properties of the system, simulations for four speed 

commands, namely 0.5,1,1.5 and 2 p. u. speed, are done. Sequence of transients is as 
follows. Excitation of the machine, with rated rotor flux command, is initiated at t=0s 

at zero speed under no-load conditions. At t=0.5 s speed command equal to one half of 

the rated is applied. Rated load torque is applied at t=1s and at t=2s load torque is 

reduced to one half of the rated. The same simulations are repeated for rated value of 

the speed command. Simulation results for these two speed commands are displayed in 

Figure 8.4. For speed commands above rated, load torque such that power is rated at 
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final speed is applied at t=1.5 s and at t=2.5 s load torque is reduced to such a value 

that power is one half of the rated. Simulation results are displayed in Figure 8.5. 
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Figure 8.4: Dynamic response for drive operation with modified controller/estimator at: 
a) speed command of 0.5 p. u. b) rated speed command. 

It can be seen that actual and commanded torque now essentially coincide for both base 

speed region and field-weakening region. Speed estimation error is significantly 

reduced and is below 0.4 rpm for rated speed operation with rated load torque (worst 

case in the base speed region), Figures 8.4 a, b. In the field-weakening region, at 1.5 
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p. u. speed, speed estimation error is about 0.5 for rated power operation, Figure 8.5 a. 

At twice the rated speed, speed estimation error is up to 1 rpm for rated power 

operation, Figure 8.5 b. For load torque such that power is one half of the rated, speed 

estimation error is below 0.5 rpm. Once more, these values fully correspond to those 

predicted by steady-state analysis, discussed previously in this section. 
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Figures 8.4 and 8.5 confirm again that the approximate method of compensation of iron 

loss, used in the design of the modified controller of Figure 8.1 and speed estimator of 
Figure 8.2, significantly reduces the speed estimation error and confines it to the 

negligible values of up to 0.4 rpm in the base speed region and up to 1 rpm in the field- 

weakening region. 

8.3 Compensation of main flux saturation by means of modified rotor flux based 

MRAC speed estimator 

If a sensorless vector controlled induction machine drive is designed to operate in both 

base speed region and field-weakening region, it becomes an imperative that main flux 

saturation is compensated for. In field-weakening region impact of stator resistance 

variation is negligible, while level of main flux saturation significantly varies with 

operating speed. In this section, modified rotor flux based speed estimator is developed 

and is used in conjunction with an existing suitably modified indirect vector controller. 

The effectiveness of the scheme in compensating main flux saturation is confirmed by 

simulation [Levi and Wang, 1999; Wang et al, 1999]. 

8.3.1 Description of the system 

As already discussed, extension of the operating region of the system above base speed 

region requires modification of the indirect vector controller, by accounting for main 

flux saturation. Such a modified indirect vector controller was introduced in section 7.4 

(equations (7.4) to (7.6)) and its outlook is depicted in Figure 7.17. The indirect vector 

controller of Figure 7.17 is applied in simulations in this section. 

In order to compensate for the main flux saturation in the speed estimator, both the 

reference and the adaptive part of the estimator have to be modified. In order to modify 

the speed estimator, the use is now made of the two alternative models of a saturated 
induction machine, that were given in section 5.3 and were not used until now. Mixed 

magnetising flux-stator current model, described with (5.41) - (5.45), is used for 

development of the modified reference part of the speed estimator, while mixed stator 
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current-rotor flux model, described with (5.33) - (5.40), is utilised in development of 

the modified adjustable part of the speed estimator. 

Magnetising flux-stator current model of a saturated induction machine is characterised 

with the absence of any saturation dependent terms in the stator voltage equations. As 

stator voltages and currents are known, then not only that the rotor flux estimation is 

possible, but an information regarding the actual saturation level in the machine can be 

obtained as well [Levi and Vuckovic, 1993]. In particular, actual magnetising 

inductance in the machine can be estimated as well. The equations of the reference 

model therefore become: 

Yar =J\vas-RsntarJCýt 

1V«m = V. - 
L. J. 

Ym= 7m�+7ßm 

Iron -ýY mit/Y m/gym 

Vßr) = yip� + LL,,, ('PM 
- iPI 

Lmß = ýVm /tm 

Vlis = (vi, - Rs,, i1)dt 

V'p. =v, %-L. ". t p, 
im f (V1m) 

lPm 
(VPn/Vm)lm 

(8.5) 

Reference model, described with (8.5), is illustrated in Figure 8.6. Not only that main 

flux saturation is fully accounted for in the calculation of the rotor flux components, but 

the estimate of the magnetising inductance is provided as well. Estimate of the 

magnetising inductance, obtained from the reference model, will be used in the adaptive 

model. It should be noted that the complexity of the scheme given in Figure 8.6 can be 

reduced for real-time application by suitably re-arranging equations (8.5). 

Modified adaptive model is obtained from the stator current-rotor flux model of a 

saturated induction machine. Inspection of (5.33) - (5.40) shows that in this case the 

only saturation dependent coefficient that appears in the rotor voltage equations is the 

steady-state magnetising inductance, L, n. As shown in [Levi and Sokola, 1997], main 
flux saturation is fully accounted for provided that the appropriate value of the saturated 

steady-state magnetising inductance is used instead of the constant one. Such a value is 

delivered by the reference model. In other words, structure of the adaptive model needs 
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Ir 

Figure 8.6: Structure of the modified reference model with compensation of main flux 
saturation. 

not be changed at all, as dynamic inductance terms do not appear in this equation when 

stator current and rotor flux components are selected as state space variables. An 

appropriate value of the saturated steady-state magnetising inductance is obtained from 

the reference model. The adaptive model then takes the following form: 

-ý2) D 

is_ 
L`rn (2) 

+ 
Lc, t,;, 

dt 

[icot 

Lam, + Lmt Vr Lý,,, + Lm` 
R", i, (8.6) 

Error calculation remains the same: 

yV«: )Vrßr) -Viß2)1Ya) (8.7) 

Resultant structure of the proposed modified speed estimator is shown in Figure 8.7. 

Vs 

is 

Figure 8.7: Modified speed estimator with compensation of main flux saturation. 
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The estimator provides full compensation of main flux saturation in both transient and 

steady-state operation. 

8.3.2 Results of the study 

A number of simulations are done using the indirect vector controller of Figure 7.17 

and the modified speed estimator of Figure 8.7. Induction machine model with main 

flux saturation accounted for and with stator and rotor currents selected as state-space 

variables, given in section 5.3, is utilised here once more for induction machine 

representation. Simulation model is given in Appendix C. The following sequence of 

transients is simulated. The machine is initially excited at zero speed with rated rotor 

flux command under no load conditions. Speed command is then applied, so that rated 

speed operation (1 p. u. ) under no load conditions is achieved. During operation at rated 

speed, a load torque of 1 p. u. is applied in a step-wise manner at t=0.5 s. At t=1s, 

load torque is stepped down to 0.5 p. u. and this value is not changed any more. Finally, 

at t=1.5 s speed command is further increased in a ramp-wise manner, so that field- 

weakening region is entered. Final operating steady-state is therefore with 0.5 p. u. load 

torque. Transients for four different final speeds are studied, namely 1.25 p. u., 1.5 p. u., 

1.75 p. u. and 2 p. u. speed. Figures 8.8 to 8.11 summarise results obtained with 

modified speed estimator. Graphs of actual and commanded speed, speed error, actual 

and commanded torque, actual and commanded rotor flux and actual rotor flux d-q axis 

components are given. 

From Figures 8.8 to 8.11, it can be observed that operation in the base speed region is 

insignificantly changed with the application of the saturation adaptive speed estimator. 

Pattern of discrepancy between actual and commanded torque and between actual and 

commanded rotor flux is during acceleration into field weakening region very similar to 

those in Figure 7.18. These differences occur due to the absence of the stator d-axis 

current command boost during the transient (rate of change of the rotor flux reference is 

neglected in the design of the controller) and can not be compensated by the modified 

speed estimator. However, speed estimation error during this transient is reduced 

significantly. Once when reference speed in the field-weakening region has become 
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constant, the compensating effects become even more remarkable. Final steady-state 

shown in Figures 8.8-8.11 is characterised with perfect field orientation as q-axis 

component of the rotor flux equals zero. Actual rotor flux in the machine exactly 

matches the reference value. Consequently, actual and reference torque are equal as 

well. Speed estimation error is essentially zero for operation at 2 p. u., while for 

operation at 1.25 p. u., 1.5 p. u. and 1.75 speed it is less than 1 rpm. The reason for this 

small residual speed estimation error is explained as follows. Machine model requires 

use of the magnetising curve approximation, while the controller and the estimator ask 

for approximation of the inverse magnetising curve. The two approximations, obtained 
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using curve fitting, are characterised with identical values for rated operating point and 

for the initial linear portions of the curve, while some minor discrepancies exist in 

between. Speed estimation error is therefore zero for operation in the base speed region 

(rated operating point) and for operation at 2 p. u. speed (linear portion of the curve). 

For operation between these two areas of the magnetising curve, where matching is not 

perfect, small residual speed estimation error may result. These considerations indicate 

that accurate knowledge of the magnetising curve is important for successful 

implementation of the developed speed estimator and existing modified vector 

controller. 
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compensation (final speed command 
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8.4 Compensation of both main flux saturation and iron loss by means of 

modified indirect vector controller and modified MRAC speed estimator 

Simultaneous compensation of both the main flux saturation and iron loss is discussed 

here. It can be realised by suitably modifying both the indirect vector controller and the 

MRAC speed estimator, on the basis of indirect vector controller structures and 

modified MRAC speed estimator structures elaborated in sections 8.2 and 8.3. 
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drive with main flux saturation 
compensation (final speed command 
2 p. u. ). 

8.4.1 Description of the system 

The structure of an indirect vector controller that will provide compensation of both 

main flux saturation and iron loss and therefore enable operation in both base speed 

region and field-weakening region is obtained by combining the two controllers, shown 

in Figures 8.1 and 7.17. The resulting controller is illustrated in Figure 8.12 [Sokola, 

1998]. Constants TG and SG are defined as TG=[2/(3P)]L », /L,,,,, and SG=L,,, 1', .,,. 
Time constant TFe is defined as ratio of magnetising inductance to equivalent iron loss 

resistance, Lm(i�, )/RFe(c)e). Note that product of TG and SG in calculation of the 
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Figure 8.12: Indirect vector controller with simultaneous compensation of main flux 
saturation and iron loss. 

reference angular slip frequency cancels dependence on the magnetising inductance, 

while in the calculation of the reference stator q-axis current this dependence is 

approximately cancelled by the product of TG and ratio of rated rotor self-inductance to 

rotor leakage inductance. Function coe-IRFe takes into account dependence of iron loss 

resistance on frequency, while magnetising inductance is calculated from rotor flux 

reference and output of the inverse magnetising curve. 

Speed estimator with compensation of the both phenomena is constructed in very much 

the same way as the indirect controller. The two schemes, proposed for individual 

compensation of iron loss and main flux saturation, are combined to yield simultaneous 

compensation of both effects. The resulting structure of the speed estimator is shown in 

Figure 8.13 and it combines structures depicted in Figures 8.2 and 8.7. 

8.4.2 Results of the study 

Simulations regarding simultaneous compensation of both the main flux saturation and 

the iron loss are conducted using the indirect vector controller of Figure 8.12 and the 
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novel speed estimator of Figure 8.13, with induction machine model accounting for 

both main flux saturation and iron loss, section 5.4 [Wang et al, 1999]. Sequence of 

transients is as follows. Excitation of the machine is initiated at t=0s at zero speed 

under no-load conditions. At t=0.5 s speed command equal to rated is applied, under 

no-load conditions. Rated torque is applied at t=1s and at t=1.5 s load torque is 

reduced to one half of the rated. This value is not changed any more. Finally, at t=2s 

speed command is further increased in a ramp-wise manner, so that field-weakening 

region is entered. Final operating steady-state is therefore with 0.5 p. u. load torque and 

transients for four different final speeds are analysed, namely 1.25 p. u., 1.5 p. u., 1.75 

p. u. and 2 p. u. speed. 

Figure 8.13: Modified MRAC speed estimator with compensation of both iron loss and 
main flux saturation. 

Figures 8.14-8.17 summarise simulation results obtained with modified controller and 

modified speed estimator. Graphs of actual and estimated speed, speed estimation error, 

commanded and actual torque, reference and actual rotor flux, and rotor flux d-q axis 

components are given. 

It can be seen that estimated speed tracks the actual speed very well in the base speed 

region. Steady-state speed estimation error equals zero for no-load conditions at rated 

speed. It is equal to 0.5 rpm for rated load torque (the worst case in the base speed 

region) and 0.25 rpm for one half of the rated torque at rated speed. In field-weakening 
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region, speed estimation errors are confined to values less than 1 rpm and perfect field 

orientation is achieved in all the steady-state operating regimes. Complete annulment of 

speed estimation error is not achieved due to approximate nature of the iron loss 

compensation and due to non-ideal mapping of the magnetising curve and the inverse 

magnetising curve, as explained previously. Actual and reference rotor flux coincide in 

all the steady-state operating conditions. Rotor flux q-component equals zero for all the 

cases in steady-state operation. It can also be observed that commanded torque and 

actual torque are in good agreement. 
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8.5 Summary 

Compensation of detuning due to iron loss, main flux saturation and both the iron loss 

and main flux saturation was discussed in this chapter. In order to compensate the given 

phenomenon, existing improved vector controllers were used and novel improved speed 

estimators were developed. The improved schemes are sufficiently simple for real time 

application. Their effectiveness was confirmed by dynamic simulations. 

Compensation of iron loss is elaborated first. It was shown that the detuning due to iron 

loss significantly reduces when modified controller and speed estimator are used. The 

167 



CHAPTER 8: COMPENSATION OF PARAMETER VARIATION EFFECTS BY... 

a 

II 

4i 

U 

The. W 

so 

40 

9p 
r 10 

0 

-Comm. 
d. d 

o1 I/ 1 16 2 21 

40 
Thm. (. ) 

I 
Tb- bl 

s 

s 

AI 

a ""x 

a 

a 

u 

O 
TIN 

,: 

j o. e 

ae 

o. o 

os 

4.2 
Tr"(. ) 

Figure 8.16: Operation with modified 
controller of Figure 8.12 and 
modified estimator of Figure 8.13 
(final speed 1.75 p. u. ). 

speed estimation error is less than 0.4 rpm in base speed region and less than 1 rpm in 

field-weakening region. The existence of the residual speed estimation error is 

explained. 

Detuning in the field-weakening region is mainly due to main flux saturation. It 

therefore needs to be compensated by suitably incorporating main flux saturation within 

the controller and speed estimator. Such an existing improved controller is used and 

novel improved speed estimator, with main flux saturation compensation, is developed. 

The scheme successfully compensates main flux saturation in field-weakening region, 

as confirmed by simulation. Speed estimation error is confined to less than 1 rpm for all 
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speeds up to 2 p. u. and is a consequence of non-ideal mapping of the machine's 

magnetising curve into the inverse magnetising curve. 

Finally, simultaneous compensation of both the iron loss and main flux saturation was 

studied. Simulation results show that detuning due to both iron loss and main flux 

saturation can be significantly reduced by means of the developed modified indirect 

vector controller and modified speed estimator. Although detuning was not completely 

compensated, speed error was confined to negligible values. The reason for residual 

errors is analysed and explained. 
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9 EXPERIMENTAL INVESTIGATION 

9.1 Introduction 

Theoretical studies of detuning due to parameter variations in sensorless MRAC based 

indirect vector controlled induction machines and means for compensation of iron loss 

and main flux saturation have been elaborated and results have been presented in 

previous chapters. The purpose of this chapter is to describe the experimental work 

undertaken in order to confirm the theoretical findings. An indirect rotor flux oriented 

induction motor drive is used and operation of the MRAC based rotor speed estimator 

of rotor flux type is analysed. Standard constant parameter speed estimator is at first 

used and detuning due to incorrect rotor resistance setting and magnetising inductance 

setting is investigated experimentally. Next, implementation of the novel saturation 

adaptive speed estimator, developed in section 8.3, is discussed and its capability of 

compensating for the saturation effects in the field-weakening region is confirmed by 

experiments. The chapter is organised as follows. The experimental rig is described in 

section 9.2, while section 9.3 deals with tuning of the speed estimator. Sections 9.4 and 

9.5 present the experimental results for the speed estimator operation in the base speed 

region under tuned conditions and detuned conditions, respectively. Results regarding 

operation of the constant parameter and saturation-adaptive speed estimators in field- 

weakening region are given in sections 9.6 and 9.7, respectively. Section 9.8 summaries 

the chapter. 

9.2 Description of the experimental rig 

9.2.1 The approach to experimental investigation 

An indirect rotor flux oriented induction motor drive, with speed sensor, was available 

for the experimental study. As this is a commercially available servo drive, it does not 

offer the flexibility of substituting the actual speed feedback with the estimated speed 

feedback. It was therefore decided to retain operation of the drive with speed sensor 

feedback, and to design and operate the speed estimator in parallel to the drive. 

Estimated speed is therefore not used for either closed-loop speed control or for the 

calculation of the rotor flux position. A schematic diagram, showing the major 

components of the experimental rig, is given in Figure 9.1. The part of the rig, 
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contained within the dashed-line box, was constructed during the course of this project 

and was used for the experimental evaluation of the speed estimators presented in 

subsequent sections. All the major components of the set-up of Figure 9. I are described 

in the following subsections of this section. 

Figure 9.1: Experimental rig. 

9.2.2 Vector controlled induction motor drive with speed sensor 

The vector controlled induction motor drive used in this experimental study is the drive 

produced by the Vickers company. The induction motor is a 2.3 kW three-phase 50 Hz 

four-pole induction motor (its data and parameters are given in Appendix A), which is 

supplied by the DBS 04 type vector controller from 8/22 inverter (8 A rms is the 

nominal current, while 22 A is the peak short-term current of the inverter). The control 

system is based on 8051 micro-controller and TMS30C 14 digital signal processor and it 

encompasses cascaded closed-loop speed and current control. The speed control and 
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field orientation are digital, while the current control loop is analogue, resulting in the 

hybrid realisation. 

The induction motor incorporates a resolver as a speed sensor. The current-controlled 

voltage source inverter operates at 10 kHz switching frequency. The current control 

loop is equipped with two current sensors that provide feedback signals. DC bus 

voltage is detected for protection purposes only and the drive is disabled if undervoltage 

occurs. The excessive DC voltage that occurs during dynamic breaking is suppressed by 

an internal braking resistor. 

Certain drive parameters can be set and changed digitally, either via a special Vickers 

keyboard or via a serial link of a PC. Some of them are protected by a password. The 

operation of the drive can be controlled either by these two digital links or by analogue 

signal oft 10 V brought to the appropriate connector on the front panel of the drive. 

The control algorithm is of feed-forward (indirect) type. It is a simplified version of the 

indirect feed-forward rotor flux vector controller proposed in [Levi et al, 1990], that 

incorporates provision for compensation of main flux saturation in the field-weakening 

region. Operation in the field-weakening region is enabled by reducing the rotor flux 

reference above the base speed. Hence the rotor flux reference is equal to the rated rotor 
flux below the base speed while it is reduced above the base speed using a pre- 

programmed law. The maximum speed in the field weakening is 8000 rpm. The drive 

under consideration here utilises the traditional law for variation of the rotor flux 

reference in the field-weakening region, [Joetten et al, 1983], yip =yr,,, ooB/o. x 

The indirect vector controller with compensation of main flux saturation, implemented 

in the Vickers drive, is essentially the one elaborated in section 7.4 and illustrated in 

Figure 7.17. As discussed in section 7.4, rate of change of the rotor flux reference can 
be neglected due to relatively high inertia of the system and this simplification is 

adopted in the Vickers drive. Some minor modifications are however present and these 

are described next. 

If rated magnetising current is taken as an independent input into the system, it is 

possible to introduce the normalised rotor flux value and the normalised inverse 

magnetising curve. The indirect feed-forward rotor flux oriented controller then takes 

the form shown in Figure 9.2. The constant K2 and the variable rotor flux reference 
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value, required for generation of the stator q-axis current reference in (7.5), are taken 

care of by the PI speed controller. PI speed controller therefore operates with variable 

gains in the field-weakening region. The stator d-axis current reference is generated as 

the product of the rated value and a per unit value. The per unit value is obtained at the 

output of the inverse magnetising curve as a function of the per unit rotor flux reference 

(which is a function of speed). All the per unit values in Figure 9.2 are identified with 

the index pu. Slip gain of the drive (denoted in Figure 9.2 as SG) is a constant 

parameter, given from (7.4) with SG=L,,,,, *I(T *1y,. 
n). The output of the speed controller 

is stator q-axis current reference, so that the constant TG of the Figure 7.17 is 

incorporated into the PI controller gains. 

idsn 

Vr(pu) ý" 
... ids(p. 

u. ) 
ids; 

Ob lzýSF- 
CO 

SG 

i 
0)Sl 

iqs*l iqs* 
13T 

-I 60 w 

Figure 9.2: Indirect feed-forward vector controller of the Vickers drive with 
compensation of main flux saturation. 

Parameters that can be changed by the user are the gains of the PI speed controller (KP 

and KI), rated stator d-axis current (ID), base speed at which field-weakening starts 
(MN), two parameters of the magnetising curve (FB and FS) and the slip gain (SG). 

Such a variety of user-adjustable parameters enables paring of an inverter to any motor 

that has rated power up to the inverter capability. Additionally, this enables great 

versatility of the drive and results in a very good performance in various applications, 

pending appropriate setting of these parameters. 

Inverse magnetising curve of the machine, embedded in the controller of Figure 9.2 in 

per-unit form, is described with a simple approximation of the form 

1m(Pu) =a 'I/ 
Y' m(Pu) 

+1- R)Y' 
m(Pu) (9.1) 
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where i, 
�ýýuý = idcýpuý and tVm(Pu) = 1ý/; ýPuý . The relevant parameters of this function (a and 

b) were identified for the motor under consideration by Sokola [1998]. Similarly, the 

correct slip gain was determined in [Sokola, 1998] as well. Thus a=0.9, b=7 and SG=47 

(in DSP units) and these values are used in all experiments. The vector controlled drive 

with speed sensor therefore always operates under tuned conditions. 

Parameters of the induction motor steady-state equivalent circuit were determined by 

Sokola [1998], using standard tests (no-load and locked rotor tests with sinusoidal 

supply) and are therefore known quantities (all the values are listed in Appendix A). 

Loading of the vector controlled induction machine is provided by a DC machine. It is 

operated as a generator, feeding a resistor bank. The load torque therefore linearly rises 

with speed for a given resistor bank switch position, while the power rises with the 

square of speed. The switch in the 10 A position of the resistor bank corresponds to 

the rated torque of the induction machine at 1500 rpm [Sokola, 1998]. 

9.2.3 Design and implementation of the speed estimator 

The two speed estimators used in the experimental investigation are the constant 

parameter MRAC speed estimator, discussed in section 4.2, and the novel modified 

MRAC speed estimator, that compensates the main flux saturation, described in section 

8.3. As the binary control signals of the inverter switches could not be accessed within 

the controller, it was not possible to use reconstructed stator voltages. The inputs of the 

speed estimators are therefore measured stator voltages and stator currents. As the 

speed estimator is constructed based on the induction machine model in the stationary 

reference frame, three-phase voltages and currents need to be transformed into two 

phase (a-ß reference frame) voltages and currents. The transformation, given with 

equation (2.15a), can be written as: 

2( 
-1 -1 vý =3 lva 2 Vb 2 v, ) = V. 

2 
(9.2) 

-13 
vi=32 vb -2 vý =3 (vb 

- vc 
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2(, 
« 

11) 
iar= 3Zib2ic=ia 

2 (5 (9.3) 
333 

fß=32 lb -2is=3(ib- ic) (io+ 21b ) 

Equation (9.2) applies to phase-to-neutral voltages of the motor. However, as the 

neutral point of the star connected stator winding cannot be approached, line-to-line 

voltages have to be used instead. Phase voltage a-ß components can be given in terms 

of line-to-line voltages with the following expression: 

1 
vom, =3 

(Vab 
- Vca 

vP _-3 
(vai + Via 

(9.4) 

As indicated by (9.3), a-/3 components of the stator current ask for measurement of 

only two currents, since the sum of the three-phase currents always equals zero in a star 

connected winding with isolated neutral. Currents of phases a and b are therefore 

measured. 

Circuits for voltage and current measurement have been designed and built. The inputs 

of the voltage circuit card are three voltages of phases a, b, and c with respect to ground 

and the outputs of the card are attenuated and filtered line-to-line voltage signals vab 

and via. For current measurement, Hall effect current sensors were used. The inputs of 

the current circuit card are phase currents, iQ and ib, and outputs of the card are 

attenuated current signals of is and ib. Both the outputs of the voltage card and current 

card are then sent to an A/D card (PCI-DAS 1200) installed in the computer. The 

sampling frequency of the A/D card is 20 kHz for each signal. A PC with LabVIEW 

software is used for data acquisition and it collects all the signals. The detailed circuit 

schematic is given in Appendix D. The data obtained in this way are stored in a file and 

used further on to investigate the operation of the speed estimator. 

The operation of the voltage and current measurement circuits and the data acquisition 

system was at first tested using sinusoidal supply and was found to be satisfactory. 

However, operation with the inverter proved to be of much poorer quality. The 

sampled input data of a voltage and a current are illustrated in Figure 9.3. 
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It can be seen from Figure 9.3 that the voltage and current waveforms contain certain 

high frequency harmonics, although analogue filtering of the input voltages and 

currents was performed at the measurement stage. No attempt was made to find out the 

source of this distortion. Instead, the waveforms are filtered before being used as inputs 
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Figure 9.3: Sampled phase voltage and phase current. 

to the speed estimator. For this purpose, Butterworth low-pass filters in Matlab are used 

for each input signal. The filtered voltage and current are shown in Figure 9.4. The 

selected parameters of the filter are: cut-off frequency = 500it rad/s, order = 2. 
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Figure 9.4: Filtered phase voltage and phase current. 

It can bee seen that high frequency harmonics have been greatly attenuated. The signals 

can now be used as the inputs of the speed estimators. 

It should be noted that use of Butterworth filters does introduce a phase shift in the 

filtered voltage and current waveforms. However, as the same phase shift in introduced 

in both a and ß components of both voltages and currents, and due to the structure of 
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the speed estimator (that yields the speed estimate by forcing the position of the two 

rotor flux space vectors to the same value), accuracy of speed estimation is not affected 

in any way by this additional filtering. 

9.2.4 Monitoring of the actual speed 

The vector controlled induction machine system comes with resolver as the speed 

sensor. The speed information can be obtained from the panel of the vector controller, 

which is a blank ± 10 V voltage signal with resolution of 800 rpm/V. The actual speed 

signal is recorded by the HP35665A dynamic signal analyser and saved as text file. As 

the probe of the analyser detects the signal with 1/10 attenuation, the actual speed 

should be equal to the voltage signal timed with the scaling factor of 8000. However, 

for an unknown reason, this scaling factor was found not to be correct. 

In order to find the correct scaling factor, the following procedure is used. In no-load 

operation, rotor speed is close to the synchronous speed. Even more so, if the reference 

speed is set to a low value, where mechanical and iron loss become very small. 

The synchronous speed can be obtained by analysing the current signal in no load 

conditions through FFT analysis. 

Figure 9.5 illustrates stator phase current spectra for no-load operation at 500 rpm. 
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Figure 9.5: Current spectra during PWM no-load operation at 500 rpm: a) spectrum up 
to 300 Hz; b) spectrum up to 12 kHz. 

The frequency of the fundamental component for this operation is 16.63 Hz, Figure 

9.5a. It corresponds to the synchronous speed of 500 rpm. By measuring the actual 
speed, and knowing that it has to be 500 rpm, the value of the scaling factor was 
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determined. Therefore, the actual scaling factor used in subsequent studies is set to 
8600, which will convert the voltage signal to the correct actual speed value. 

9.3 Tuning of the speed estimator 

9.3.1 Tuning of induction motor parameters 

An experiment is at first conducted under no load conditions in the base speed region. 

The commanded speed is 500 rpm and the data are recorded over 4 seconds interval. 

All the data are saved and are further used as inputs into Simulink model of the speed 

estimator. As already noted, the actual speed was recorded using HP35665A analyser, 

while the voltage and current signals were recorded through A/D card in the PC. It is 

obvious that the time instant in which data recording starts is not the same for the actual 

speed and the data acquisition system. In order to compare the actual speed and the 

estimated speed, zero time instant has to be shifted for one of the two speeds. 

Consequently, the time scales in the figures displaying speed are shifted, while time 

scales for all the figures giving currents and voltages are the original time scale of the 

data acquisition procedure. 

The purpose of the experiments at 500 rpm reference speed under no-load conditions is 

to investigate whether the parameters of the motor used in the speed estimator exactly 

correspond to those of the machine. Since the operation is without load, at a low speed 

of rotation, the relevant parameters of the motor in steady-state operation are the 

magnetising inductance and the stator leakage inductance (essentially, the stator self- 

inductance). Stator resistance has negligible impact on accuracy of speed estimation in 

this case since the operation is under no-load conditions. Figure 9.6 shows estimated 

and actual speed during no-load acceleration from zero to 500 rpm and the 

corresponding stator phase current. Zoomed portion of the Figure 9.6a for steady-state 

operation, shown in Figure 9.6c, reveals that speed estimation error is of the order of 1- 

2 rpm, that is, negligibly small. It can therefore be concluded that values of the rated 

magnetising inductance and the stator leakage inductance, used in the speed estimator, 

are well tuned. 

The same experiment was repeated for loaded operation. The switch was put in the 10 

A position on the resistor bank. This means that the applied load torque at 500 rpm 
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speed is approximately 1/3 of the rated. The estimated and actual speed are compared in 

Figure 9.7a. The purpose of this test is to establish whether the setting of the remaining 

parameters in the speed estimator (most of all, rotor resistance) is correct. 
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It can be seen from Figure 9.7a that the estimated speed and the actual speed differ 

considerably in steady-state. The estimated speed is lower that the actual speed. The 

estimation error is about 20 rpm. 

On the basis of the analysis of chapter 6, one can assign this error in speed estimation to 

the detuned value of the rotor resistance in the speed estimator. The value of the motor 

rotor resistance, R,,, of Appendix A, was determined in [Sokola, 1988] using locked 

rotor test under nominal thermal conditions. Hence the value of R,,, applies to 50 Hz 

rotor frequency and to rated operating temperature. However, in a vector controlled 

drive, rotor frequency does not exceed the value of approximately 5 Hz in the base 

speed region. Moreover, all the experiments described here apply to operation of the 

machine in more or less cold state. Thus it follows that a different, smaller value of 

179 



CHAPTER 9: EXPERIMENTAL INVESTIGATION 

rotor resistance needs to be used in the speed estimator instead of the Rr,, value. Traces 

of Figure 9.7a are used to find the most appropriate rotor resistance value, that will 

yield near-zero speed estimation error. It was established in this way that the proper 

rotor resistance value is Rm8=0.5R,,,. Speed traces for this rotor resistance value are 

compared in Figure 9.7b and 9.7c. 
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Results of Figure 9.7b show that the estimated speed is now in good agreement with the 

actual speed. The speed estimation error in steady-state is the same as under no-load 

conditions. The rotor resistance in the speed estimator is set to 0.5R,,, for all subsequent 

investigations. 

9.3.2 Filtering of the speed estimate 

One specific problem encountered in the operation of the speed estimator is that the 

speed estimate is characterised with a high level of noise. As such, it would be 

inappropriate for direct use for closed-loop speed control and field orientation. High 

level of noise is due to the high gains of the PI controller within the speed estimator. 
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High gains are necessary since the input into the PI controller is essentially the angular 

difference between the two rotor flux estimates. The output of the speed estimator is 

therefore subjected to additional filtering using a first order filter with transfer function 

1/(1+Tjp). Figure 9.8 shows the two estimated speeds for the 500 rpm acceration 

transient under no-load conditions. The estimated speed shown in Figure 9.8a is not 

filtered. The estimated speed shown in Figure 9.8b is filtered. The results show that the 

quality of the estimated speed has been greatly improved. It has to be noted that the 

speed estimate that is used in the adjustable model is the unfiltered one (i. e. Figure 

9.8a). The filtered estimate, Figure 9.8b, is aimed for use as the speed feedback signal 

and for field orientation. The speed estimate shown in all the previous and the 

subsequent figures is the filtered one. 

It is obvious that inserting a filter in the estimated speed channel will cause time delay 

and affect the response time. A compromise value of T1 is selected in such way that 

smoothed estimated speed is obtained and time delay is reasonably small. Figure 9.9 

shows the estimated speeds for different values of T1. 
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It can be seen from Figure 9.9b that the filtered estimated speed is much smoother when 

time constant T1 increases. However, the time delay is also larger due to larger time 

constant. In order to minimise the error caused by the time delay, the time constant T, is 

set to 0.03. This value gives reasonably smoothed estimated speed and small time 

delay. Figure 9.9c shows the actual speed and estimated speed for Ti=0.03. 
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The parameter in transfer function 1 employed in the output of both the 
p+ 1/T) 

reference and adjustable model is selected in such way that the best behaviour of the 

estimated speed is obtained. Figure 9.10 shows the estimated speed for different values 

of 11T for the same no-load 500 rpm acceleration transient. 

It can be seen from Figure 9.10 that the estimated speed is affected by the value of 11T. 

The largest difference between the estimated speeds is in vicinity of zero speed. When 

11T= 100 is used, the estimated speed error is quite large. The error is reduced as value 

of 11T increases. It can be seen that the best estimated speed is obtained with 1/T=800. 

Therefore, this value is used in the speed estimator further on. 
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Figure 9.10: Estimated speed for Tj=0.03s and: a) 1/T=100, b) 1/T=300, c) 1/T=500, d) 
1/T=800. 

9.3.4 Tuning of the PI controller 

As already noted, parameters of the PI controller within the speed estimator have a 

profound influence on the quality of the speed estimate. Figure 9.11 illustrates the 

speed estimate for the same 500 rpm no-load acceleration transient, obtained using 

three distinctly different pairs of PI controller gains. The values KK = 150 and Kr = 800 

are used for subsequent work (and apply to all the previously presented results as well). 

Figure 9.12 illustrates the complete structure of the constant parameter speed estimator 

used in experimental investigation. Parameters of the motor used in the adjustable and 

reference model are those of subsection 9.3.1. The values of all the other estimator 

parameters, tuned as described in various subsections of this section, are kept at values 

shown in Figure 9.12 in subsequent work. 
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9.4 Operation of the speed estimator in the base speed region - tuned conditions 

Two sets of experiments are performed, for operation under no-load conditions and 

operation with load, respectively. The base speed is set to 1500 rpm. The first set of 

experiments comprises of acceleration transients under no-load conditions for different 

speed commands. The experiments for speed command of 900 rpm, 1200 rpm and 1500 
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rpm were performed. The second set of experiments consists of acceleration transients 

of the loaded machine. The switch of the resistor bank is on the 10 A position for all the 

speed commands. Speed commands were the same as those in no-load conditions. The 

constant parameter speed estimator is used. Comparison of actual and the estimated 

speed is shown in Figure 9.13 for all the speed commands and both no-load and loaded 

operation. 
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One observes from Figure 9.13 that estimated and actual speed are in very good 

agreement, both during the transient and in subsequent steady-state operation. 

The speed estimation errors for no-load cases are about 1-2 rpm. With an increase in the 

load, the speed estimation error slightly increases and is about 4 rpm for rated torque 

operation at 1500 rpm. Figure 9.14 presents zoomed extracts from Figure 9.13 that 
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show actual and estimated speed in final steady-states. Cited approximate speed 

estimation errors serve as a guide-line only, since the noise in Figure 9.14 clearly 

prevents any accurate reading. 

Experiments for deceleration transients were performed as well. When the machine was 

running in steady-state at 900 rpm, the speed command was reduced from 900 rpm to 

500 rpm. The phase current, the phase voltage and the estimated and actual speed are 

shown in Figure 9.15 for deceleration transient under no-load conditions and with load. 

The speed estimator once more gives good prediction of the actual speed of rotation. 
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9.5 Operation of the speed estimator in the base speed region - detuned conditions 

Parameter variations will cause detuned operation of the speed estimator. In this 

section, parameter variation effects are investigated using experimental data. In order to 

investigate the detuning caused by incorrect setting and/or parameter variations, the 

constant parameter speed estimator was used to estimate the rotor speed. 

The approach to the assessment of the speed estimation error caused by incorrect 

parameter values is the following. Actual speed has been measured for a number of 

transients and was shown in the section 9.4. The corresponding input data (voltages and 

currents) are used again for the speed estimator. However, a certain parameter is 

deliberately detuned, so that the effects of parameter variations can be observed. 

For all the four different speed commands of section 9.4 (500,900,1200 and 1500 

rpm), the switch of the resistor bank is in the 10 A position, so that the rated load torque 

appears for the rotor speed of 1500 rpm. As the torque varies linearly with the speed, 

the load torque per unit value equals speed per unit value. 

The relevant parameters, whose detuning effects are of interest, are the rotor resistance 

and the magnetising inductance. The effect of rotor resistance variation on speed 

estimation accuracy is investigated first. The rotor resistance in the speed estimator is 

set to values between 0.8R,,, ß and 1.2R,,, * (R,,, t=0.5R,,, ), while all the other parameters 

are set to the rated values. The resulting speed estimation errors are shown in Figure 

9.16a for steady-state operation, against per unit load torque. 
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It can be seen that speed estimation error (An=n-n"') is load dependent. When the rotor 

resistance is smaller than the rated value, the estimated speed is higher than the actual 

speed. When the rotor resistance in the speed estimator is larger than the rated value, 

the estimated speed is lower than the actual speed, Figure 9.16a. When rotor resistance 

varies by ± 20 %, the maximum speed error is about 13 rpm at 1500 rpm with the rated 

torque. 

Direct comparison of the experimental results in Figure 9.16a with results of the 

theoretical study, presented in section 6.6 (Figure 6.9a), is not possible because of the 

difference in the procedures used in theoretical and experimental investigation. While 

in the theoretical work detuning simultaneously took place in both the indirect vector 

controller and the speed estimator, detuning in experiments is introduced in the speed 

estimator only. Additionally, estimated speed was used in chapters 6 and 7 for both 

closed-loop speed control and the transformation angle calculations, while here actual 

speed is used for these purposes. Nevertheless, comparison of Figures 9.16a and 6.9a 

shows striking similarities. Speed estimation error increases almost linearly with the 

load torque, detuning of the rotor resistance by the same amount in plus/minus direction 

causes speed estimation errors of the same absolute value and opposite signs, and, 

finally, even the values of the speed estimation error are very similar although the 

machines are quite different (maximum error, for rated torque operation, is ± 13 rpm in 

Figure 9.16a and ± 10 rpm in Figure 6.9a). One important difference is that the speed 

estimation error is of opposite sign in Figures 6.9a and 9.16a for the same amount of 

detuning in the rotor resistance. This difference is only apparent however. Figure 6.9 

was obtained by keeping the rotor resistance value in the controller/estimator at rated 

and by varying the rotor resistance in the motor. Hence rotor resistance value of for 

example 1.2 times the rated means in Figure 6.9 that rotor resistance in the motor is 

20% higher than the value in the controller/estimator. In contrast to this, rotor resistance 

of 1.2 times rated in Figure 9.16a means that resistance in the estimator is 20% higher 

than the one in the motor. To put it simply, coefficient of 1.2 in Figure 6.9a corresponds 

to 1/1.2=0.83 in Figure 9.16a, while coefficient of 0.8 in Figure 6.9a corresponds to 

1/0.8=1.25 in Figure 9.16a. The sign of the speed estimation error predicted by theory 

and by experiments is therefore the same. 
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The information compiled in Figure 9.16a was extracted from the traces illustrated in 

Figure 9.17. Due to the noise present in the signals, some error is inevitably present in 

extracted values in Figure 9.16. 

The effects of the magnetising inductance incorrect setting on the speed estimation are 

studied next. The magnetising inductance in the speed estimator varies from 0.8 to 1.2 

of the rated value, while all the other parameters are set to the rated values. The results, 

compiled and extracted in the same way as explained in conjunction with Figure 9.16a 

are shown in Figure 9.16b. 
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It can be seen that the speed estimation errors are load dependent as well, as predicted 

by steady-state analysis of section 6.4. The maximum error appears to be 15 rpm when 

the machine runs at 1500 rpm with the rated load torque. When the magnetising 

inductance is smaller than the rated value, the estimated speed is lower than the actual 

speed. When the magnetising inductance is larger than the rated value, the estimated 

3.73 3.74 3.75 3.76 

Tim. (4) 

-Rr O. 8Rm' -6 RrURm' -Rr-Rm' 

- X-Rr. /. 7Rm' -X-RM. 2Rm" 

a) 

190 

eeo 1iII 
3.72 3.73 3.74 3.75 3.7e 3.77 

TNro (s) 

-O-R-O 8Rm' -B-Rr. O. 9Rm -Rnflm" 

-X Rn1.7Rm' X-Rr. 1.2Rm" 

b) 



CHAPTER 9: EXPERIMENTAL INVESTIGATION 

speed is higher than the actual speed, Figure 9.16b. Comparison of Figure 9.16b with 

the Figure 6.6a shows again a number of similarities. Speed estimation error linearly 

increases with the load torque. The sign of the speed estimation error is the same for the 

given detuned value of the magnetising inductance. This is so as the same approach to 

detuning is used in theoretical and experimental work (that is, a value of kL,,,,, is used in 

the controller/estimator in chapters 6 and 7 and in the speed estimator in this section). 

The values of the speed estimation error are of the similar absolute value and opposite 

sign for the same plus/minus deviation of the magnetising inductance. Some shift 

upwards, due to iron loss, is evident. The only important difference between Figures 

6.6a and 9.16b is in the amount of the speed estimation error, as the experimental 

values are considerably higher. Figure 9.18 shows a set of traces in steady-state from 

which data of Figure 9.16b were compiled. 
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Speed estimation errors caused by variations of stator resistance were investigated as 

well and were found to be very small. For all the speeds of 500 to 1500 rpm, errors are 

within 0.5 -1 rpm. 

9.6 Operation of the speed estimator in the field-weakening region 

In order to investigate the detuning effect caused by main flux saturation, experiments 

in the field-weakening region were performed. Due to the limitations imposed by the 

DC machine, which is the load of the induction motor, the speed cannot exceed 1500 

rpm. The base speed was therefore set to 650 rpm, so that the field-weakening operation 

starts at 650 rpm. Load setting was determined so that the output power at 1500 rpm 

does not exceed the rated power of the induction machine. Therefore, the load switch 

was set to 4A position for all the experiments in the field-weakening region. All the 

parameters of the indirect vector controller of Figure 9.2 are set to rated values 

(coefficients of the inverse magnetising curve approximation and slip gain). 

Constant parameter speed estimator is used. All the parameters, including the 

magnetising inductance, are set to constant rated values. Transients related to 

acceleration from zero to 900 rpm speed, from zero to 1050, from zero to 1200 and 

from zero to 1350 rpm speed are studied, for both no-load and loaded conditions. The 

actual and estimated speed are shown in Figures 9.19 and 9.20 for no-load and loaded 

acceleration, respectively. 

When machine is running in the field-weakening region, speed estimation errors 

increase with increase in speed, if constant parameter speed estimator is used. This is so 
because the magnetising inductance in the induction machine increases in the field- 

weakening region. The rated inductance in the speed estimator is thus smaller than the 

actual inductance. The estimated speeds were found to be about 7 rpm lower than the 

actual speed for the speed command of 900 rpm and about 8 rpm lower for the speed 

command of 1350 rpm. Figure 9.21 shows zoomed extracts from Figures 9.19 and 9.20 

in vicinity of the steady-state. 
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Figure 9.19: Operation in the field-weakening region - the actual speed and the 

estimated speed using constant parameter speed estimator, no-load 
conditions: a) speed command = 900 rpm; b) speed command=1050 rpm, 
c) speed command=1200 rpm, d) speed command=1350 rpm. 

It should be noted that the experimentally observed speed estimation errors are much 

smaller (but of the same sign) than those predicted in section 7.4. Rated operating point 

on the magnetising curve for the machine used in chapter 7 is in the saturated region. 

Due to slight incompatibility between the controller and the motor used in experiments, 

rated operating point on the magnetising curve of the experimental motor is very close 

to the linear region of the curve. Detuning effects are therefore less pronounced and the 

speed estimation error is smaller. 

9.7 Operation of the modified speed estimator, with main flux saturation 

compensation, in the field-weakening region 

The modified rotor flux based speed estimator used in this section is the one developed 

in section 8.3. The problem experienced in using the modified speed estimator is the 

integration of stator flux components in the reference model. As initial values for the 
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Figure 9.20: Operation in the field-weakening region - the actual speed and the 
estimated speed using constant parameter speed estimator, loaded 

conditions: a) speed command=900 rpm, b) speed command= 1050 rpm, c) 
speed command= 1200 rpm, d) speed command= 1350 rpm. 

pure integrator are unknown, an offset at the output of the integrator appears and drives 

the output of the pure integrator to saturation. Figure 9.22a shows the stator flux 

components obtained by pure integration in the reference model. It can be seen that the 

both stator flux components are increasing in negative direction. This results in 

incorrect operation of the speed estimator. In order to solve this problem, the modified 

integration algorithm, proposed by Wu and Hu [1997] and discussed in section 7.2 

(Figure 7.11), is utilised instead of the pure integrators. Figure 9.22b shows the stator 

flux components in the reference model obtained by modified integration algorithm. In 

this algorithm the cut-off frequency o is critical for stable operation of the speed 

estimator. In this experimental study, the cut-off frequency (1), is set to 100, which gives 

the best estimated speed output. Figure 9.23 shows the stator flux components for 

different cut-off frequencies. 
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Figure 9.21: Zoomed extracts from Figures 9.19 and 9.20: a) no-load operation, b) 
loaded operation. 
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Therefore, the pure integrators in Figure 8.6 are replaced by the modified integration 

algorithm. The structure of the reference model with the modified integration algorithm 

is illustrated in Figure 9.24. 
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Figure 9.24: Structure of the reference model with modified integration algorithm. 

The complete modified speed estimator used in experimental investigations is shown in 

Figure 9.25. It should be noted that Butterworth filters and the first order filter are used 

again in the modified speed estimator as explained in section 9.3. The transfer functions 

p/(p + (1 / T)) are still used in the output of both the reference and adjustable models. 
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Figure 9.25: Implementation of the modified speed estimator that includes 
compensation of main flux saturation. 

In this section, the experimental data of previous section are used again for evaluation 

of the modified speed estimator with main flux saturation compensation. The results are 

shown in Figure 9.26 for no-load operation and Figure 9.27 for loaded operation. They 

are essentially the same as in Figures 9.19-20. However, the difference can be seen 

from zoomed extracts shown in Figure 9.28. Speed estimation error in no-load 
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Figure 9.26: Actual and estimated speed using modified speed estimator, no-load 

operation, speed command of. a) 900 rpm, b) 1050 rpm, c) 1200 rpm, d) 
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operation is still very small. As the speed estimation error is load dependent, there are 

visible errors in loaded operation. Comparing Figure 9.28 with Figure 9.21, one can see 

that the speed estimation error with the modified speed estimator is much smaller than 

the estimation speed error of the constant parameter speed estimator. The speed 

estimation errors are reduced to 2-3 rpm in loaded operation. This fact confirms the 

theoretical findings of section 8.3, that the speed estimation error caused by main flux 

saturation can be compensated by the modified speed estimator. 

9.8 Summary 

Experimental investigation of MRAC speed estimator is elaborated in this chapter. The 

experimental rig is at first described. A data acquisition system is designed in order to 

sample the voltage and current signals. 

Constant parameter speed estimator is investigated first. Detailed description of the 

tuning procedure is given. The speed estimator was found to be working well in the 

base speed region. The speed estimation error is less than 2 rpm for no-load operation 

and about 4 rpm for loaded operation. 

Detuning due to parameter variations is studied as well. The results are found to be in 

good agreement with those of the theoretical studies. The speed estimation error due to 

rotor resistance variation and magnetising inductance variation is load dependent. The 

maximum speed estimation error caused by rotor resistance variation is about 13 rpm 

when machine runs at the rated speed with the rated load. The maximum speed 

estimation error caused by magnetising variation is about15 rpm when machine runs at 

the rated speed with the rated load. Speed estimation error caused by stator resistance 

variation is very small, less than 1 rpm. 

Detuning in the field-weakening region is mainly due to main flux saturation. 

Therefore, in order to investigate the detuning caused by main flux saturation when 

constant parameter speed estimator is used, operation of the induction machine in the 

field-weakening is analysed. The experimental results show that there are speed 

estimation errors in the field-weakening region for loaded operation. The speed 

estimation error is about 1 to 2 rpm for no-load operation and about 7-8 rpm for loaded 

operation. 
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In order to eliminate the speed estimation error, the novel modified speed estimator is 

used. The evaluation of the modified speed estimator shows that the speed estimation 

error is reduced. The speed estimation error is about 2 to 3 rpm in the field-weakening 

region in loaded operation. This result shows that the modified speed estimator is able 

to compensate the detuning due to main flux saturation. 
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1o CONCLUSION 

10.1 Summary 

Since the theory of induction machine vector control had been introduced, numerous 

vector control schemes have been developed. Vector controlled induction machines 

have now reached the status of a mature technology and are used in a broad range of 

applications in industries. One specific issue that has recently come into focus of the 

attention of the research community world-wide is the possibility of elimination of the 

speed (position) sensor in vector controlled drives. Speed signal information is required 

for closed-loop speed control and, in majority of commercially available vector 

controlled induction motor drives, for field orientation as well. However, speed 

(position) sensor is very expensive, it reduces reliability of the drive, and it requires 

additional space for mounting. Hence the concept of so-called sensorless vector control 

has emerged. Instead of being measured, speed of rotation is now estimated from easily 

measured quantities, such as stator currents and stator voltages. Therefore, high 

performance sensorless vector controlled induction motor drives have been under 

extensive development in the recent years. 

The origins of vector control of induction machines are briefly reviewed in chapter one. 

As sensorless vector control of induction machine has many advantages, it has become 

an important area of research. With rapid advance in hardware development, it is 

possible nowadays to implement high performance vector control of induction machine 

without a speed sensor. The existing methods of sensorless vector control are reviewed 

and problems experienced in sensorless vector control are addressed in chapter one. 

The main objectives of the study are set on the basis of identified topics that have not 
been exhaustively investigated so far. 

The basic principles of vector control of induction machines are reviewed in chapter 

two. Constant parameter induction machine model is at first developed and is then used 

to show the procedure of derivation of vector control principles. Stator flux oriented 

control and rotor flux oriented control are looked at and various control schemes are 

explained. As stator flux oriented induction machine requires more complicated control 

system than rotor flux oriented control of an induction machine, rotor flux oriented 
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control is selected for further study in this project. Concepts of voltage-fed and current- 

fed induction machine are introduced and reasons for prevailing application of the 

current-fed concept are discussed. The basic structures of indirect feed-forward rotor 

flux oriented control system and direct feedback rotor flux oriented control are 

illustrated. The scheme selected for all the subsequent studies is the indirect feed- 

forward rotor flux oriented control of a current-fed induction machine. 

Sensorless vector control of induction machines has emerged as the most important 

research topic in the area of high performance drives in the last decade. Numerous 

speed estimation methods have been developed in recent years. Existing speed 

estimation methods are reviewed in chapter three. They are divided into two basic 

categories. The first one utilises stator current harmonics to extract the rotor speed 

information. The second one relies on the induction machine model to estimate the 

rotor speed. Speed estimation methods based on stator current harmonics are 

independent of machine parameters. However, they are computationally involved and 

time-consuming. Model based speed estimation methods are relatively easy to 

implement and they could be regarded as having a wider acceptance at present. Model 

based approach to speed estimation is the one elaborated in this project. 

Speed estimation methods, based on the machine model only, are the simplest and 

easiest to implement. However, they are very sensitive to parameter variations due to 

the open-loop nature of calculations. Addition of a closed-loop inside the speed 

estimation scheme improves the quality of the speed estimation process. Different types 

of speed estimation based on MRAC are reviewed. They mainly differ with respect to 

which quantity is selected as the output of the reference model and adjustable model. 

Four MRAC based speed estimation schemes are discussed. Rotor flux based speed 

estimation method is based on rotor flux as the output of the reference and adjustable 

model. Back emf based speed estimation method is designed to eliminate the pure 

integration from the reference model. Reactive power based MRAC speed estimation 

method has the advantage of being completely robust with respect to the stator 

resistance variations as the stator resistance is eliminated from the reference model. 

Air-gap power based speed estimation method eliminates the transient stator inductance 

from the reference model. Among these methods, rotor flux based MRAC speed 
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estimation method is believed to be the most common choice due to its relative design 

simplicity. Therefore, rotor flux based MRAC speed estimation scheme is used in the 

study of sensorless vector controlled induction motor drives in this thesis in conjunction 

with the indirect feed-forward rotor flux oriented control of a current-fed induction 

machine. 

The selected control scheme for further analysis requires precise knowledge of a 

number of induction motor parameters for its successful operation. This project 

attempts to provide original contributions by looking at two specific issues. The first 

one is the impact of parameter variations and unmodelled phenomena on accuracy of 

the control, while the second one is the possibility of compensation of the unmodelled 

phenomena by introduction of modified structures of the control system and the speed 

estimator. 

The principles of vector control of induction machines were developed based on the 

constant parameter mathematical model of an induction machine, that neglects the iron 

loss and main flux saturation in the machine. The same applies to the speed estimation 

scheme under consideration. Therefore, detuned operation will inevitably result both 

due to neglected phenomena and due to variation of the machine parameters. In order to 

investigate the detuning effects caused by iron loss and main flux saturation in 

sensorless vector controlled induction machines, machine models that include 

representation of iron loss and main flux saturation are needed. Three types of modified 

dynamic and steady-state models of induction machine are introduced for this reason. 

The first one is the model that includes iron loss representation. The iron loss is 

represented as an equivalent iron loss resistance, which is placed in parallel with the 

magnetising branch in the equivalent circuit and is a function of frequency. Next, three 

existing induction machine models that account for main flux saturation are elaborated. 

Finally, an induction machine model that includes representation of both iron loss and 

main flux saturation is given. 

Influence of iron loss and main flux saturation on operation of sensorless vector 

controlled induction machines has not been studied yet. One of the main aims of this 

thesis is to attempt to investigate the influence of iron loss and main flux saturation on 
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operation of a sensorless vector controlled induction motor drive with rotor flux based 

MRAC speed estimator. 

Steady-state analyses are performed at first. Detuning due to iron loss in sensorless 

rotor flux oriented induction machines is evaluated. Influence of parameter variations 

and/or incorrect parameter setting, such as stator resistance, rotor resistance, stator and 

rotor leakage inductance, and magnetising inductance, is investigated next. Based on 

the results conclusions regarding relative importance of various parameter variation 

effects are given. A series of dynamic simulations is then undertaken in order to 

evaluate detuning due to iron loss, main flux saturation and parameter variations in 

transient operation. The results show that speed estimation errors caused by iron loss 

and main flux saturation are not negligible. It is therefore necessary to compensate the 

detuning effects for high performance sensorless drives. 

In order to compensate the detuning effects, standard vector controller and constant 

parameter MRAC speed estimator of a sensorless indirect rotor flux oriented induction 

machine have to be modified. Three improved vector control schemes with improved 

rotor flux based MARC speed estimators are proposed. Vector control system with 

compensation of iron loss is introduced at first. Modified speed estimator, that 

compensates for the negative impact of the iron loss existence on the drive operation, is 

developed. By subtracting equivalent iron loss currents from the inputs of the constant 

parameter MRAC speed estimator, the speed estimation errors are almost eliminated. 

Compensation of main flux saturation is realised by utilising an existing modified 

indirect vector controller with main flux saturation compensation. Modified MRAC 

speed estimator that accounts for the main flux saturation, is then developed. Its 

capability to compensate for the variable degree of main flux saturation in the field- 

weakening region is verified. Finally, by combining the two schemes that compensate 

for either iron loss or main flux saturation, the third sensorless vector control scheme 

with simultaneous iron loss and main flux saturation compensation is designed. 

A number of experiments are performed to confirm some of the results of the 

theoretical studies. Detailed speed estimator design and tuning procedure is at first 

developed. Next, a study of parameter variation effects on the speed estimator 
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performance is conducted, with the aim of confirming the results of the theoretical 

steady-state analyses. Finally, a modified speed estimator capable of main flux 

saturation compensation, developed during the course of this project, is implemented. 

Its ability to adapt to the saturation level in the machine is verified experimentally. 

10.2 Conclusions 

The thesis represents a research into the effects of the various phenomena on the 

performance of the sensorless rotor flux oriented induction machine and means for their 

compensation. All the research objectives, set in section 1.4 are satisfactorily met. 

Quantitative studies of detuning, caused by parameter variations and unmodelled 

phenomena, in a sensorless rotor flux oriented induction machine with rotor flux based 

MRAC speed estimator have been conducted for steady-state operation and transient 

operation. Steady-state analysis has been conducted by developing an appropriate set of 

mathematical expressions that describe the drive. Transient operation is investigated by 

building appropriate drive dynamic models within the Simulink environment. The 

results of the dynamic simulations are found to be in excellent agreement with results of 

the steady-state analyses. The novel approach, developed for the study of detuning 

effects in steady-state operation, is thus fully verified. 

The results show that parameter variations will inevitably cause detuned operation of a 

sensorless RFO induction machine. The major consequence of the parameter variations 

and the unmodelled phenomena is a speed estimation error. One very interesting 

conclusion is that dynamics of the drive remain to a large extent unaffected by the 

parameter variations. This is so because the orientation angle error caused by parameter 

variations is either negligible or very small. Such situation is in huge contrast to a 

sensored vector controlled drive where parameter variation effects are predominantly 

reflected in the orientation angle error, so that dynamics of the drive are significantly 

affected in detuned operation. As far as the speed estimation error is concerned, 

variation of rotor resistance leads to the highest values. Stator resistance variation at 
low speed of operation, iron loss and incorrect setting of the magnetising inductance all 
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lead to a moderate speed estimation error. Variation of leakage inductances appears to 
be of the least importance. 

The influence of iron loss and main flux saturation on the performance of a sensorless 

vector controlled induction machine has been investigated in detail. It is concluded that 

speed estimation errors caused by the iron loss are of the same order as those caused by 

other parameter variations in the base speed region. Main flux saturation causes 

substantial speed estimation in the field-weakening region. Based on these findings, it 

is concluded that it is necessary to compensate the detuning effects. Therefore, three 

novel MARC speed estimators have been developed. As the idea is to compensate 

either iron loss, or main flux saturation or both, so-called model based approach is used 

in development of novel speed estimators. The principle of compensation of iron loss is 

to extract the iron loss currents from the indirect vector controller and subtract them 

from the measured stator current components. This is applicable in conjunction with 

modified indirect vector controller, that introduces separate iron loss current 

components in the process of the stator current command creation. For compensation of 

main flux saturation, an existing modified vector controller with compensation of main 

flux saturation is employed. Constant parameter speed estimator is then modified in 

such a way that it fully adapts itself to the actual saturation level in the machine. In 

particular, modification of the reference model enables estimation of the magnetising 

inductance, that is then used in the adjustable model. Finally, by combining the two 

developed modified speed estimators with an existing modified vector controller, a 

novel improved sensorless vector controlled induction machine system is proposed, 

which can instantaneously and simultaneously compensate both the iron loss and main 
flux saturation. The improved performance, obtainable with novel speed estimators, is 

verified by simulations. It is concluded that each of the three developed novel speed 

estimators enables very satisfactory compensation of the given phenomenon 
(phenomena). 

Finally, experimental investigation is performed in order to investigate the detuning 

effects in the constant parameter speed estimator due to parameter variations and to 

examine the performance of the developed modified MRAC speed estimator, that 

compensates for the main flux saturation. The results show that the speed estimation 
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errors due to parameter variations are very similar to the results of theoretical studies 

although the machines used in theoretical studies and in experiments are different. It is 

therefore concluded that the results of the analytical investigations and simulations can 

be regarded as proved. The performance of the novel modified speed estimator is 

examined. The speed estimation error is shown to be greatly reduced in the field- 

weakening region when saturation-adaptive speed estimator is used. Theoretical 

considerations are therefore once more confirmed by experimental investigation. 

10.3 Future work 

Parameter variations effects in a sensorless vector-controlled induction machine with 

one specific form of MRAC based speed estimator have been studied in detail. 

A rather obvious direction for possible future work is to conduct the same type of study 

for other MRAC based speed estimation schemes. One contribution to this direction has 

been provided here by the analysis of the impact of iron loss on the reactive power 
based type of MRAC based speed estimator. 

Assuming that the proposed study is completed, the next stage would be to compare all 

the different types of the MRAC speed estimator in terms of their sensitivity to 

parameter variation effects. The comparison would additionally have to encompass the 

implementation related issues, such as those discussed in the section on speed estimator 

tuning in the chapter related to experimental investigation. The ultimate goal of this 

study would be to conclude which of the numerous possibilities of the MRAC based 

speed estimation offers the best prospects for industrial applications. 

The other model based closed-loop speed estimators, of observer and EKF type, could 
be covered by the next stage of the study. Parameter variation effects and the 

implementation requirements would again constitute the basis for comparison. 

Ultimately, certain guide-lines could be produced, detailing the best model based 

approaches to speed estimation for the given hardware platform. 
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The approach to development of modified speed estimators, that are inherently capable 

of compensating for one or more of the phenomena, can be extended to other types of 
MRAC based speed estimators, as well as to observer and EKF based speed estimation. 

The issue of speed estimation is relevant not only for sensorless vector control, but for 

direct torque control (DTC) as well. DTC of induction machines is rapidly evolving as 

a viable concept for industrial applications. As DTC does not require speed information 

for the control algorithm itself, speed estimate has to be provided only for closed-loop 

speed control. Investigation of parameter variation effects in DTC induction motor 

drives therefore constitutes another possible area for future research. 
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APPENDIX A: DATA OF INDUCTION MACHINES 

Al. 4 kW motor used in simulations 

4 kW 380 V 8.7 A 1440 rpm 

50 Hz stator winding star connected 

T, � = 26.5 Nm R3 = 1.37 S2 R, = 1.1 S2 

L,,,,, = 0.1433 H Lý = 4.87 mH Lo,. = 7.96 mH 

_ 
128.92 + 8242f, + 0.07788f, 2 (S2) f,: 5 50 Hz 

RF` 
1841-55275/f, (S2) f1 > 50 Hz 

0.1964285 (H) T.: 5 0.432 Wb 
L'" 

0.8032-0.6874T. -O. 1338/T. (H) `I' > 0.432 Wb 

A2.2.3 kW motor used in experiments 

2.3 kW 380V IOA 1450 rpm 

50 Hz stator winding star connected 

R, =0.7 Q R, = 0.926 12 L,,, +La, =7.723 mH 

The inverse magnetising curve approximation in per unit: 

zm(p. r. ) = 0.9V. (P. r. ) +0.1VFM(P=) 

Rated magnetising current: 4.15 A (rms) 

Rated magnetising flux: 0.33 Wb (rms) 

L, ��=78 mH 
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APPENDIX B: DETUNING DUE TO IRON LOSS IN THE 
SENSORLESS SCHEME WITH REACTIVE POWER 
BASED MRAC SPEED ESTIMATOR 

B. 1 Analysis of the system 

In this investigation, a 4-pole, 50 Hz, 4kW induction machine is used again. All the 

parameters of the machine are given in Appendix A. 

Sensorless indirect rotor flux oriented current-fed induction machine is studied. The 

speed estimator is the reactive power based MRAC speed estimator discussed in section 
4.4. Iron loss is represented in the induction machine model with an equivalent iron loss 

resistance in parallel with magnetising inductance, as described in section 5.2. Structure 

of the sensorless rotor flux oriented induction machine remains to be as shown in 

Figure 6.1. 

Figure 6.1: Sensorless rotor flux oriented induction machine. 

Rotor flux reference is constant and equal to the rated value in the base speed region. 
In the field-weakening region rotor flux reference is reduced in inverse proportion to 

the rotor speed. Rate of change of the rotor flux reference in the field-weakening region 
is neglected. The current controlled PWM inverter is assumed to be ideal and steady- 

state operation is discussed only. Mathematical modelling is performed in the reference 
frame firmly attached to the commanded rotor flux space vector. The speed estimator of 
Figure 6.1 is the one of section 4.4 and is shown in Figure B. 1. It relies on measurement 
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of stator currents and voltages. Existence of iron loss is neglected in both the speed 

estimator and the control system. 

v, 

i, 

Figure B. 1: Basic configuration of the reactive power based MRAC speed estimator. 

The output quantity of the reference and adjustable models was defined in section 4.4 

with: 

q=i, 0e1 

where F. is the back emf. 

(4.12) 

By considering equations (4.2) and (4.3), the outputs of the reference model and 

adjustable model are obtained as: 

qc» - i, ® v, - QLj - (4.13) 

1 
(4.14) 

T, 

The reactive powers of the reference and adjustable models are expressed from (4.13) 

and (4.14) in the stationary reference frame, as: 

q(» = VA-- -v, -iA, -QLs i- ; 
di 

- iA, 
did1 

(4.15) 

9ý2) =LT ýYpi. )+C4V. i. +'Vßr'ps) (4.16) 
rr 

In steady-state operation, by letting d/dt=jWe, (cd, ý -co, ) it follows that: 
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di,,, 
., 

did (B. 1) 

dt - ý`1°ý 

The output of the reference part of the speed estimator (4.15) in steady-state operation 

becomes then equal to: 

q(» =i. vfi, -ixv. -a LL(i. +i&)tv: (B. 2) 

Similarly, by considering the rotor equations (5.12), the rotor flux a-ß components in 

steady-state can be expressed as: 

L_*iý +m irt *T,. L. *iAr 

. 
(B. 3) 

L. i> T. L iý 

1 +[i', (0): 
-(v1 

where o),, -co, 
-co . Substitution of equations (B. 3) into (4.16) enables the output of the 

adjustable part of the speed estimator to be expressed as: 

n' (i_ 

___ 
ý" 

(B. 4) 

Equations (B. 2) and (B. 4) describe reactive power balance when existence of the iron 

loss is neglected in the motor. 

In any steady-state operation, the PI speed controller forces the estimated speed to be 

equal to the commanded speed (cv =m`St), as the estimated speed is used as feedback 

signal to form the closed loop system. The independent inputs in the control system of 
Figure B. 1 are reference speed and reference rotor flux. The output of the PI speed 

controller is the reference torque, whose value is in general unknown. However, for 

each value of the torque command there is a corresponding value of the actual torque. 
In any steady-state, actual torque must equal load torque. Therefore, it is possible to 

regard torque command as an independent input. The relationship between rotor flux 

and reference stator d-axis current is, as shown in section 6.2.1, given with: 

.,. (6.5) 
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V'" - tv'w, iw W>t0. 
(6.6) 

ids' = tV, ' l Lms (6.7) 

The commanded torque is equal to: 

3 
i; =2PL"Yv. 0iq, (6.8) 

The commanded slip angular speed and the commanded electrical angular frequency 

are: 

°; (6.9) 
T, yr, 

w, 0 = wj, a + of (6.10) 

Commanded stator q-axis current can be expressed from equation (6.8) as: 

T' 
i 6-- (6.11) 

3 
2Pý"W. 

The induction machine model, with iron loss accounted for, given in section 5.2, is 

utilised here. In steady-state operation, all the derivative terms become zero. Therefore, 

the induction machine model can be written as: 

V, = R, *T +. 1w. i7, 

RFe'F. = 1w. *L,. *i 

0= R, "/, +. l(D, IV, 
T* r v- 

1- +lF, =1, +l, (6.12) 

yi, = Leif + L- 

yi, = L:.., i, + 1. 

T-2Pj" 

All the parameters in the machine model, that are the same as those of the 

controller/estimator, are identified with an asterisk. 
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Elimination of iron loss current and rotor current space vectors, followed by resolution 

of (6.12) into d-q axis components, yields: 

v4 = R, il - m; L..... 8; 1- cv, * L, 
»igm 

vq, = RJgr + (O L, 
ý*il + w: LM"idm 

(6.13) 
Lid. = V'dr - w. ºTarVgr 
L:. igm = v, + (0iº `arvdr 

-u). TFigm =idx +Vie. l L,. -idmL, ' / L, 
10 (6.14) 

We TF<<a, 
N = iý, + tIIgr 1 LL, ' - i9,,, Lr' 1 Lam' 

The torque equation remains as in (6.12) and electrical angular frequency is determined 

with (6.10): 

Cv, * = lvj, * + we' = a) + ü)� (6.10) 

Time constants in (6.13) and (6.14 ) are once more defined as TFe=L, n'/RFE and 

T, ý*=L, IR, *. 

The equations can be solved in conjunction with the controller and speed estimator 

equations. The independent inputs are reference speed and reference rotor flux. The 

output of the PI speed controller is reference torque, whose value is in general 

unknown. However, for each value of the torque command there will be a 

corresponding value of the actual torque. Thus, the torque command may be regarded 

as an independent input. By solving (6.13) - (6.14) while accounting for the additional 

constraint imposed by the speed estimator, it is then possible to determine the value of 

the actual torque that corresponds to the given torque command. Such an approach is 

utilised here: independent inputs are taken as reference speed, reference torque and 

reference rotor flux. The constraint imposed by the control is that 

CO. = CU +( J)'t co. (6.15) 

as estimated and reference speeds are equal and commanded and actual supply 
frequencies are equal as well. The error in speed estimation is defined once more in 

mechanical rpm as 

An=n-n* =n-n" (6.24) 
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The outputs of the reference and adjustable models in speed estimator are defined with 

equations (B. 2) and (B. 4). Due to the presence of the PI controller, the error between 

these two models is zero in any steady-state, i. e.: 

e=0 (6.16) 

Taking into account that ist=iM 2+i1.2, it follows from (B. 2) and (B. 4) that: 

L *2 *-2 
imfVAT -iva, = 6L, ýWe 1$2 + L* 1+(T* w `)2 (B. 5) 

rr of 

It follows that rotor speed is determined with the condition that input reactive power 

must equal reactive power spent in the motor in any steady-state. 

The reactive power spent in the motor, when iron loss is accounted for, is determined 

with: 

2 Q=OJeLmis + )eLcr lr -ýÜ)eLmlm (B. 6) 

The values of i, 2 and im2 can be obtained from the induction machine equations (6.12), 

that account for the iron loss, in the following form: 

""Z 22 

.2 
(Tor 

- T. ) o. i 
(B. 7) r (1 

- O)slWe TorTFe 
)2 

+ 
\TFeCOe 

+ Ti ws1)2 

[1+(ws, T)2Ii 
iZ= (B. 8) m {(1_wslw: 

TFe)2 +(TFePe +Tr wsl)Z, 
Z 

Substitution of (B. 7) and (B. 8) into (B. 6) enables reactive power to be expressed as: 

Lar*(T * -Tr*)zw; + Lm*(1+(mrlTýS)zl 
imvý iýva,. = coy is Lý +z (B. 9) 

(1-CUeCSITor TFa)z +()sTFe +wsRT, ) 

As input reactive power in (B. 5) and (B. 9) is the same, then for any given operating 

condition it is possible to calculate from (B. 9) the unknown angular slip speed cvs1 and 

hence the actual rotor speed w. Once when the actual speed is calculated, it becomes 

possible to solve for the remaining unknowns in the induction machine model (6.13) - 
(6.14). 
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B. 2 Results of the study 

Impact of iron loss on behaviour of the drive is studied first for constant speed 

command operation, with torque command as the independent input. Figure B. 2a shows 

speed estimation error for three values of the reference speed, namely one fifth of the 

rated speed, rated speed and twice the rated speed. 

,. 2 
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Figure B. 2: Detuning effects due to iron loss as function of commanded torque for 
operation with constant speed command. 

Speed estimation error is from Figure B. 2a load dependent and it increases as load 

increases. Speed estimation error appears to be typically two to three rpm for operation 

at the rated speed, for commanded torque up to the rated. Speed estimation error is 

smaller at low speeds, typically 1.5 to 2 rpm at one fifth of the rated speed for variation 

of the torque command from zero to the rated value. If the machine is operated in the 

field weakening region, speed estimation error may increase significantly, reaching 7 

rpm for operation at twice the rated speed with the rated torque command. On the other 
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4 

hand, torque ratio has maximum error always at low torque commands. As the torque 

command increases error in the torque ratio decreases, Figure B. 2b. 

Figure B. 2c shows rotor flux ratio for constant speed operation. Error in rotor flux 

magnitude is extremely small. For operation in the base speed region actual rotor flux 

in the machine exceeds commanded rotor flux less than 1% for all the operating points. 

Maximum error appears for operation with the rated speed and rated torque command, 

when ratio of actual to commanded rotor flux equals 1.005. The error of rotor flux 

increases in the field-weakening region. When machine runs at twice the rated speed 

with rated torque, the error in rotor flux is about 2.3%. 

Orientation angle error is shown in Figure B. 2d and is very small, indeed. The 

orientation angle error is larger at light load torque. As the torque command increases, 

the error in orientation angle decreases. For operation at the rated speed with the rated 

torque, the error is about 0.005 degrees. 

The impact of iron loss on sensorless vector controlled induction machine is further 

examined with reference speed taken as the independent variable. Commanded torque 

is set to a constant value in the base speed region. For operation in the field-weakening 

region torque command is reduced inversely proportionally to the speed, so that 

constant power operation is assumed. Figure B. 3a shows the speed estimation error as 

function of the normalised speed command. In the base speed region, a typical speed 

estimation error due to iron loss is 2 to 3 rpm (except at low speeds). Speed estimation 

error slightly increases in the field weakening region and approaches 4 rpm for 

operation with rated power at twice the rated speed. It is interesting to note that speed 

estimation error appears to be rather independent from the loading of the machine in the 

base speed region. 

Torque error increases with decreasing load. Actual torque is up to 5% less than the 

commanded torque with rated torque/power command operation from zero to twice the 

rated speed command. When machine is operating with light load, say one fifth of the 

rated torque value, in the base speed region, the error becomes up to 20 % (Figure 

B. 3b). 

The impact of iron loss on rotor flux ratio and orientation angle error is extremely 

small, Figures B. 3c and B. 3d. For base speed region with rated torque command, the 
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rotor flux error is about 0.5% and the orientation angle error is only 0.005 degrees. The 

orientation angle error is load dependent. It increases with load torque decrease. When 

load torque is one fifth of the rated, the orientation angle error is about 0.02 degrees in 

base speed region. When the machine runs in the field-weakening region, the maximum 

rotor flux error is just above 1 %, while orientation angle error is reduced. 
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Figure B. 3: Detuning effects due to iron loss as function of commanded speed for 
operation with constant torque/power command. 

It is interesting to note that the results of this study are very similar to those discussed in 

section 6.2. It therefore follows that the impact of iron loss on operation of the rotor 

flux (and back emf) based MRAC speed estimator is essentially the same as for the 

reactive power based MRAC speed estimator. The results of this section were reported 

in [Wang et al; 1997]. 
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APPENDIX C: SIMULINK MODELS FOR SIMULATION OF 
DYNAMICS OF THE DRIVE 

id2 

1' VOIIIJ 
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1ü Psim 

Fcnl2 
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pI+c Iý 1 K5 

12 Sumglate Limit r Sum2 Gain SumStturationK1 
Produ t50 
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Integrator Sum19 w to f 

Gain2 

Figure C. 1: Model for evaluation of detuning due to iron loss. 
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Figure C. 2: Model for evaluation of detuning due to main flux saturation. 
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i Step 

Ste 

Speed estimatorl 

Figure C. 4: Model for evaluation of compensation of iron loss. 

Figure C. 5: Model for evaluation of compensation of both iron loss and main flux 
saturation. 
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or4 

Figure C. 6: Model of induction machine that includes iron loss. 
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Figure C. 8: Model of induction machine that includes both iron loss and main flux 

saturation. 
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APPENDIX D: DESCRIPTION OF THE DATA ACQUISITION 

SYSTEM 

The data acquisition system consists of a voltage measurement circuit, a current 

measurement circuit and an A/D card inside a PC. 

As the vector controlled induction motor drive and the PC have the same grounded 

power supply, there is no need to isolate the signals to be sampled. As mentioned in 

section 9.2, the inputs of the speed estimator can be obtained by suitable transformation 

of line-to-line voltages and phase currents. Therefore, the signals to be measured are 

vab, vca, is and ib. 

The voltage measurement circuit is design to process the stator voltages of the 

induction machine. The inputs of the circuit are three voltages of phases a, b and c with 

respect to ground. The outputs of the card are filtered and attenuated line-to-line voltage 

signals Vab and via. The schematic of the voltage sampling circuit is shown in Figure 

D. l. 

4n7 
220p " 
ýj 

100K 100K 100K 5K6 To A/D card a + IOK A2 
Al + vab 

100K ; 22n 
100K 100K 40 

220p 

5 K6 
40 

220p 

100K 100K LOOK 5K6 
c + lOK 

Al To AID card 
a 22n 

>A2 

1 00K 100K LOOK 4n7 vc. 

220p 

5 K6 

Figure D. 1: Schematic of the voltage measurement circuit. 
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The circuit has two identical signal paths for creation of' vab and In each signal Path. 

three 100k resistors and one 5k6 resistor paralleled with it 4n7 capacitor and an 

operational amplifier form a voltage divider and filtering circuit. Operational amplifiers 

used in the circuit are TL072. On the output side of the operational amplifier Al, a Mk 

resistor and 22 nF capacitor provide further filtering. 't'hen the signal passes through a 

follower A2 to the A/D card. 

The voltage signals obtained are equal to: 

5.6 
va,, = 300 

(va -Vb ) 

5.6 
v, � =300(v"-v`) 

(1). I) 

For current measurement, two Hall effect current transducers are utilised to measure the 

phase currents. The current transducer has a voltage output that is proportional to the 

input current. Two identical current detection circuits are employed. Tile schematic of 

the circuit is shown in Figure D. 2. 

Hall effect 
rýurent lrun. cducrr 

Out 

i 

Ill 

Ou( 

Figure D. 2: Schematic of the current measurement circuit. 
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(I 
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The rated primary current of the current transducer is 50 A. The rated output of the 

transducer is 5 V. It should be noted that the primary wire passes through the hole twice 

in the configuration. It means the gain of the transducer is increased twice. It provides 

0.2 V/A. As the rated current of the machine is 10 A, it is necessary to increase the gain 

for the A/D card input. An operational amplifier AD712 is utilised. The gain of the 

amplifier is adjusted by a variable resistor. The gain of the amplifier is set to two for the 

experiments. Hence the relationship between input motor current and output signal has 

the form of: 

lQ = O. 41,,, 

ib = 0.4ibs (D. 2) 

where iQ and ib represent the output of the circuit, while i and ib, represent the input 

stator currents. 

Both of the cards are mounted in a metal box. The panel of the data acquisition box is 

shown in Figure D. 3. There are three input terminals, marked A, B and C, on the left 

hand side of the panel. They are used to input the three line voltages. There are two 

pairs of terminals, marked A (In and Out) and B (In and Out), in the middle of the 

panel, that are used to input the currents. Red terminals of the current terminals are 

current-in terminals, while black terminals are current-out terminals. On the back of the 

box, there is a 25-pin socket, that is used to connect the measurement box to the A/D 

card in the PC. The voltage and current signals are linked to the A/D card inside the PC 

through a ribbon cable. The power switch, with power-on indicator, is on the right hand 

side of the panel. 

The box has a built-in DC supply for the circuit cards inside it. It requires a single- 

phase mains power supply. 

Voltage input Current input 

0 In 0 In 

BIAB 
5Out ® Out 

C. U 
Figure D. 3: Panel of the data acquisition box. 
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The model of the A/D card is PCI-DAS 1200, produced by ComputerBoards company. 

The card is placed in a PCI socket on the motherboard. The A/D card provides 8 

differential / 16 single ended 12-bit analogue inputs and supports sample rate of up to 

330 kHz (detailed specification is given in the user manual). In this experimental 

investigation, channels 0 to 3 are used to collect the voltage and current signals. The 

sampling frequency for each signal is 20 kHz. 

The software used for the data acquisition system is LabVIEW. A program was 

designed to collect all the signals. Some parameters need to be entered first. They are 

A/D card Board Number (BoardNum = 0), Low channel, first A/D channel of scan 

(LowChan = 0), High channel, last A/D channel of scan (HighChan = 3), Count, 

number of A/D samples to collect (count = 80000x4), rate, sample rate in scans per 

second (rate = 20000) and range, A/D range code (range =± 10V). After sampling 

process is finished, all the waveforms of the four channels and the actual sampling rate 

are displayed on the monitor screen. If all the data of four channels are satisfactory, the 

data are saved in text file format on the hard drive. The data in the saved files can be 

processed by Matlab for evaluation of the speed estimator. 
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Evaluation of Iron Loss Influence 
on Speed Estimation in Sensorless MRAC-Based 
Field-Oriented Induction Machines 
E. Levi, M. Wang, D. Williams 

Abstract 

Rotor speed estimation in sensorless feld-oriented control of induction machines is usually performed on the 
basis of a mathematical model of an induction machine. An estimate of speed is obtained utilising one of the 
control techniques and its accuracy is affected by parameter variations. When the iron loss is neglected in the 
mathematical model, inaccuracy in speed estimation results due to iron loss existence in the machine. This 
paper evaluates the impact of iron loss on speed estimation for common model reference adaptive control 
(MRACJ schemes, based on rotor flux, backe. m. f. and reactive power. It is shown that the existence of iron loss 
leads to a typical speed estimation error of 2 min-1 to 3 min-1, which is comparable with errors caused by other 
detuning effects. A modified sensorless MRAC-based scheme, that is applicable to both rotor flux and back 
e. m. f. methods, is then proposed. It is verified that the novel scheme enables good compensation of iron loss, 
yielding a very small speed estimation error of less than 0.5 min- 1. 

1 Introduction 

Methods of sensorless vector control of induction 
machines may be classified into two groups [ 1,2]. The 
first one encompasses all the techniques that estimate 
rotor speed from stator current spectrum, on the basis of 
rotor slot and eccentricity harmonics or saturation-in- 
duced saliency. The common feature of all the methods 
within this group is that speed estimation is not based on 
a mathematical model of an induction machine and is 
therefore not sensitive to parameter variation effects. 
Hence the existence of iron loss in the machine does not 
affect the accuracy of speed estimation. 

The second group of speed-sensorless vector control 
methods encompasses all the schemes in which speed es- 
timation relies on utilisation of the mathematical model 
of an induction machine [1,2]. The most frequently ap- 
plied estimation approaches are model reference adap- 
tive control (MRAC), full-order observers and extended 
Kalman filter. Among the three, the MRAC approach of- 
fers the simplest hardware and software realisation. 

A number of different MRAC-based schemes have 
emerged during the last couple of years [3-8]. These 
mainly differ with respect to the quantities that are cal- 
culated in the reference and adaptive parts of the estima- 
tor and may be classified as rotor-flux-based [3,7,8], 
modified rotor-flux-based [3,5,6,8], back-e. m. f. -based 
[4,8] and reactive-power-based [4,8]. Calculations and 
speed estimation are most frequently undertaken in the 
stationary reference frame [3,4,6-8], although solu- 
tions based on rotor-flux oriented frame exist as well [5]. 

The speed control loop in a sensorless drive is effec- 
tively decoupled from the actual mechanical sub-system 
of the machine. As the MRAC methods (as well as all the 
other methods of the second group) utilise standard d-q 
axis induction machine model, the accuracy of the speed 
estimation strongly depends on parameter variation ef- 

fects. The impact of variations in rotor resistance (time 
constant), stator resistance, magnetising inductance and 
total leakage inductance have been studied in detail in a 
number of papers for different MRAC-based speed esti- 
mation schemes [2,6,7]. Typical steady-state speed es- 
timation errors due to variation of motor parameters are 
examined in [7] for a4 kW, 50 IIz, four-pole induction 
machine. It is shown that 10 % variations in rotor resis- 
tance and in total leakage inductance cause a speed-inde- 
pendent speed estimation error of approximately 5 min- 
and 2.5 min-', respectively. Speed estimation errors due 
to 10 % variations in magnetising inductance and in sta- 
torresistance are, however, speed-dependent, attaining at 
most 4 min- I and 3 min-', respectively, in the very low 
speed region and reduce to zero as the speed increases. 

Iron loss, as a source of speed estimation error in 
sensorless vector-controlled induction machines, has 
not been dealt with in the past. Indeed, iron loss as a 
source of detuned operation of vector-controlled induc- 
tion machines was the last of the parameter variation ef- 
fects to attract attention [9,10]. However, all the avail- 
able studies are applicable only to vector-controllcd in- 
duction machines that have a speed (position) sensor. 
The presence of the speed sensor forces both the actual 
and reference rotor speeds, and the actual and reference 
slip speeds, to be mutually equal in steady-state opera- 
tion. Thus detuning due to the iron loss manifests itself 
predominantly in an orientation angle error [9,10]. The 
situation in a sensorless drive is, however, quite differ- 
ent. As speed is estimated, rather than measured, actual 
and estimated rotor and slip speeds are not necessarily 
mutually equal. 

The aim of this paper is to evaluate speed estimation 
errors that will take place in a MRAC-based sensorless 
rotor-flux-oriented (RFO) induction machine in steady- 
state operation purely due to the existence of the iron loss 
in the machine, the iron loss being neglected in the speed 
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estimator and in the control system. An indirect rotor- 
flux-oriented induction machine is studied and the previ- 
ously mentioned MRAC speed estimation methods are 
elaborated. Iron loss is represented with an equivalent 
iron loss resistance, as suggested in [9], and this resis- 
tance is identified experimentally using the procedure 
presented in [ 10] over the frequency range from zero up 
to twice the rated frequency. The speed estimation error, 
due to iron loss, is evaluated in the speed range from zero 
up to twice the rated speed for a 4-kW, 50-Hz, four-pole 
machine the data of which are given in the Appendix. It 
is shown that the speed estimation error for rotor flux, 
modified rotor flux and back e. m. f. methods is the same 
and is between 2 min-I and 3 min-I in the base speed re- 
gion, increasing to almost 5 min-I in the field-weakening 
region at twice the rated speed. The reactive power meth- 
od yields somewhat smaller speed estimation errors, es- 
pecially in the field-weakening region. These results in- 
dicate that the speed estimation error due to iron loss is of 
the same order as the errors introduced by other parame- 
ter variation effects. Finally, a modified indirect rotor- 
flux-oriented sensorless scheme is proposed that enables 
very good compensation of iron loss impact on speed es- 
timation. The scheme is applicable in conjunction with 
rotor flux, modified rotor flux and back e. m. f. methods 
and yields speed estimation errors below 0.5 min-1. 

2 Description of the Sensorless Drive 

2.1 Control Part of the Drive 

The structure of the sensorless indirect rotor-flux- 
oriented induction machine is shown in Fig. 1. The cur- 
rent-regulated pulse-width modulated (CRPWM) in- 
verter is assumed to be ideal and only the steady-state 
operation is discussed. The rotor flux reference is kept 
constant and equal to the rated value in the base speed 
region. In the field-weakening region, the rotor flux ref- 
erence decreases inversely proportionally to the rotor 
speed. Coefficients C, and C2 are dependent on the rotor 
flux reference and are defined in Fig. 1. The general form 
of the MRAC-based speed estimator of Fig. I is shown 
in Fig. 2 and is discussed in detail in the following sub- 
section. Measured stator currents and voltages are util- 
ised for the estimator inputs. The outputs of the reference 
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induction machine 
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Fig. 2. General form of an MRAC-based rotor speed estimator 

and the adjustable model, denoted as A, may take the 
form of the rotor flux space phasor, back e. m. f. or reac- 
tive power. 

2.2 Rotor Speed Estimators 

As already pointed out, three types of rotor speed es- 
timators are discussed. The first approach is based on the 
dual estimation of rotor flux, which is evaluated in both 
the reference and adjustable models in Fig. 2. using the 
following two equations in the stationary reference frame: 

d (l) 

dt L 
[u, - (R, +Q4 n)ý1, (1) Lm 

d (Z) (jC%I 
i 

) (z)T dý 
ý (2) Jý 

r 

The error is given in terms of rotor flux components 
in the stationary reference frame as: 

V/ýý, (z) (I) , ý, (z) V(I). Yýarýßr-'Yßrar(3) 

Due to the problems with pure integration in eq. (1), 
the estimator is often modified in such a way that out- 
puts of the reference and adjustable models become 
modified rotor flux space phasors. These, and the error, 
are defined as: 

cu, 
_ 

P (u (2)'- P (2) 
'r 

(p+11T) 
ýr ' Vr 

p+l/T) (4) 
(z)' cn' cup a>" war war - war wpr 

If back e. m. f. is used instead of the rotor flux, an al- 
ternative form of the speed estimator, which avoids pure 
integration, is obtained: 

"I 

Ed (2) 
(z) Lm r_ Lm j, )eri_ 

1) (2)+L 
Tr ry 

(5) 
4 dr 4(lV 7'r 

E= e(I)e(2) e(I)e(2) aß-ßa 

where the rotor flux for the adjustable model is evaluat- 
ed using eq. (2). 

The third possibility is to construct a speed esti- 
mator on the basis of reactive powers. Outputs of the 
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reference and adjustable models and the error in this 
case equal: 
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2.3 Induction Machine Representation 

The induction machine is represented with the dy- 
namic space phasor equivalent circuit which in an arbi- 
trary reference frame has the form shown in Fig. 3, [9]. 
This induction machine model, in contrast to the model 
used in- the speed estimator and the control system de- 
sign, accounts for the iron loss by means of an equiva- 
lent iron loss resistance. 

2.4 Experimental 
Iron Loss Resistance Identification 

Iron loss is determined, in the frequency range from 
zero up to twice the rated frequency, utilising the proce- 
dure described in [10]. An inverter, with a sinusoidal 
pulse-width modulation and 5 kHz switching frequency, 
is used as supply for the induction motor during no-load 
tests at different operating frequencies. The modulation 
index linearly increases in the base speed region up to 
0.95 and is kept at this value in the field-weakening re- 
gion. The fundamental component of the input power is 
measured using the power analyser and the fundamental 
component of the iron loss, which is relevant for the de- 
tuning discussed here [9], is extracted by deducting me- 
chanical loss and fundamental component of the stator 
copper loss. In order to enable as accurate as possible 
identification of the fundamental component of the iron 
loss, a complete no-load test is additionally performed 
at each frequency. The purpose of these tests is an accu- 
rate determination of mechanical losses at various fre- 
quencies. The results of the experimental identification 
are summarised in Fig. 4, where mechanical loss, funda- 
mental component of the iron loss and the equivalent 
iron loss resistance are shown, all against frequency. The 
analytical approximation of the iron loss resistance, used 
later on in analyt I studies, is included in Fig. 4c. 

3 Modelling and Analysis of the Drive 

3.1 Induction Machine Model 

The analysis of the drive is performed in the reference 
frame which is firmly attached to the reference of the rotor 
flux space phasor (d-q components). Therefore w� in the 
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Fig. 4. Results of experimental identification of the equiva- 
lent iron loss resistance 
a) Mechanical loss versus frequency 
b) Fundamental iron loss versus frequency 
c) Equivalent iron loss resistance versus frequency 

induction machine model of Fig. 3 equals co*. of Fig. 1. 
Due to idealised representation of the inverter, stator d-q 
axis current references are identically equal to the ma- 
chine d-q axis currents. Induction machine steady-state 
operation may under these conditions be described with 
the following set of equations, obtainable from Fig. 3: 

ltdy=R, id, -CD*, Latiy: -W*, Lmiym, 

u4, =R, i , +(i) Lasi,, +W: Lmtdm, 
(! > 

Lmidm = U'dr- WsiTar Vgn 

Lmigm= 4yr+ wslTarVdn 

- w: TFei = ids '+ ýdr/L iL lL 
(8) 

e ym ar- dm r an 

de TFeidm = iys + V1gr/Lar - igm1'r/Lar" 

Te= (3P/2)(LmILar)(Vfdrigm- Vfgridm)" 
(9) 

cv: = (0+ W, 1. 
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Time constants utilised in eqs. (8) are defined as 

TF, =Lm/RFcand Tar=Lar/Rr. 
Inspection of eqs. (7) to (8) shows that there are six 

equations that contain seven unknowns (stator voltage, 
magnetising current and rotor flux d-q axis components, 
plus angular slip frequency). Thus it is not possible to 
solve this system of equations without determining 
which of the seven variables is only apparently un- 
known. It will be shown that the speed estimator actual- 
ly pre-determines one of the unknowns so that the 
system of equations becomes solvable. 

3.2 Control System 

The independent inputs into the control system are 
speed reference and rotor flux reference. The output of the 
proportional-plus-integral , (PI) speed controller is the 
torque reference, the value of which is in general un- 
known. However, for each value of torque reference there 
will be a corresponding value of the actual torque, deter- 
mined with eq. (9). Thus the torque reference may be re- 
garded as an independent input. By solving eqs. (7) to (8), 
with the additional constraint imposed by the speed esti- 
mator accounted for, it is then possible to determine the 
value of the actual torque that corresponds to the given 
torque reference. Such an approach is utilised in the sim- 
ulation procedure the results of which are presented in the 
next section. Independent inputs are taken to be speed ref- 
erence, torque reference and rotor flux reference. 

The constraint imposed by the control system is: 

de=w*+ dA=_We, - (10) 

as estimated and reference speeds are equal and refer- 
ence and actual supply frequencies are also equal. The 
error in the speed estimation, that is to be discussed in 
the next section, is defined in terms of the speed (in me- 
chanical min-') as 

An =n-n*=_n-nest =_näi-n,; i (11) 

3.3 Analysis of Speed Estimators 

Rotor-flux- and back-e. m. f. -based speed estimators 
are initially discussed. In any steady-state operation, 
with ideal sinusoidal feeding, rotor flux estimates of 
eqs. (1) and (2) are equal to: 

(I) R" Vr =-j 
+r 

lus-(R+ja)e6I)ýx1, 

C4L. 
(12) 

ý(2)_ 
Lm 

i+ 
I 

ýr T, ' I/Tr+j(C)ý*-o)"'). 

Due to the presence of the PI controller in the speed 
control loop (Fig. 1), estimated and reference speeds are 
equal. Similarly, the PI controller within the speed esti- 
mator of Fig. 2 imposes the constraint that E=0 in any 
steady state. This means that instantaneous positions of 
the two rotor flux estimates with respect to the fixed sta- 
tor axis are equal, i. e.: 
0c) _ 0(2) rr_ Or (13) 

However, the rotor speed estimator does not require 
that magnitudes of the two rotor flux estimates are equal. 

Hence, in rotor-flux-oriented reference frame deter- 

mined with the transformation angle of eq. (13), rotor 
flux estimates are: 

V/r2)=4Vär)+JWyr). Vide=V'r' VVgr " 
)r V'( 

r 
I) =ý 

(14) 
(I) cn +iV(yrI) 

1 
Vd(rI ' ýr Vit 

It follows from eq. (14) that the rotor flux q-axis 
component in the commanded reference frame must 
equal zero for both flux estimates. However, the d-axis 
component of the first estimate is not necessarily equal 
to the rotor flux reference (the magnitude of the sec- 
ond flux estimate is by definition equal to the rotor flux 
reference). If the q-axis component of the first rotor 
flux estimate is expressed from eq. (12) and equated to 
zero (in the commanded rotor flux reference frame), 
then the d-axis component of the stator voltage is 
found to be: 

uJh=R%i*d, -oo aL, iq,. (l5) 

Eq. (15) is the well-known stator voltage d-axis 
equation, which is valid under the correct rotor flux or- 
ientation conditions (with neglected iron loss). The 
speed estimator operation makes the stator d-axis volt- 
age equal to that required for perfect rotor flux orienta- 
tion. However, as the estimator does not require equal- 
ity of magnitudes of rotor flux estimates, the statorq-axis 
voltage will deviate from the one required for perfect 
rotor-flux orientation. 

If the modified rotor-flux-based estimator, de- 
scribed with eqs. (1), (2) and (4), is used, it can be easi- 
ly shown that exactly the same conditions hold true and 
that the speed estimator operation again leads to the con- 
dition given with eq. (15). 

In the case of the back-e. m. f. -based speed estimator, 
outputs of the reference and adjustable model in eqs. (5) 
are in any steady state equal to: 

e(I)= w: (Lmýý'r)ý/ý(l. e(2)=jwe(Lm/Lr)(16) 
The error is defined in the same way as it is for the 

rotor-flux-based estimator. The outputs of the two mod- 
els in Fig. 2 are now shifted by 90° with respect to the 
rotor flux positions and scaled with the same factor. 
Thus, the back-e. m. f: based estimator again leads to the 
condition expressed in eq. (15). 

The stator d-axis voltage is hence known, for any 
given set of operating conditions, for both rotor-flux- 
based and back-e. m. f. -based speed estimators and it is 
now possible to solve the model of the machine given 
with eqs. (7) to (9). In particular, the magnetising current 
q-axis component follows directly from the first equa- 
tion of eqs. (7) and hence its value is known. An expres- 
sion for the q-axis magnetising current as a function of 
the actual angular slip frequency may've derived from 
eq. (8). The actual angular slip frequency can then be 
found numerically by forcing the q-axis magnetising 
current to the value obtained from the first equation in 
eqs. (7). 

Bearing in mind that for sinusoidal steady-state op- 
eration pi. _ -coeip, and pip, = the outputs of 
the reference and adjustable model in the reactive- 
power-based estimator can be obtained from eqs. (6) in 
the form: 
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where i; =iä, + it.,. From eqs. (17) it follows that the rotor 
speed is determined with the condition that the input re- 
active power must equal the reactive power required by 
the motor, as the difference between the two quantities 
in eqs. (17) equals zero in any steady state. It can be 
shown that, if the iron loss is accounted for by means of 
the equivalent circuit of Fig. 3, the corresponding reac- 
tive power correlation is found in the form: 

ia.. Up, - ip. uas 

_ ,. z L, 
r(Tm-Tr)2CJ2+Lm[l+(CUsýTý)2] 

-weis +(1-CUow. 
IT T or FC)z+(weTFe+o 17 )z 

(1ö) 

As the input reactive power in eqs. (17) and (18) is 
the same, then for any given operating condition it is pos- 
sible to calculate from eqs. (17) and (18) the unknown 
slip speed and hence the rotor speed. It follows that, in 
the case of the reactive-power-based speed estimator, 
the actual speed is obtainable directly from the reactive 
power equations and it is then once more possible to 
solve for the remaining unknowns in the induction motor 
model, eqs. (7) to (9). 

4 Results of the Study 

Detuning effects are examined with the reference 
speed taken as the independent variable and normal- 
ised with respect to the rated speed. Torque reference 
is set to a constant value in the base speed region. For 
operation in the field-weakening region, the torque ref- 
erence decreases in an inversely proportional manner 
to the speed, so that constant power operation is as- 
sumed. The iron loss resistance is adjusted to an appro- 
priate value for each operating frequency using the ap- 
proximation of Fig. 4c. 

Fig. 5 summarises the main results obtained for the 
rotor-flux-based speed estimator. As already noted, the 
same results apply to the modified rotor flux method and 
to the back e. m. f. method. The speed error (in min-') and 
ratio of actual to reference torque are given, for three dif- 
ferent torque/power references. It follows from Fig. 5a 
that a typical speed estimation error of 2 min-' to 3 min-' 
can be expected in the base speed region (except at low 
speeds), purely because of the iron losses. The speed es- 
timation error increases in the field-weakening region 
reaching almost 5 min-' when operating with rated 
power at twice the rated speed. The error in torque ratio, 
Fig. 5b, increases for a given speed reference as loading 
decreases and is over 20 % for the torque/power refer- 
ence of 0.2 p. u. Such behaviour reflects the fact that iron 
loss represents a relatively high proportion of the total 
power reference when loading is light. 

The same detuning characteristics are displayed 
once more in Fig. 6, this time for the reactive power 
method. Comparison of Fig. 5 and Fig. 6 indicates that 
the reactive power method leads to slightly reduced 
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speed estimation errors in both the base speed region and 
the field-weakening region. The torque ratio shows 
slightly more favourable behaviour as well, with small- 
er errors especially at light load. 

It is worth noting that the orientation angle error for 
both methods is negligibly small and is within the nu- 
merical accuracy of the calculations. Similarly, the dif- 
ference in rotor flux amplitudes, which for rotor flux and 
back e. m. f. methods must exist according to eq. (14), is 
below 1% for all operating conditions. 

5 Iron Loss Compensation 

Compensation of iron loss could be achieved by de- 
veloping modified speed estimators from the dynamic 
equivalent circuit of am-induction machine shown in 
Fig. 3. However, the inclusion of iron loss representa- 
tion would significantly increase the complexity of the 
speed estimator and the main advantage of relative sim- 
plicity in MRAC-based speed estimation would be lost. 
An alternative way to compensate for the impact of iron 
loss on speed estimation is therefore desirable and it 
consists of modification of the control part of the drive. 
It has already been shown in [9] that an indirect vector 
controller may be altered on the basis of the equivalent 
circuit of Fig. 3, and that such a modified controller will 
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provide complete compensation of iron loss in a drive 

with a speed (position) sensor. It is suggested here that 
the same modified indirect vector controller should be 

applied in a scnsorless rotor-flux-oriented induction 
machine. Assuming operation in the constant flux re- 
gion only, the control part of the drive shown in Fig. I 

now becomes as shown in Fig. 7a. The controller oper- 
ation is described with the following equations [9]: 

idm=Jr"Lm, iqm=[21(3P)] L., T'I(LmWr), 

ýsý _ (LmýTar)ýgmýýr+ (19) 
ids=ism-eOýTFeiym. i; i=dTFeidm+(i. r/iyr)igm. 

Coefficients K, and K2 of Fig. 7a follow directly 
from eqs. (19). 

Although the speed estimator structure remains the 
same, it is necessary to modify its inputs when the in- 
direct vector controller of Fig. 7a is applied. Indeed, 
total statord-q axis current commands in eqs. (19) con- 
tain steady-state iron loss current d-q axis components, 
idF. =-c): Trcigm and i; Fc = w: TFaidm, while the speed 
estimator is not aware of the existence of the iron loss. It 
is therefore suggested to take as input into the speed es- 
timator difference between measured stator a-ß cur- 
rent components and iron loss a-p current components. 
Iron loss a-ß current components are calculated in a 
feed-forward manner, using reference values of d-q axis 
iron loss current components and inverse co-ordinate 
transformation, as shown in Fig. 7b. 

The control system of Fig. 7 enables substantial im- 
provement in the accuracy of the speed-sensorless con- 
trol, when the MRAC speed estimator utilises either the 
rotor flux or back e. m. f. method. Such a conclusion fol- 

a) 
min' 
-0. 

An -0. 
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b) l. oio 
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Fig. 8. Impact of iron loss on rotor-flux-oriented induction 
machine with modified rotor-flux-/back-e. m. f: based 
MRAC sensorless control 
a) Speed estimation error 
b) Ratio of actual to reference torque 
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lows from the analysis that is now performed using the 
scheme of Fig. 7 instead of the scheme of Fig. 1. Speed 
estimation error and torque ratio are shown in Fig. 8, for 
the same operating conditions that apply to Fig. 5. Ap- 
plication of the scheme of Fig. 7 confines speed estima- 
tion error to values smaller than -0.4 min- I in the entire 
base speed region, for all operating conditions. Speed es- 
timation error is at most -1 min- I in the field-weaken- 
ing region. Torque error is also very small and within 
boundaries of ±I%. 

6 Conclusions 

The paper evaluates the impact of iron loss on speed 
estimation accuracy in MRAC-based sensorless rotor- 
flux-oriented induction machines. Speed estimators that 
utilise rotor flux, back e. m. f. and reactive power as out- 
puts from the reference and the adjustable model are 
elaborated. It is shown that iron loss leads to the same 
detuning in rotor-flux- and back-e. m. f. -based estimators. 
Typical speed estimation error is found to be 2 min-' 
to 3 min-I in the base speed region and the torque ratio 
error exceeds 20 % at light loads. The reactive power 
method leads to somewhat smaller speed estimation and 
torque ratio errors. 

Speed estimation error due to iron loss is not negli- 
gible and is of the same order as the errors due to other 
parameter variation effects. It is therefore desirable to 
compensate for the iron loss and it is suggested to mod- 
ify the indirect vector controller in such a way that it 
compensates the iron loss. It is shown that the applica- 
tion of the modified indirect vector controller in con- 
junction with the rotor-flux-/back-e. m. f. -based speed 
estimator, whose current inputs are modified, leads to a 
significant reduction in both speed estimation error and 
torque ratio error. The speed error is typically below 
0.4 min-I in the base speed region while error in torque 
ratio does not exceed I %. 

instantaneous spatial position of rotor flux space 
phasor with respect to stationary axis 

6 total leakage coefficient (a =I -Lm/(LILT)) 
yi flux linkage 
w angular speed of rotation, angular slip speed 
co. speed of rotation of an arbitrary reference frame 
tae angular frequency of the supply 

Subscripts 

d, q d-q axis components of space phasors in rotat- 
ing reference frame 

Fe iron loss related quantities 
m parameters and variables associated with main 

(magnetising) flux and current 
n rated data 
sl slip 
s, r stator and rotor, respectively 
a, ß a-J3 axis components of space phasors in sta- 

tionary reference frame 
a identifies leakage inductances 

- Superscripts 

reference values 
est estimates 
(1), (2) outputs of reference and adjustable parts of 

the speed estimator, respectively 

- Other 

underarrowed variables are space phasors 
j imaginary unity 

- Abbreviations 

CRPWM current-regulated pulse-width modulated 
e. m. f. electromotive force 
MRAC model reference adaptive control 
PI proportional plus integral 
RFO rotor-flux oriented 

Appendix: Induction Motor Data 

7 List of Symbols P, =4 kW, UU = 380 V, ff = 5011z, 2p = 4,1,, = 8.7 A (star) 

e back e. m. f. 
Ten = 26.526 Nm, n� = 1448 min-t, PF,.,, = 0.047 P, 

f frequency R$ = 1.37, R, = 1.1 i2 

L 
current 
inductance Xa: = 1.53 S2, X,, = 2.5 f2, Xm = 44.311 

n mechanical speed of rotation (in min-') 128.92 + 8.242f + 0.0'7788f 2f< 5011z An speed estimation error RFe = 
p Laplace operator 1841-55275/f f> 50112 
p number of pole pairs 
PF, t) fundamental iron loss component References 
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ABSTRACT 

The majority of speed estimation schemes for sensorless vector control of induction 
machines _utilise a mathematical model of the machine in the estimation process. These 
schemes pre therefore inherently sensitive to parameter variation effects in the machine. 
The variety of speed estimation methods makes any attempt to develop a universal 
approach to compensation of parameter variation effects impossible. This paper 
concentrates on one of the most frequently utilised schemes, in which speed is estimated 
using model reference adaptive control approach (MRAC) on the basis of two estimated 
values of the rotor flux space vector. The estimator is analysed in conjunction with 
indirect feed-forward rotor flux oriented induction machine. An attempt is made to 
improve the accuracy of the speed estimation by appropriate modification of the speed 
estimator and the indirect vector controller structures, using modified induction motor 
models that account for one or more of the phenomena that are neglected in development 
of the basic constant parameter scheme. In particular, compensation of main flux 
saturation, compensation of iron loss, and simultaneous compensation of both the iron 
loss and main flux saturation are elaborated. Novel structures of the speed estimator are 
developed for each of the three cases and are applied in conjunction with the appropriate 
modified form of the indirect rotor flux oriented controller. Excellent compensation 
capability is demonstrated in all the cases by performing extensive simulation studies. 

1. INTRODUCTION 

Numerous methods of speed-sensorless vector control of induction machines have 
recently been developed (Rajashekara et al., 1996). In general, two major approaches can 
be identified. The first one encompasses all the techniques that estimate rotor speed from 
the stator current spectrum: speed estimation is therefore inherently not sensitive to 
parameter variation effects in the machine. The second approach relies on utilisation of 
induction machine model in the process of speed estimation and the accuracy of speed 



estimation thus unavoidably depends on accurate knowledge of the machine parameters. 
Among many different methods that utilise the second approach, speed estimation based 
on MRAC (Schauder, 1992) has gained substantial popularity due to its relatively simple 
implementation requirements. This is the technique analysed in this paper, in conjunction 
with indirect feed-forward current-fed rotor flux oriented induction machine. 

MRAC based speed estimation techniques mutually differ with respect to the quantity that 
is selected as output of the reference and the adjustable model. This quantity can take the 
form of rotor flux (Schauder, 1992), back e. m. f (Peng and Fukao, 1994), reactive power 
(Peng and Fukao, 1994), air-gap active power (then and Xu, 1995) etc.. The most 
frequent choices appear to be rotor flux and back e. m. f. (Marwali and Keyhanl, 1997). 
The method discussed in this paper is the rotor flux based one, that is characterised with 
simpler design (Marwali and Keyhani, 1997). 

As mechanical sub-system of the control part of the drive and of the machine itself are in 
any sensorless drive effectively decoupled, and as standard d-q axis constant parameter 
induction machine model is utilised in the design of the controller and the speed 
estimator, accuracy of speed estimation in all the model based methods, including the 
MRAC ones, strongly depends on parameter setting and parameter variation effects in the 
machine. Numerous studies related to parameter variation effects in MRAC based 
sensorlesa drives are available. Comprehensive investigations of steady-state speed 
estimaticgrerrors caused by variation of all the motor parameters are reported by Blasco- 
Gimenez et al. (1996a) and Jansen and Lorenz (1993) for a direct rotor flux oriented 
induction machine that combines a MRAC based speed estimator with a closed loop flux 
observer and includes a mechanical system model. The validity of these results is 
therefore restricted to that specific drive structure. Impact of rotor resistance variation on 
transient behaviour of the drive is studied by has et al. (1994) and Griva et al. (1996) 
using simulation. Effects of main flux saturation on dynamics of indirect feed-forward 
rotor flux oriented induction machine are examined by El-Kholy et al. (1994). An 
experimental study of impact of rotor resistance, stator resistance and magnetising 
inductance induced detuning is reported for operation in the low speed region by 
Armstrong and Atkinson (1997). Steady-state analysis of impact of iron loss on speed 
estimation in indirect feed-forward rotor flux oriented induction machine with rotor flux 
based MRAC speed estimator is elaborated by Levi and Wang (1997). The most 
comprehensive studies of detuning effects in the scheme under consideration (Levi and 
Wang, 1998; Wang and Levi, 1998) report on detailed analysis of speed estimation error 
and other detuning effects in steady-state and transient operation, respectively. Detuning 
is evaluated in these two studies for incorrect setting of the magnetising inductance, stator 
and rotor resistance variation and leakage inductance variation for operation in the base 
speed region. A four-pole, 50 Hz induction machine is analysed by Levi and Wang 
(1997), Levi and Wang (1998) and Wang and Levi (1998) and the relative importance of 
different sources of detuning can be summarised as follows. Variation of rotor resistance 
yields a speed independent, load dependent large speed estimation error of up to 10 rpm 
for a 20% discrepancy between rotor resistance value in the motor and the value used in 
the control structure. Stator resistance variation leads to a speed dependent, load 
independent speed estimation error that is of moderate value at low speed (around 4 to 5 
rpm at 5% of the rated speed, with stator resistance detuned by 20%). Speed estimation 
error progressively reduces as the operating speed increases. However, correct value of 
the stator resistance is crucial for stable operation at low speeds (Armstrong and 



Atkinson, 1997). Incorrect setting of leakage inductances gives speed independent, load 
dependent speed estimation error that is negligibly small (below 1 rpm for deviation of 
leakage inductances by 50%). Iron loss results in speed dependent, weakly load 
dependent moderate speed estimation error of around 3 rpm in the base speed region, 
while detuned magnetising inductance causes speed independent, load dependent 
moderate speed estimation error in the base speed region (up to 3.5 rpm when the value is 
detuned by 20%). It follows that iron loss and incorrect magnetising inductance setting 
cause moderate speed estimation errors, of the same order as stator resistance variation at 
low speeds, while rotor resistance induced detuning is by far the highest. 

Compensation of parameter variation effects in sensorless vector controlled induction 
motor drives with model based speed estimation has been a subject of considerable 
interest in recent past. In majority of cases attempts are made to provide on-line 
identification of either stator resistance (Yang and Chin, 1993; Blasco-Gimenez et al., 
1995), or rotor resistance (Kubota and Matsuse, 1994; Jiang and Holtz, 1997; Shirsavar et 
al., 1996). Simultaneous identification of both the stator and the rotor resistance is 
proposed by Zhen and Xu (1995) and Blasco-Gimenez et al. (1996b). As changes in 
stator and rotor resistance are temperature dependent, the only way to compensate for 
their variation is to employ a method of on-line identification. However, a different, so- 
called model based approach is advantageous when parameter variations of electro- 
magnetic. nature are under consideration. In this case it is easier to design the control 
system aN the speed estimator using an appropriate, modified induction motor model that 
accounts for the given phenomenon. Such a situation arises when compensation of 
detuning due to main flux saturation and/or iron loss is to be achieved. Model based 
approach has been extensively used in the past to achieve main flux saturation 
compensation (Levi and Vuckovic, 1989; Levi et al., 1990; Levi and Vuckovic, 1993; 
Williamson and Healey, 1996; Levi and Sokola, 1997) and iron loss compensation (Levi, 
1995; Levi et al., 1996) in vector controlled drives that do posses a speed (position) 
sensor. However, very little effort has been put so far into compensation of these 
phenomena by means of the model based approach in sensorless vector controlled 
induction motor drives, the exceptions being works of Levi et al. (1999) and Blasco- 
Gimenez et al. (1996c). A modified rotor flux based speed estimator of MRAC type, that 
provides compensation of iron loss in conjunction with the modified indirect feed-forward 
vector controller, is introduced by Levi et al. (1999) and its suitability is confirmed by 
steady-state analysis. Need for compensation of main flux saturation for operation in the 
field weakening region is recognised by Blasco-Gimenez et al. (1996c) and a modified 
speed estimator is developed. The sensorless scheme discussed by Blasco-Gimenez et al. 
(1996c) incorporates closed loop flux control and utilises speed estimation algorithm 
based on MRAC in conjunction with closed-loop flux observer. It is therefore of the same 
type as the scheme discussed by Blasco-Gimenez et al. (1996a, 1996b) and its general 
applicability is limited by the high level of complexity. 

If a vector controlled induction motor drive is designed to operate in both base speed 
region and field weakening region, it becomes an imperative that main flux saturation is 
compensated. In field weakening region impact of stator resistance variation is negligible, 
while level of main flux saturation significantly varies with operating speed. On the other 
hand, iron loss is an unavoidable source of detuning as its existence is neglected in the 
design of the speed estimator and the vector controller. The aim of the present paper is to 
propose a couple of relatively simple sensorless rotor flux oriented control schemes, that 



provide compensation of main flux saturation, compensation of iron loss and 
simultaneous compensation of main flux saturation and iron loss. Modified rotor flux 
based speed estimators of MRAC type are developed for each of the three cases using 
model based approach. Modified estimators are used in conjunction with suitably 
modified indirect vector controllers and their effectiveness in compensating the given 
phenomenon is confirmed by simulation. 

2. BASIC STRUCTURE OF THE DRIVE 

Basic structure of the sensorless indirect rotor flux oriented induction machine, elaborated 
in the paper, is shown in Fig. 1. The machine is assumed to be fed from a current source, 
so that the current controlled PWM inverter is taken as ideal in simulations (i. e., reference 
and actual phase currents are equal). Structure shown in Fig. 1 is aimed at operation in the 
base speed region only, so that rotor flux reference is shown as constant and equal to 
rated (index n denotes rated values). The speed estimator of Fig. 1 is shown in Fig. 2 
(Schauder, 1992). It relies on measurement of stator currents and voltages, utilises 
principles of MRAC, and the two left-hand side blocks perform integration of equations 
(1) and (2). Speed estimator operates in the stationary a, ß reference frame and is 
described with the following space vector equations (a. =1- 2,,, &am, L,. )): 

d4! (l) j 
=°IVi -(its +QeL: 

nP)js, 
(1) 

dt L. L 

dVl' 1L 

alt' 
rv= jwem -?, Y/(2) +T Is (2) 

m 

or Vp' VIP Ivor 

Equation (1) is the reference model, while equation (2) is the adaptive model. All the 
machine parameters in (1)-(2) and in the controller of Fig. I are constant and correspond 
to the rated operating conditions. The major problem experienced in application of this 
speed estimator is the pure integration that is involved in (1). As a consequence, the speed 
estimator is not operational at zero speed and at low frequencies. Operating region of the 
estimator can be improved by appropriately modifying the estimator equations, so that 
pure integration is eliminated. For example, low pass filters can be added either at inputs 
or at outputs of the reference and the adjustable models, (1) and (2) (Schauder, 1992). 
The problem of pure integration is however beyond the scope of this paper. 

3. INDUCTION MACHINE MODELLING FOR SIMULATION PURPOSES 

Induction machine is modelled on the basis of the general dynamic space vector 
equivalent circuit (space vectors are underlined), that is shown in Fig. 3 for a reference 
frame rotating at arbitrary angular speed ova. Notation used further on is defined in Fig. 3. 
Circuit of Fig. 3 accounts for both iron loss and main flux saturation. Machine equations 
in space vector form can be written from Fig. 3 as 
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A convenient selection of the state-space variables is the set comprising yr0 (Sokola, 

1998). As ideal current feeding is assumed, stator voltage equation can be omitted from 
(4). The machine can then be represented with the following system of equations in the 
stationary a, ß reference frame (wo = 0): 
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Asterisk in (5) denotes reference values of the stator current components and the angular 
slip frequency. The two time constants in (5) are T� = L� /R, and T, E., = L� /RF, . The 

model given with (5) accounts fully for both the iron loss and the main flux saturation. It 
is therefore used to represent the induction machine in the case when both phenomena are 
simultaneously considered. The same model is used to represent the induction machine 
when only iron loss is considered, while main flux saturation is neglected (magnetising 
inductance is equated to the constant rated value). For studies concerned with main flux 

saturation only (iron loss neglected), induction machine is represented with the current 
state-space saturated machine model in stationary reference frame (Levi and Vuckovic, 
1989). Equivalent iron loss resistance approximation is given in Appendix, together with 
the induction machine data. Approximations used to represent magnetising curve and 
inverse magnetising curve (needed later) are included as well. 

4. COMPENSATION OF MAIN FLUX SATURATION 

4.1 Modified Indirect Vector Controller 

In order to extend the operating region of the system of Fig. I above base speed, it is 
necessary to modify the indirect vector controller by accounting for main flux saturation. 



The simplest solution (Levi et al., 1990) is used here and is illustrated in Fig. 4. Rate of 
change of the rotor flux reference is neglected. Ratio of magnetising to rotor inductance is 

assumed to remain constant and equal to the one under rated rotor flux conditions, so that 
SG = R,,, (L,,,,, /L,. ) and K= (3 / 2) P L,,,,, /L, 

. Impact of cross-saturation is not 
compensated either. Control system of Fig. 4 however provides full compensation of 
saturation in steady-state in the field-weakening region in a drive with speed (position) 
sensor (Levi et al., 1990). As in a sensorless drive speed sensor does not exist, situation is 
quite different here. If control system of Fig. 4 is applied in conjunction with constant 
parameter speed estimator of Fig. 2, operation of the drive will be characterised with 
large speed estimation errors, as shown in section on simulation results. It is therefore 
necessary to compensate the main flux saturation in the speed estimator of Fig. 2 as well. 

4.2 Compensation of Main Flux Saturation in the Speed Estimator 

In order to compensate for the main flux saturation in the speed estimator, both the 
reference and the adaptive part of the estimator, (1)-(2), have to be modified. Estimation 
of rotor flux in the reference model (1) is based on stator voltage and current 
measurements, which contain sufficient information to yield, apart from estimates of rotor 
flux components, the estimate of the magnetising inductance as well (Levi and Vuckovic, 
1993). Instead of (1), the following equations are used (Levi and Vuckovic, 1993): 
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Reference model, described with (6), is illustrated in Fig. 5. Not only that main flux 
saturation is fully accounted for in the calculation of the rotor flux components, but the 
estimate of the magnetising inductance is provided as well. Estimate of the magnetising 
inductance, obtained from the reference model, will be used in the adaptive model, as 
explained next. It should be noted that the complexity of the scheme given in Fig. 5 can 
be reduced for real time applications by suitably re-arranging equations (6). Means for 
accounting for main flux saturation in the adaptive model (2) are elaborated in detail in 
Levi and Sokola (1997). Main flux saturation is fully accounted for provided that the 
appropriate value of the saturated steady-state magnetising inductance is used instead of 
the constant one. Structure of (2) needs not be changed at all, as dynamic inductance 
terms do not appear in this equation when stator current and rotor flux components are 
selected as state space variables. An appropriate value of the saturated steady-state 
magnetising inductance is yielded by the reference model (6) and the adaptive model is 
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Resultant structure of the modified speed estimator is shown in Fig. 6. The estimator 
provides full compensation of main flux saturation in transient and steady-state operation. 
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5. COMPENSATION OF IRON LOSS 

5.1 Modified Indirect Vector Controller 

A modified indirect vector controller, that enables full compensation of iron loss in a 
drive with speed sensor was proposed by Levi (1995). It requires knowledge of the 
dependence of the equivalent iron loss resistance on the frequency, which can be 
determined on the basis of the experiments (Levi et at., 1996). The indirect feed-forward 

rotor flux oriented controller with compensated iron loss is shown in Fig. 7. Time 
constant TF, in Fig. 7 is ratio of magnetising inductance to equivalent iron loss resistance. 
As saturation is neglected, TFe is function of operating frequency only, through RF,. 
Constants K, and K2 are K, = 

(2/3P)La,,, /(L,,,,, 
yr; 

) 
and K. = Lm�/(T., qr, *). Operation in 

the base speed region, with constant rotor flux reference, is assumed. 

5.2 Compensation of Iron Loss in the Speed Estimator 

In order to retain the simple structure of the speed estimator of Fig. 2, it is desirable to 
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avoid modification of the estimator 
-' Eqns" (6) je structure by means of induction machine's 

(F`& 5) equivalent circuit of Fig. 3. An alternative 
Ii Eqn, B PI and indeed very simple way, proposed by 

L, (3) oonv. Levi et at. (1999), consists of modification 
of the input into the estimator rather than 

Fq". of change of the structure. Stator current (ý 
references in Fig. 7 are obtained by adding 
iron loss compensation currents to the 

FIGURE 6. Rotor flux based speed controller outputs. Estimator input is 

estimator with full compensation of main therefore modified in such a way that input 
flux saturation. currents are obtained by deducting iron 
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FIGURE 7. Modified indirect vector controller with compensation of iron loss. 

FIGURE 5. Modified reference model with compensation of main flux saturation. 



loss compensation currents from the measured stator current components. As iron loss 
compensation currents are available in the rotating reference frame, while speed estimator 
operates in the stationary reference frame, this method requires co-ordinate 
transformation of iron loss current components from d-q reference frame to stationary a, ß 
reference frame. Modified speed estimator is illustrated in Fig. 8. 

6. COMPENSATION OF IRON LOSS AND MAIN FLUX SATURATION 

6.1 Indirect Vector Controller 

The structure of an indirect vector controller that will provide compensation of both main 
flux saturation and iron loss is obtained by combining the two controllers, shown in Figs. 
4 and 7. The controller is illustrated in Fig. 9. Constants are defined as 
TG = (2 / 3P) La,,, /L,,,,, 

, SG = L. /To, 
. Note that product of TG and SG in calculation 

of the reference angular slip frequency cancels dependence on the magnetising 
inductance, while in the calculation of the reference stator q-axis current this dependence 
is approximately cancelled by the product of TO and ratio of rotor self-inductance to rotor 
leakage inductance. Function a, (*/RF, takes into account dependence of iron loss 
resistance on frequency, while magnetising inductance is calculated from rotor flux 
reference-and output of the inverse magnetising curve. 

6.2 Compensation of Main Flux Saturation and Iron Loss in the Speed Estimator 

Speed estimator with compensation of the both phenomena is constructed in very much 
the same way as the indirect controller. The two schemes, proposed for individual 

compensation of iron loss and main flux saturation, are combined to yield simultaneous 
compensation of the both effects. The resulting structure of the speed estimator is shown 
in Fig. 10 and it combines structures depicted in Figs. 6 and S. 

7. SIMULATION RESULTS 

7.1 General Considerations 

Estimated speed, as obtained from the speed estimator, is used at all times for closed loop 
speed control and for orientation angle calculation. Actual speed of the machine is used 
for monitoring purposes only. Induction machine is represented with an appropriate 
model, as explained in section 3. Simulations are carried out for a number of different 
combinations of the indirect vector controller and the speed estimator and are classified 
into three groups. 

The first group relates to main flux saturation. Indirect vector controller of Fig. 4 is used. 
At first, the speed estimator of Fig. 2 is applied, in order to visualise effects of omission 
of the main flux saturation representation within the speed estimator. Next, the speed 
estimator proposed in sub-section 4.2 and illustrated in Figs. 5 and 6 is used in order to 
verify its compensation capability. The second group deals with iron loss only. Main flux 
saturation is neglected in the control system, speed estimator and the motor. Indirect 
vector controller of Fig. 1 is used. Rotor flux reference in the field weakening is taken as 
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inversely proportional to the rotor speed and calculation of stator q-axis current reference 
and angular slip reference involves division with rotor flux reference. Although omission 
of main flux saturation representation in the field weakening is unrealistic, this approach 
enables examination of detuning purely due to iron loss. Speed estimator of Fig. 2 is again 
at first utilised and impact of iron loss on the drive behaviour is examined. Next, 
simulations are repeated with the indirect vector controller of Fig. 7 (appropriately 
modified to include operation in the field weakening region) and speed estimator of Fig. 
8. The third group of simulations employs indirect vector controller of Fig. 9 and speed 
estimator of Fig. 10. It verifies that almost complete compensation of both iron loss and 
main flux saturation is possible by the drive structure proposed in section 6. In all the 
cases speed response is illustrated in terms of electrical angular speed of rotation, while 
speed error is the difference between actual and estimated speed in mechanical rpm. 



7.2 Main Flux Saturation 

The following sequence of transients is simulated. The machine is initially excited at zero 
speed under no-load conditions (this transient is not shown in graphs). Speed command is 
then applied, so that rated speed operation (1 p. u. ) under no load conditions is achieved. 
During operation at rated speed a load torque of 1 p. u. is applied in a step-wise manner at 
t=0.5 s. At t=1s load torque is stepped down to 0.5 p. u. and this value is not changed 
any more. Finally, at t =1.5 s speed command is further increased in a ramp-wise manner, 
so that field-weakening region is entered. Final operating steady-state is therefore with 0.5 
p. u. load torque and transients for two different final speeds are shown, namely speed 
command of 1.5 p. u. and speed command of 2 p. u.. Figures 11 and 12 summarise results 
obtained with constant parameter speed estimator of Fig. 2. Graphs of actual and 
commanded speed, speed error, actual and commanded torque, actual and commanded 
rotor flux, and actual rotor flux q axis component are given, for final speeds of 1.5 p. u. 
and 2 p. u., respectively. 

In the base speed region estimated speed tracks the actual one very well and commanded 
and actual torque are in good agreement, except during the initial part of the acceleration. 
Field orientation is initially lost, as witnessed by oscillatory torque behaviour and large 
value of rotor flux q-axis component. Poor performance of the estimator during the 
starting transient is the consequence of the high PI speed controller proportional gain. An 
improveiient during initial acceleration is possible if the proportional gain of the speed PI 
controller is reduced, as shown in results of the sub-section 7.4. 

Once when acceleration in the base speed region is completed, the machine operates with 
correct rotor flux orientation as rotor flux q-axis component is zero and rotor flux equals 
the reference value. Steady-state speed error equals zero for all the loading conditions in 
this region. The problems however begin once when the field-weakening operation is 
initiated at t=1.5 s. Speed estimation error quickly increases and its final values are over 
10 rpm and 20 rpm in Figs. 11 and 12, respectively. Difference between actual torque 
(that equals load torque of 0.5 p. u. ) and reference torque appears and is higher at final 
reference speed of 2 p. u. (Fig. 12) than at final reference speed of 1.5 p. u. (Fig. 11). 
There is substantial difference between reference rotor flux and actual rotor flux and field 
oriented control is lost, as final steady-state is characterised with substantial value of rotor 
flux q-axis component in both cases. Figures 11 and 12 clearly demonstrate the need for 
incorporation of the main flux saturation in the speed estimator, if satisfactory 
performance is to be achieved in the filed-weakening region. 

The same simulations are repeated once more. This time the proposed speed estimator of 
Fig. 6 is used instead of the constant parameter one. The same sets of results for the same 
sequence of transients and the same final operating conditions are given in Figs. 13 and 
14. Operation in the base speed region is insignificantly changed with the application of 
the saturation adaptive speed estimator. Pattern of discrepancy between actual and 
commanded torque and between actual and commanded rotor flux is during acceleration 
into field weakening region very similar in Figs. 13 and 14 to those in Figs. 11 and 12, 
respectively. These differences occur due to the absence of the stator d-axis current 
command boost during the transient (rate of change of the rotor flux reference is 
neglected in the design of the controller of Fig. 4) and cannot be compensated by the 
modified speed estimator. However, speed estimation error during this transient is 



i 
I 
1 

I 

100 

100 

uu is 

TWO(* 

11 

E 
I 

I 
1 
1 
I 

I 

lb. a 

I 

E 
I 

r 

r 

i 

ü 

N 

t 

1 

Ii t u 
" 

. 1e 

" 

" 
U 7 L 

4 OB- - 

<J 

ýý 
 - 

S 
-on. ýrrr 

r 
" 

IS 

M 

" 

" 

II ) a. 
a 

A. 

I I 

j 

Th. w 

MIA 
I 
I 

Z M 
I 

" 

W 1 II 7 ff 

.b 
r- W it-to 

IJ 

ZSA 

I 

1 
I 
j 

I 
T- Iq 7-10 

FIGURE 11. Drive operation with constant 
parameter speed estimator (final speed 1.5 p. u. ): 
estimated and actual speed; speed error; actual 
and reference torque; actual and reference rotor 
flux, and rotor flux q-axis component ('psiqr' 
trace). 

FIGURE 12. Drive operation with constant 
parameter speed estimator (final speed 2 p. u. ): 
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trace). 
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reduced significantly (its maximum value does not exceed 3 rpm in Fig. 13 and 40 rpm in 
Fig. 14, while corresponding values in Figs. 11 and 12 are 13 rpm and 55 rpm). Once 

when reference speed in the field weakening has become constant, the differences 
between responses in Figs. 13 and 14 and those of Figs. 11 and 12 become even more 
remarkable. Final steady-state in Figs. 13 and 14 is characterised with perfect field 

orientation as q-axis component of the rotor flux equals zero. Actual rotor flux in the 

machine exactly matches the reference value. Consequently, actual and reference torque 

are equal as well. Speed estimation error in Fig. 14 is essentially zero, while for operation 
at 1.5 p. u. speed (Fig. 13) it is less than 1 rpm. The reason for this small residual speed 
estimation error is explained as follows. Motor model requires use of the magnetising 
curve approximation, while the controller and estimator ask for approximation of the 
inverse magnetising curve (Figs. 4 and 5). The two approximations, obtained using curve 
fitting, are characterised with identical values for rated operating point and for the initial 
linear portions of the curves, while some minor discrepancies exist in between. Speed 

estimation error is therefore zero for operation in the base speed region (rated operating 
point) and for operation at 2 p. u. speed (linear portion of the curve). Operation at 1.5 p. u. 
speed takes place in between these two areas of the magnetising curve, where matching is 

not perfect, so that some very small amount of speed estimation error results (speed 

estimation error at 1.25 p. u. speed is, repeating the same simulation, found to be 0.25 

rpm; at 1.75 p. u. speed error is 0.3 rpm). These considerations indicate that accurate 
knowledge of the magnetising curve is important for successful implementation of the 
develope7speed estimator. 

7.3 Iron Loss 

Sequence of transients is as follows. Excitation of the machine is initiated at t-0s at 
zero speed under no-load conditions. At t=0.5 s speed command equal to rated is 
applied, under no load conditions. Rated load torque is applied at t=Is and at t-1.5 s 
load torque is reduced to one half of the rated. The results are displayed in Fig. 15. The 
same simulation is repeated once more, with speed command now equal to twice the rated 
speed. Load torque such that power is rated is now applied at t=1.5 s and at t=2.5 s 
load torque is reduced to such a value that power is one half of the rated. The results for 
this case are shown in Fig. 16. Actual and estimated speed, speed error, actual and 
commanded torque, commanded and actual rotor flux, and rotor flux q axis component 
are given in both Figs. 15 and 16. 

Steady-state analysis (Levi and Wang, 1997; Levi et al. 1999) predicted that orientation 
angle error and difference between reference and actual rotor flux will be negligible in 
any steady-state operation. Figs. 15 and 16 fully confirm those results, as q-axis 
component of the rotor flux is zero and there is not any difference between reference and 
actual rotor flux in steady-state operation. Discrepancy between commanded and actual 
torque is noticeable for rated speed operation, while at twice the rated speed it is very 
small and cannot be observed in Fig. 16. Speed error for rated speed operation is between 
2 and 3 rpm depending on the loading, while at twice the rated speed it increases to 
around 4.5 rpm for rated power operation. These values exactly correspond to the results 
of steady-state analysis (Levi and Wang, 1997; Levi et al. 1999). 

As shown next, satisfactory compensation of iron loss can be achieved by means of the 
modified indirect vector controller of Fig. 7 (with appropriate modifications for operation 
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in the field weakening region) and the proposed speed estimator of Fig. S. Identical 
simulations to those illustrated in Figs. 15 and 16 are now done using the drive model 
with controller and speed estimator of Figs. 7 and 8 and the results are summarised in 
Figs. 17 and 18. Only speed error and torque graphs are given, as there is not any 
observable difference in the remaining traces. Actual and commanded torque now 
essentially coincide for both rated speed and twice the rated speed operation (steady-state 
analysis reported by Levi et al. (1999) predicted torque error of approximately 1%). 
Speed estimation error is significantly reduced and is below 0.4 rpm for rated speed 
operation (the worst case in the base speed region). In the field weakening region, at twice 
the rated speed, speed estimation error is up to 1 rpm for rated power operation. For load 
torque such that power is one half of the rated speed estimation error is below 0.5 rpm. 
Once more, these values fully correspond to those predicted by steady-state analysis. 

Figures 17 and 18 confirm that the approximate method of compensation of iron loss, 
used in the design of the speed estimator of Fig. 8, significantly reduces the speed 
estimation error and confines it to the negligibly small values of up to 0.4 rpm in the base 
speed region and up to 1 rpm in the field weakening region. 

7.4 Main Flux Saturation and Iron Loss 

No attempt was made in this case to study detuned operation. Obviously, detuning effects 
visualisea"m sub-sections 7.2 and 7.3 would now combine to yield resulting detuning. 
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Simulations regarding simultaneous compensation of both the main flux saturation and 
the iron loss are conducted using the proposed indirect vector controller of Fig. 9 and the 
novel speed estimator of Fig. 10. Sequence of transients and final operating states are the 
same as when only main flux saturation was considered, sub-section 7.2 (Figs. 13 and 14). 
The only differences are that the excitation transient, starting at zero time instant, is 
included, and that instants of speed command changes and load torque application are 
shifted in time. Additionally, proportional gain of the speed PI controller is reduced, 
resulting in better quality of response during acceleration. Figures 19 and 20 summarise 
the results for final operating speeds of 1.5 p. u. and 2 p. u., respectively, and include the 
same traces as Figs. 13 and 14. Speed estimation error is now confined to values less than 
1 rpm and perfect field orientation is achieved in all the steady-state operating regimes 
(rotor flux q-component equals zero). Complete annulment of speed estimation error is 

not achieved due to approximate nature of the iron loss compensation and due to non- 
ideal mapping of the magnetising curve and the inverse magnetising curve, as explained 
in sub- sections 7.3 and 7.2. Actual and reference rotor flux coincide in all the steady- 
states as well. The same holds true for commanded and actual torque. Figures 19 and 20 
clearly demonstrate that the model based approach adopted in the paper is capable of 
providing almost complete compensation of both main flux saturation and the iron loss in 
a sensorless indirect rotor flux oriented induction machine. 

8. CONCLUSION 

Some of the phenomena responsible for detuning in vector controlled induction machines 

can be compensated in a relatively simple manner using model-based approach. These 
include main flux saturation and iron loss. The idea behind this method is to use a 
modified induction machine model for development of the control system, that accounts 
for the phenomenon under consideration. The paper applies this approach to an indirect 
feed-forward rotor flux oriented induction machine operated as a sensorless drive, with 

speed estimator of MRAC type. It is shown that successful compensation of main flux 

saturation, iron loss, and both iron loss and main flux saturation, asks for modification of 
both the indirect vector controller and the speed estimator. Appropriate structures of the 

controller and the speed estimator are proposed, that are capable of compensation of main 
flux saturation only, iron loss only, and both the main flux saturation and the iron loss. 

Simulation is used to at first visualise the impact of main flux saturation and iron loss on 
operation of the drive, when standard constant parameter speed estimator is employed. It 
is shown that performance deteriorates in the field weakening region due to saturation, 
while impact of iron loss is less serious but far from negligible. Proposed modified speed 
estimators are verified next. Speed estimation error is in all the cases reduced to below 

one rpm and correct field orientation is achieved in any steady-state operating point. 

Implementation of the scheme with compensation of both the iron loss and main flux 

saturation asks for knowledge of the two non-linear functions (inverse magnetising curve 
and frequency dependence of the equivalent iron resistance). The complexity added to the 
indirect vector controller and the speed estimator by the compensation is considered to be 

moderate. One additional co-ordinate transformation is required, three look-up tables are 
needed and there is a certain number of additional algebraic operations. This is believed 
to be acceptable when compared to on-line identification requirements. 



I 
4 
1 
I 

I 
u, ut as 

. �a. 

1k" 
Jiall 

i '°° 
w. 

Th-114 

I 

i I I 
ý 

u 

a 
a 
" 

4 
,- 

10 

t 
"3 1 ID I 7J 

I 
I 
I 

U. 4.1 

K-L 

0 iY+hl 

I 

a+ut ýa 

"e 
II 

r- to 

$1 

al 

u 

j a4 
ýu 

a 

I 
i" 
I' 

I 
I 

i 

D 

I 
Tl-1.1 r-(. ) 

FIGURE 19. Operation with controller of Fig. FIGURE 20. Operation with controller of Fig. 
9 and estimator of Fig. 10 (final speed 1.5 p. u. ): 9 and estimator of Fig. 10 (final speed 2 p. u. ): 
actual and estimated speed; speed error, actual actual and estimated speed; speed error; actual 
and reference torque; actual and reference rotor and reference torque; actual and reference rotor 
flux, and rotor flux q-axis component. flux, and rotor flux q-axis component. 



.^ '{,. _ 

ý .. ý¢ 9. APPENDIX: Induction Motor Data 

R,,, =137( Rm=1.1fl Lam�=4.87mH La�, =7.96mH L,,,,, =0.143H 
Magnetising curve approximation (motor model; rms values): 

4 kW 380 V 50 Hz 8.7 AY 2P=4 T.. = 263 Nm 

0.19642851,1, < 22 A 
y"' `ý[0.8374 + 0.00671m-0.924/1.1, >22A 

0.1964285 1, <22 A 
L=d'Y"' ýdl 

"' = 

[0.0067+0.924/1.2 

1. >22A 

L. =`I'_/I= 
Inverse magnetising curve approximation (controller and speed estimator): 

Im =-0.04+7.19`P1, -23ß8`P +104.43`',; -200.62`P, +145.08'', 

Iron loss resistance approximation: 
1128.92+8242f 

+0.7788f 2 (il) f5 50 Hz 
RFC a1 

84 1- 55272/ f ((I) f> 50 Hz 
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ABSTRACT 

One of the most frequently applied methods of 
speed-sensorless rotor flux oriented control of 
induction machines relies on utilisation of 
model reference adaptive system (MRAS) 
based speed estimation. Accuracy of this 
method heavily depends on correct setting of 
the machine parameters within the estimator 
and the controller. The paper discusses 
sensorless indirect feed-forward current-fed 
rotor flux oriented induction motor drive in 
which speed estimation is performed utilising 
rotor flux based MRAS scheme. A study is 
conducted in order to evaluate speed 
estimation error and other detuning effects in 
both steady-state and transient operation of the 
drive, caused by incorrect setting and/or 
variation of parameters. Theoretical principles 
behind the steady-state analysis are at first 
developed and steady-state detuning effects are 
then evaluated. Incorrect setting of magnetising 
inductance, stator resistance variation, rotor 
resistance variation and leakage inductance 
variation are encompassed by steady-state 
analysis. Next, simulation of the complete 
drive is performed in order to examine impact 
of parameter detuning on transient behaviour 
of the drive. Results obtained by simulation, 
using dynamic model, for any steady-state 
operating point are found to be in excellent 
agreement with results obtained by steady-state 
analysis, so that developed theoretical concepts 
are fully verified. It is shown that rotor 
resistance variation leads to the largest speed 

estimation error, while stator resistance 
variation at low speeds significantly affects 
accuracy of field orientation and hence 
dynamics of the drive. 

1. INTRODUCTION 

Numerous methods of speed-sensorless vector 
control of induction machines have recently 
been developed (Rajashekara et al, 1996). In 
general, two major approaches can be 
identified. The first one encompasses all the 
techniques that estimate rotor speed from the 
stator current spectrum: speed estimation is 
therefore inherently not sensitive to parameter 
variation effects in the machine. The second 
approach relies on utilisation of induction 
machine model in the process of speed 
estimation and the accuracy of speed 
estimation thus unavoidably depends on 
accurate knowledge of the machine parameters. 
Among many different methods that utilise the 
second approach, speed estimation based on 
MRAS (Schauder, 1992) has gained substantial 
popularity due to its rather simple 
implementation requirements. This is the 
technique analysed in this paper, in conjunction 
with a current-fed induction machine 
controlled by means of the indirect feed- 
forward rotor flux orientation method. 

MRAS based speed estimation techniques 
mutually differ with respect to the quantity that 
is selected as output of the reference and the 



adjustable model. This quantity can take the 
form of rotor flux (Schauder, 1992), back 
e. m. f. (Peng and Fukao, 1994), reactive power 
(Peng and Fukao, 1994; El-Kholy et at, 1994a), 
and air-gap active power (then and Xu, 1995). 
The most frequent choices appear to be rotor 
flux and back e. m. f. (Marwali and Keyhani, 
1997). The method discussed here is the rotor 
flux based one. It is characterised with simpler 
design (Marwali and Keyhani, 1997) and is 
therefore easier to implement. 

Accuracy of speed estimation in all the model 
based methods strongly depends on parameter 
variation effects in the machine. Some -studies 
related to parameter variation effects in MRAS 
based sensorless drives are already available. 
Investigations of steady-state speed estimation 
errors caused by variation of all the motor 
parameters are reported by Blasco-Gimenez et 
at (1996) and Jansen and Lorenz (1993) for a 
direct rotor flux oriented induction machine 
that combines a MRAS based speed estimator 
with a closed loop flux observer and includes a 
mechanical system model. The validity of the 
results is restricted to that specific drive 
structure. Impact of rotor resistance variation 
on transient behaviour of the drive is studied 
by Ilas et at (1994) and Griva et at (1996) by 
simulation. Effects of main flux saturation on 
dynamics of indirect feed-forward rotor flux 
oriented induction machine are examined by 
El-Kholy et at (1994b) by simulation. An 
experimental study of impact of rotor 
resistance, stator resistance and magnetising 
inductance induced detuning is reported for 
operation in the low speed region by 
Armstrong and Atkinson (1997). Finally, 
steady-state analysis of impact of iron loss on 
speed estimation in indirect feed-forward rotor 
flux oriented induction machine with rotor flux 
based MRAS speed estimator is investigated 
by Levi and Wang (1997). 

The aim of this paper is to provide a detailed 
analysis of speed estimation error and other 
detuning effects in a sensorless indirect feed- 
forward current-fed rotor flux induction 
machine, in which speed estimation is 

performed using rotor flux based MRAS speed 
estimator. Steady-state operation, assuming 
ideal sinusoidal supply, is elaborated first. 
Modelling is performed utilising the approach 
developed by Levi and Wang (1997). Iron loss 
is neglected at all times, while main flux 
saturation is accounted for in all the cases 
under consideration. Detuning is evaluated for 
incorrect setting of the magnetising inductance, 
stator and rotor resistance variation and 
leakage inductance variation for operation in 
the base speed region. Next, simulation of 
transient behaviour of the drive is performed. 
Transient detuning due to stator and rotor 
resistance variation and incorrect magnetising 
inductance setting is evaluated. Results of 
simulations, obtained by means of the dynamic 
model, coincide with results delivered by the 
steady-state analysis in all steady-state 
operating points. The approach used in steady. 
state analysis of detuning is thus fully verified. 
Detuning is characterised in all the cases by 
speed estimation error, orientation angle error 
and error in torque (i. e., ratio of actual to 
commanded torque). 

The paper is organised as follows. Section 2 
describes the drive under consideration. 
Section 3 introduces theoretical bases of the 
analysis of detuning in steady-state operation, 
while Section 4 gives results of steady-state 
analysis. Section 5 gives description of the 
simulation procedure for transient operation 
and presents simulation results for both tuned 
and detuned operation of the drive. Section 6 
presents a discussion of the results of the study. 
Section 7 summarises the conclusions. 

2. DESCRIPTION OF THE DRIVE 

Structure of the sensorless indirect rotor flux 
oriented induction machine, analysed in the 
paper, is shown in Fig. 1. The current regulated 
PWM inverter (CRPWM) is assumed to be 
ideal (i. e., reference and actual phase currents 
are equal). Mathematical analysis of steady. 
state operation, presented in the next section, is 
performed in the reference frame firmly 



attached to the reference rotor flux space 
vector. Rotor flux reference is constant and 
equal to rated, as only base speed region is 
dealt with. The speed estimator of Fig. I is 
shown in Fig. 2. It relies on measurement of 
stator currents and voltages, utilises principles 
of MICAS, and the two left-hand side blocks 
perform integration of equations (1) and (2). 
Speed estimator operates in the stationary 
reference frame (a, ß) and is described with 
the following space vector equations 
(Q = 1- ), (Schauder, 1992): 

dy, (1) L" 
dt a Lý [v_, 

-CRj +Q l, p)rfý (1) 

dd 

t= 
jmý" -T Jß(2) +-T -l, (2) 

`ri 

Asterisk denotes in (1)-(2) constant values of 
machine parameters used in the estimator and 
in the controller of Fig. 1. Symbol p denotes 
differentiation, while T, stands for rotor time 
constant. Induction machine is represented with 
the dynamic space vector equivalent circuit, 
given in Fig. 3 in the reference frame rotating 
at an arbitrary angular speed cq,. Speed of the 
reference frame is selected as equal to the 
reference angular speed of the rotor flux space 
vector (co, * of Fig. 1) in steady-state analysis 
and as equal to zero in simulation of dynamics. 
Actual motor parameters do not bear an 
asterisk. Induction machine model, in contrast 
to the speed estimator and the control system, 
accounts for main flux saturation in both 
steady-state and transient analysis. As is well- 
known, level of main flux saturation is 
significantly affected by rotor resistance 
variation in indirect rotor flux oriented 
induction machine with speed sensor. 
Additionally, impact of incorrect magnetising 
inductance setting in the estimator and the 
controller cannot be properly evaluated if main 
flux saturation in the machine model is 
neglected. Main flux saturation is therefore 
accounted for at all times in this study. 

The machine used in the study is a four-pole. 
50 iiz, 4 kW induction motor. whose data are 
given in Appendix. Analytical approximations 
of the magnetising inductance L. (required for 
both steady-state and transient analysis) and of 
the dynamic inductance L (required for 
transient analysis only) are included. 

3. ANALYSIS OF STEADY-STATE 
OPERATION UNDER DETUNED 
CONDITIONS 

3.1 Induction machine model 

Steady-state induction machine model, 
assuming Ideal sinusoidal supply conditions, 
follows directly from Fig. 3. It Is given in the 
reference frame firmly attached to the 
commanded rotor flux space vector with the 
following equations (due to Idealised inverter 
representation and postulated Ideal current 
feeding. stator d. q axis current commands am 
equal to the actual machine stator d-q axis 
currents): 

Y6 -1RI -m', L. 1; -a): LJ,, 

Yý, R, lr +w L. 14 +m: L�l, 

-1ý, 
ý"ým, 

-m L�(l -lý 
ý+ 4 

R, ýI, 
-lý�ý"ýmý-. ' c(lw-')+ 

L,,, "ftlýý l,. Fill. 

T, '(3P/2)L. 
(IA. 

-11.11 ) 
psi 

Inspection of equations (4) shows that there are 
rive equations with six unknowns (stator 
voltage and magnetising current d-q axis 
components, magnetising inductance and 
actual speed of rotation oh. Thus it is tot 
possible to solve this system of equations 
without determining which of the variables is 
only apparently unknown. As shown in the next 
sub-section, speed estimator pro-determincs 
stator d-axis voltage, so that the system 
becomes solvable. 
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FIGURE 1. Control system of a speed sensorless indirect current-fed rotor flux oriented induction 
machine. 
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FIGURE 2. Rotor flux based MRAS rotor 
speed estimator. 

3.2 Analysis of the speed estimator 

In any steady-state operation, assuming ideal 
sinusoidal conditions, ideal integration and 
neglecting all the delays, rotor flux estimates of 
(1) and (2) are given in the reference frame 
attached to the commanded rotor flux space 
vector (d-q reference frame) with the following 
expressions: 

Vi j(DY 

3L. 

FIGURE 3. Space vector dynamic equivalent 
circuit of an induction machine in an arbitrary 
reference frame. 

rj fL0 
[! 

3-(R: +Jw; a'L: 
)i; ] 

z LI 
(6) 

wr 
Ti WTI +i(wi-mow 

Due to the presence of the PI controller in the 
speed control loop estimated speed and 
reference speed are equal (i. e., ai = w"). PI 



controller in the speed estimator of Fig. 2 
imposes the constraint that c=0 in steady- 
state. This means that instantaneous positions 
of the two rotor flux estimates with respect to 
the fixed stator axis are equal, 
Y: 'I = Y'r21 (7) 
However, the rotor speed estimator does not 
require that magnitudes of the two rotor flux 
estimates are the same (Levi and Wang, 1997). 
Hence, in rotor flux oriented reference frame 
determined with the transformation angle (7), 
rotor flux estimates are under detuned 
conditions given with 

rZ) 
(2)+J- (2r) Wei =W. Y'qr) -U 

V? +jVfqr y4,? # V. V=0. 

(8) 
It follows from (8) that rotor flux q-axis 
component in the commanded reference frame 
must equal zero for both flux estimates. 
However, d-axis component of the first 
estimate is not necessarily equal to the 
commanded rotor flux (the magnitude of the 
second flux estimate is by default equal to the 
rotor flux reference). If the q-axis component 
of the first rotor flux estimate is expressed 
from (6) and equated to zero (in the 
commanded rotor flux reference frame), d-axis 
component of the stator voltage is calculated as 
equal to 

vd3 = Rs Ids w: cr Lsiyf . (9) 

Equation (9) is the well known stator voltage 
d-axis equation, valid under the correct rotor 
flux orientation conditions. The speed 
estimator forces stator d-axis voltage to be 
equal to the one required for perfect rotor flux 
orientation, for the given set of machine 
parameters. However, as the estimator does not 
force equality of magnitudes of rotor flux 
estimates, stator q-axis voltage is allowed to 
deviate, under detuned conditions, from the 
one required for perfect rotor flux orientation. 
Obviously, if value of any of the parameters in 
(9) has a value different from the value in the 
machine, stator d-axis voltage is set to a wrong, 
but nevertheless known, value. 

3.3 Analysis of the control system 

The independent inputs in the control system of 
Fig. 1 are reference speed and reference rotor 
flux. The output of the PI speed controller is 
reference torque, whose value is in general 
unknown. However, for each value of the 
reference torque T` there is a corresponding 
value of the actual torque T,. Actual torque 
must at all times equal load torque TL, which is 
a true independent variable. A more detailed 
analysis reveals that it is much more 
convenient to regard reference torque as an 
independent input, instead of the load torque 
which is then treated as a dependent variable. 
By solving the motor equations (4), value of 
the actual torque that corresponds to the given 
torque reference can be determined from (5). 
Such an approach is utilised here: independent 
inputs are references of speed, torque and rotor 
flux (rather than references of speed and rotor 
flux, and load torque). It should be noted that 
selection of the reference torque as an 
independent input is merely a choice of 
convenience, which has no impact whatsoever 
on the results of the study. Motor model (4) is 
solved numerically, taking into account (9), for 
actual speed of rotation. The additional 
constraint imposed by the control system 
W: _ fWaj , (10) 
(estimated and reference speed are equal) is 
taken into account and actual torque is 
calculated from (5). The error in speed 
estimation, discussed in the following sections, 
is defined in mechanical rpm as 
An=n-n E3n-n"Snsj-nd (11) 

4. DETUNING EFFECTS IN STEADY- 
STATE OPERATION 

4.1 General remarks 

As already pointed out, main flux saturation is 
accounted for in the induction machine model 
of Fig. 3 in all the studies whose results are 
presented in this section. Detuning is 



characterised with speed estimation error of 
(11), with the ratio of actual torque (which 
equals load torque) to the reference torque and 
with orientation angle error. Additionally, ratio 
of actual magnetising inductance to rated 
magnetising inductance is monitored as well. 
Detuning due to incorrect initial setting or 
variation of rotor resistance, stator and rotor 
leakage inductances, and magnetising 
inductance is speed (frequency) independent. 
Detuning due to incorrect setting or variation 
of the stator resistance is however speed 
dependent. Detuning in the base speed region 
only is elaborated and all the graphs are given 
against torque command in per unit. 

4.2 Incorrect rotor resistance value 

Figure 4 displays speed estimation error, 
torque ratio, orientation angle error and ratio of 
actual magnetising inductance to rated 
magnetising inductance for discrepancies 
between actual rotor resistance and 
controller/estimator rotor resistance (which is 
equal to rated value) of up to ± 20 %. Stator 
and rotor leakage inductance and stator 
resistance have the same values in the motor 
and in the controller/estimator. Magnetising 
inductance in the controller/estimator is rated. 
As can be seen from Fig. 4, orientation angle 
error is negligible. Variation of the saturation 
level in the machine is very small as well, this 
being in huge contrast to the situation that 
arises in a drive with speed sensor. Maximum 
speed estimation error is around ± 10 rpm for 
deviation of rotor resistance oft 20 % at rated 
torque command. Torque error is very small 
and is the same regardless of the amount of 
rotor resistance detuning. 

4.3 Incorrect stator and rotor leakage 
inductance values 

Stator and rotor resistance values are the same 
in the motor and in the controller/estimator. 
Magnetising inductance in the controller/ 
estimator is rated. Detuning due to incorrect 
setting or variation in the stator and rotor 

leakage inductance is illustrated in Fig. 5. The 
same amount of detuning is assumed for both 
leakage inductances. Speed estimation error is 
below ±1 rpm and torque error is small as 
well. Variation in the main flux saturation level 
in the machine is rather small again (although 
higher than in the previous case). Orientation 
angle error is now up to 2 degrees. Due to very 
small values of the speed estimation error and 
orientation angle error, variation of stator and 
rotor leakage inductance is not analysed for 
transient operation. 

4.4 Incorrect magnetising inductance 
setting 

Under the assumption that stator and rotor 
resistance, as well as stator and rotor leakage 
inductance, all have the same rated values in 
the motor and in the estimator/controller, 
incorrect setting of magnetising inductance 
produces detuning shown in Fig. 6. Maximum 
speed estimation error is up to ± 3.5 rpm at 
rated torque command when magnetising 
inductance value in the controller/estimator 
deviates by ± 20 % from the rated value. 
Torque error is up to ±8%. Orientation angle 
error is once more negligible small. Level of 
main flux saturation in the motor is, as 
expected, now considerably affected (ratio of 
the actual to rated magnetising inductance in 
Fig. 6 differs from the ratio of controller/ 
estimator to rated magnetising inductance). 

4.5 Incorrect stator resistance value 

Impact of incorrect stator resistance value on 
low speed operation is displayed in Fig. 7, 
where results are given for speed reference 
equal to 5% of the rated. Magnetising 
inductance in the controller/estimator equals 
rated and rotor resistance and stator and rotor 
leakage inductance have the same rated values 
in the motor and in the controller/estimator. 
Speed error is up to ±6 rpm, while error in 
torque ratio is excessively high at low torque 
command values. Orientation angle error is 
significant and reaches up tot 8 degrees. Main 
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FIGURE 4. Effects of incorrect value of the rotor resistance: speed estimation error, torque ratio, 
orientation angle error and ratio of actual to rated magnetising inductance. 

flux saturation level in the machine is affected 
as well, as witnessed by the ratio of actual to 
rated magnetising inductance. 

Detuning diminishes as the speed is increased. 
Detuning for rated speed operation is depicted 
in Fig. 8. Speed estimation error is up to 0.4 
rpm, while orientation angle error and variation 
in the main flux saturation level are very small 
indeed. 

to 3 rpm in the base speed region. Orientation 
angle error is negligibly small. Torque ratio 
depends on the speed command and load 
torque and can be as low as 0.8 for rated speed 
operation with one fifth of the rated torque 
command. 

5. DYNAMICS OF THE DRIVE UNDER 
DETUNED CONDITIONS 

4.6 Detuning due to iron loss 

Detuning due to omission of iron loss 
representation in the control system and in the 
speed estimator has been elaborated by Levi 
and Wang (1997). Speed estimation error 
depends on the value of the speed command 
and on the loading of the machine. Its typical 
values, for the same induction machine, are 2 

5.1 Simulation procedure 

Induction machine is represented with the full 
saturated machine model in stationary 
reference frame, that accounts for cross- 
saturation effect, with state-space variables 
selected as stator current and rotor flux d-q 
axis components (Levi, 1995). Due to assumed 
ideal current feeding stator current commands 



1.5 
E1 
EL 0.5 

0 
$ -0.5 

uni -1 

0 0.2 0.4 0.6 0.8 i 
Torque command (p. u. ) 

x Lgs'=O. 8Lgs, Lgr =0. BLgr 

-Lgs"=Lgs. Lgr'=Lgr 

-Lgs'. 1.2Lgs, LgP=1.2Lgr 

1.02 

11.0; 

10.99 

0.98 
0 0.2 0.4 0.8 0.8 

Torque command (p. u. 
x Lgs*-O. BLgs, LgP=0.8Lgr 

-Lgs"-Lgs, Lgr =Lgr 
-Lgs*-1.2Lgs. Lgr-1.2Lgr 

2 
9 1.5 

k1 
0.5 

0 

w 
-1.5 Ö 

-2 
0 0.2 0.4 0.6 0.8 

o ue command . u. 
Ix 
ILgs"=0.8Lgs, 

LgP-O. BLgr 

-Lgs"-Lgs, Lgr-Lgr 

-Lgs"-1.2Lgs. Lgr-1.2Lgr 

1.04 

gyp 
� 1.02 

0.98 

0.96 
0 0.2 0.4 0.6 0.8 

o ue command 
x Lgs'-0.8Lgs, Lgr =0.8Lgr 
-Lgs" Lgs, Lgr Lgr 

-Lgs". 1.2Lgs, Lgr'-1.2Lgr 

FIGURE 5. Impact of incorrect stator and rotor leakage inductance values (g - a). 
4 
3 
2ee 
0 

eoeoý 

-2 
U) 

-3 

0 0.2 0.4 0.8 0.8 1 
Torque command . u. 

x Lm'=0.8Lmn-Lm'=O. 9Lmn-Lm*=Lmn 
a Lm*=1.1Lmn-Lm*-1.2Lmn 

1.08 
1.08 

01.04 1 1.02 

L, 0.98 
~0.96 

0.94 

0.92 

0 0.2 0.4 0.6 0.8 
Torque command (p. u. ) 

I  Lm'=0.8Lmn-Lm'=0.9Lmn-Lm*=Lmn 

" Lm'-1.1Lmn-Lm'=1.2Lmn 

0.02 
0.015 

0.01 

0.005 o+oooý 
rm 0 
a 

. 0.005 
0 -0 . 01 1-0.015 

Ö 
-0.02 

0 0.2 0.4 0.8 0.8 
Torque command u. 

  Lm* 0.8Lmn-Lm'. 0.9Lmn-Lm' Lmn 
e Lm* 1.1Lmn-Lm"=1.2Lmn 

1.15 

1.1 

0.95 

0.9 

0.85 
0 0.2 0.4 0.8 0.8 

Torque command (p. u. ) 
F  Lm"=O. 8Lmn-Lm* 0.9Lmn-Lm" Lmn 
1e Lm*=1.1Lmn-Lm'. 1.2Lmn 

FIGURE 6. Detuning due to incorrect magnetising inductance value. 



6 

4 E 
Et 2 

0 

S 
-2 

n i-4 

-6 
0 0.2 0.4 0.8 0.8 

Torque command (p. u. ) 
Rs=0.8Rs"-Rs=0.9Rs"-Rs=Rs" 

e Rs=1.1Rs"-Rs=1.2Rs* 

1.8 
1.6 
1.4 

0 1 1.2 

ä 0.8 
0.6 ° 
0.4 
0.2 

0 0.2 0.4 0.8 0.8 
Torque command u. 

Rs=0.8Rs'-Rs=0.8Rs"-Rs=Rs" f  

" Rs=1.1R9"-Rs=1.2Rs" 

N8 
s 

4 

W2 
Öl 0 

W. 2 
Cp 

"8 
ýýýyýptoMýyýMOýý WC 

0 0.2 0.4 0.8 0.8 1 
Torque command . u. 

Rs=0.8Rs"-Rs=0.9Rs"-Rs=Rs" 
Rs=1.1Rs"-Rs=1.2Rs" 

1.1 
1.08 
1.06 8 
1.04 
1.02 

0.98 
0.98 
0.94 
0.92 

0 0.2 0.4 0.6 0.6 
Torque command . u. 

r Rs=0.8Re-Rs 0.9Re-Rs Re 

" Rs=1.1Ra"-Rss1.2Rs" 

FIGURE 7. Detuning due to incorrect stator resistance - speed reference is 5% of the rated speed. 

in stationary reference frame equal actual stator 
current components and stator voltage 
equations are not required in the machine 
model. As cross-saturation effect for the 
selected set of state-space variables appears in 
stator voltage equations only (Levi, 1995), 
selected set of state-space variables yields 
overall simulation model of minimum 
complexity. 

Speed estimator of Fig. 2 requires values of 
stator voltage components in stationary 
reference frame. These are calculated using 
stator current commands in stationary reference 
values frame and their time derivatives, as well 
as various required saturated inductance and 
rotor flux components in stationary reference 
frame obtained from the induction machine 
model (Levi, 1995). Problem of pure 
integration in equation (1) is solved by the 
method proposed by Schauder (1992): a filter, 

not shown in Fig. 2 and egns. (1)-(3), is 
inserted in the output channels of both the 
reference and the adaptive model. Filter's 
transfer function is v/(n+l/T). where 1/T 

100. 
. ----- - -' . ý. - -I--, 

Model of the control system is identical to the 
one shown in Fig. 1, with rotor flux reference 
equal to the rated value at all times, as 
operation in the base speed region is 
considered only. Speed estimate is used for 
both closed loop speed control and for 
calculation of the orientation angle. 

The following transients are simulated. The 
machine is excited under no-load conditions at 
zero speed. Speed command, equal to rated, is 
applied at t-0.1 s in a ramp-wise manner 
under no-load conditions. Unless otherwise 
stated, rated load torque is applied at t-0.6 s. 
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5.2 Operation under tuned conditions 

Operation of the drive is at first examined with 
all the parameters in the controller and in the 
estimator set to their rated values. Parameters 
in the machine model are rated as well, except 
that the machine model accounts for main flux 
saturation and magnetising inductance in the 
machine is a variable parameter. Simulation 
results are summarised in Fig. 9, where actual 
and estimated speed (in electrical rad/s), actual 
and commanded torque, actual and 
commanded rotor flux, and speed error for the 
complete time interval (in mechanical rpm, 
defined in equation (11)) are shown. Estimated 
speed tracks the actual one very well, except 
during the initial part of the acceleration. 
Commanded and actual torque are in good 
agreement, except during initial acceleration. 
Similar conclusion applies to the actual rotor 

flux. Field orientation is initially lost, as 
witnessed by oscillatory torque behaviour. 
Relatively sluggish response during initial 
acceleration period is a consequence of the too 
high gain of the speed controller. Speed 
estimation error, initially large, is zero for both 
full load and no-load operation at rated speed 
and has negligibly small values during transient 
caused by rated load torque application. Field 
orientation is fully maintained during step load 
application, as can be seen from the 
instantaneous torque response and transient- 
free trace of rotor flux. 

5.3 Variation of rotor resistance 

The same simulation is now repeated with 
R, =0.8Rm=0.8R, * and R, =12R, �=124 *. 
All the other parameters in the motor and in the 
controller/estimator are the same (magnetising 
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FIGURE 9. Dynamics of the drive under tuned conditions. 

inductance is set to rated value). Transient 
behaviour during acceleration remains 
essentially the same as in Fig. 9 and Fig. 10 
therefore shows speed errors for the two cases 
for time interval te (0.5 s; Is). Torque 
response is included as well. It is interesting to 
note that the orientation angle error is 
negligibly small when rotor resistance varies, 
so that transient-free torque response is 
maintained irrespective of the speed estimation 
error. This is in close agreement with results of 
steady-state analysis given in Section 4. 
Furthermore, speed estimation errors in final 
steady-state operation with rated speed and 
rated load torque are f 10 rpm, which equals 
the values predicted by steady-state analysis in 
Section 4. Torque error in final steady-state is 
negligibly small, this again being in full 
agreement with results of the steady-state 
analysis of Section 4. 

Consequences of incorrect setting of the 
magnetising inductance in the controller/ 
estimator are investigated next. 

5.4 Incorrect magnetising inductance 
setting 

The same study is performed two more times, 
but now with the magnetising inductance set in 
the controller and the speed estimator to 
Lm *=0.8Lm� and L,,, * =12L,,, � , respectively. 
All the other parameters in the motor and in the 
controller/estimator are the same and equal to 
rated values. Speed error during acceleration 
remains essentially the same as in Fig. 9; 
therefore the results, given in Fig. 11, contain 
speed errors for time interval te (O. 5s ; ls). 
Torque response is again included in Fig. 11. 
One observes that speed estimation error in 
steady-state operation with rated speed and 
rated load torque is around +3 rpm and almost 
-4 rpm, which again closely agrees with 
results of steady-state analysis. Response to 
load torque application is again instantaneous, 
indicating absence of orientation angle error. 
However, actual torque differs from torque 
command in final steady-state operation, as 
predicted by results of steady- state analysis. 
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5.5 Variation of stator resistance 

Detuning due to stator resistance variation is 
speed (frequency) dependent and is most 
pronounced at low speeds. On the other hand, 
steady-state analysis suggests that impact of 
loading is smaller than in the previous two 
cases. The simulation is now done by applying 
speed command of 0.05 p. u. in a ramp-wise 
manner at t=0.1 s. This is followed by 0.2 p. u. 
load torque application at t=0.6 s and 
subsequent rated load torque application at t= 
0.8 s. Stator resistance in the motor is taken as 
R, = 0.8Rm and Rs = 12Rý., respectively, 
while the one in the estimator equals rated 
value. Results for the value of 1.2 p. u. of the 
stator resistance in the motor are given in Fig. 
12. However, it was not possible to get the 
results for the same speed command for stator 
resistance of 0.8 p. u, due to complete failure of 
the speed estimator. It is worth noting that a 

similar problem at low speeds was observed in 
experimental study of detuning reported by 
Armstrong and Atkinson (1997) for a MRAS 
based speed estimation system, although failure 
of estimation occurred due to rotor resistance 
variation rather than stator resistance variation. 
Speed command for this stator resistance is 
therefore increased to 0.1 p. u.. Speed response, 
speed estimation error and torque response are 
shown in Fig. 13. 

Figure 12 shows that speed estimation error at 
0.05 p. u. speed hardly depends on the loading 
and is close to 5 rpm in steady-state operation 
with both load torque values. There is steady- 
state torque error for both load torques and this 
error is higher for lighter loading, as predicted 
by steady-state analysis. Moreover, torque 
response to application of the load torque is 
oscillatory, indicating that field orientation is 
lost. All these findings fully correspond to what 
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the steady-state analysis of Section 4 has resistance. Orientation angle error and torque 
predicted. error are very small. 

Operation at 0.1 p. u. of the rated speed, shown 
in Fig. 13, is not covered by steady-state 
analysis. One notes that speed estimation error 
and torque error are reduced with respect to 
Fig. 12 and that torque response is greatly 
improved as well, indicating that the error in 
orientation angle is significantly smaller. 

As speed of operation is further increased, 
consequences of detuning will further diminish. 
Figure 14 shows speed estimation error for 
operation at rated speed, with 0.2 p. u. load 
torque application at t=0.6 s and subsequent 
rated load torque application at t=0.8 s. Stator 
resistance in the motor is taken again as 
R, = 0.8R,, and R, =12R, s,,, respectively. 
Speed estimation error is now below 0.5 rpm 
in all the steady-states, for both values of stator 

6. DISCUSSION 

On the basis of the results of steady-state and 
transient analysis, presented in Sections 4 and 
5, it is possible to draw a number of important 
conclusions regarding relative importance of 
various sources of detuning. These are 
summarised in Table I. 

It follows from Table I that the critical 
parameter from the point of view of orientation 
and associated dynamics of the drive is stator 
resistance at very low speeds of operation. As 
far as speed estimation error is concerned, 
variation of rotor resistance leads to the highest 
values. It can therefore be concluded that on- 
line parameter identification is required for 



m 

$15 

I 
110 

y6 
3s 

i 
f-E 

0 
0 01 02 00 04 aS as 07 09 00 1 

TIM (14 

m 

15 

10 

10 

0 02 a7 04 as ae 0.7 0 09 1 

1.10 

-15 

-25 
Turm pl 

35 

-comm. wee p 
825 

p 

16 

10 

" 

Qt 01 07 &4 08 "V as 00 

Ten. ll 

FIGURE 12. Speed response, speed estimation 
error and torque response at 0.05 p. u. speed 
command for Rs =1.2Rs,,, 1, * = 4. 

these two parameters in order to enable 
accurate speed estimation and correct 
orientation under all operating conditions. 

7. CONCLUSION 

A detailed study of behaviour of a sensorless 
indirect feed-forward current-fed induction 
machine, with rotor flux based MRAS speed 
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FIGURE 13. Speed response, speed estima- 
tion error and torque response at 0.1 p. u. speed 
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estimator, in the presence of parameter 
uncertainties is presented in the paper. Both 
steady-state operation and dynamics are 
encompassed by the study. Stator and rotor 
resistance variation, incorrect setting and/or 
variation of leakage inductances and incorrect 
setting of the magnetising inductance are all 
covered in detail and detuning that is 
introduced by iron loss is reviewed. It is shown 
that the major consequence of parameter 
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TABLE I. Summary of relative importance of various parameter variation effects. 

Speed estimation error Torque ratio Orientation Main flux 
error angle error saturation 

level 
Rotor resistance speed independent, load negligible negligible not 

variation dependent, large affected 
10 m 

Incorrect magre- speed independent, load moderate negligible affected 
using inductance dependent, moderate 

setting 
Incorrect value of speed independent, load small small slightly 

leakage dependent, very small (up to 2°) affected 
inductances (below 1 rpm) 

Stator resistance speed dependent, almost large at low large at low affected at 
variation load independent; speeds and light speeds (up to low speed 

moderate at low speed, load, moderate to 8°), small at only 
very small at high speed small as speed high speeds 

increases 
Iron loss (Levi speed dependent, lightly moderate to negligible not 

and Wang, 1997) load dependent, large as load affected 
moderate decreases 

detuning is a speed estimation error, that is of 
the highest value when rotor resistance varies. 
Field orientation and hence dynamics of the 
drive are significantly affected only by stator 
resistance variation in the low speed region. 

Due to the analogy that exists between rotor 
flux based MRAS speed estimator and the back 
e. m. f. based MRAS speed estimator, it is 

believed that the results of the steady-state 
analysis are filly applicable to the back e. m. f. 
based scheme as well. 
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9. APPENDIX: Induction Motor Data 

4kW 380V 50 Hz 8.7A 
Y 2P=4 
Ten 26.5 Nm R,. = 137 Cl 
R,,, =1.1 i2 L,.,, = 4.87 mH 
L,,, = 7.96 mH Lmn = 0.143 H 

_ 
0.196 1m <22 A L. 

[0.837/Im 

+ 0.007 - 0.92/I. 2 1. >22A 

L= dF. 1dI. - 
0.196 Is, <22 A 

0.007 + 0.92/1»2, Im > 22 A 

(index n denotes rated values) 
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Impact of Iron Loss on Speed Estimation in Sensorless Vector 
Controlled Induction Machines 
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Abstract - Methods of sensorless vector control of induction 
machines rely on rotor speed estimation using either stator 
current spectral estimation techniques, or mathematical model 
of an induction machine in conjunction with one of the modern 
control methods. The first approach enables speed estimation 
which is independent of parameter variations in the machine. 
The accuracy of all the schemes that belong to the second 
group is however strongly affected by parameter variations. 
The impact of iron loss on operation of vector controlled 
induction machines has been recently examined in detail for 
the drives that do posses a speed sensor. The aim of this paper 
is to examine the impact of iron loss on accuracy of speed 
estimation in sensorless rotor flux oriented induction machines. 
The scheme elaborated in the paper is the well-known MRAC 
based method that relies on the mathematical model of an 
induction machine. Error in speed estimation is evaluated on 
the basis of experimentally identified iron loss for a particular 
machine in the speed range from zero up to twice the rated 
speed, in steady-state operation. It is shown that the omission 
of Iron loss representation In the speed estimator leads to a 
typical speed estimation error of two to three rpm in the base 
speed region (for a four pole 50 Hz machine) and that the speed 
estimation error increases in the field-weakening region, 
reaching eleven rpm at twice the rated speed with rated torque 
command. The results of the paper show that the speed 
estimation error due to iron loss is comparable with speed 
estimation errors due to other parameter variation effects. 

I. INTRODUCTION 

Numerous methods of sensorless vector control of 
induction machines have been developed recently and 
excellent reviews are available in [1-51. In general, all the 
existing methods can be classified into two groups. The first 
one encompasses all the techniques that estimate rotor speed 
from stator current spectrum (6-111, most frequently on the 
basis of rotor slot and eccentricity harmonics or saturation 
induced saliencies, using either FFT spectrum estimation 
techniques or non-FFT parametric algorithms. The common 
feature of all the methods that belong to this group is that 
speed estimation is insensitive with respect to parameter 
variation effects, as speed estimation is in general not based 
on mathematical model of an induction machine. 
Consequently, existence of iron loss in the machine (which 
is neglected in the design of the control system) does not 
affect accuracy of speed estimation. 

0-7803-3932-0 

The second group of speed sensorless vector control 
methods encompasses all the schemes in which speed 
estimation relies on utilisation of induction machine's 
mathematical model [12-25]. The most frequently utilised 
control approaches appear to be model reference adaptive 
control (MRAC) [14,12-18], full-order non-linear observers 
with current error minimisation [1-5,19-211 and extended 
Kalman filter [1,3,5,22]. As mechanical sub-systems of the 
control part of the drive and of the machine itself are in any 
sensorless drive effectively decoupled, and as the methods of 
this group utilise standard d-q axis constant parameter 
induction machine model, accuracy of speed estimation 
strongly depends on parameter variation effects in the 
machine. Impact of rotor resistance (time constant) 
variation, stator resistance variation, magnetising inductance 
variation and total leakage inductance variation have been 
studied in detail in a number of papers for different speed 
estimation schemes [3,5,14,16-18,21,23,24J. Furthermore, a 
number of sensorless schemes employ an on-line 
identification of stator resistance [19], rotor resistance (time 
constant) [4,20], or of both stator resistance and rotor time 
constant 114,181, Typical steady-state speed estimation errors 
due to variation of motor parameters are examined in detail 
in [17] for a4 kW, 50 Hz, 4-pole induction machine with 
MRAC based speed estimator. It is shown that l0% variation 
in rotor resistance and 10% variation in total leakage 
inductance cause a speed independent speed estimation error 
of approximately 5 rpm and 2.5 rpm, respectively. Speed 
estimation errors due to 10% variation in magnetising 
inductance and 10% variation in stator resistance are speed 
dependent, have a maximum of approximately 4 rpm and 3 
rpm, respectively, in the very low speed region and approach 
in both cases zero as speed increases. A similar study in 
[5,21] concludes that 20% variation of rotor resistance 
causes a 10 rpm speed estimation error at all speeds, while a 
20% variation in stator resistance causes a speed estimation 
error of 10 rpm in very low speed region that gradually 
decreases towards zero as speed increases. 

Iron loss as a source of speed estimation error in 
sensorless vector controlled induction machines has not been 
dealt with in the past. Indeed, iron loss as a source of 
detuned operation of vector controlled induction machines 
was the last of the parameter variation effects to attract 



attention [26,27]. All the available studies are applicable 
only to vector controlled induction machines that have a 
speed (position) sensor. Presence of the speed sensor forces 
actual and commanded rotor speeds, as well as actual and 
commanded slip speeds to be mutually equal in steady-state 
operation, so that detuning due to iron loss manifests itself 
predominantly in an orientation angle error [26,271. The 
situation in a sensorless drive is however quite different. As 
speed is estimated rather than measured, actual and 
estimated rotor speeds and actual and estimated slip speeds 
are not necessarily mutually equal. The aim of this paper is 
to evaluate speed estimation error that will take place in a 
sensorless rotor flux oriented (RFO) induction machine in 
steady-state operation purely due to the existence of the iron 
loss in the machine, the iron loss being neglected in the 
speed estimator and in the control system. 

Indirect rotor flux oriented current-fed induction machine 
is studied in the paper and speed estimator is taken in the 
form proposed in [12]. Iron loss is represented with an 
equivalent iron loss resistance, as suggested in [261, and this 
resistance is identified experimentally using the procedure of 
[271 over the frequency range from zero up to twice the rated 
frequency. Speed estimation error due to iron loss is studied 
in the speed region from zero up to twice the rated speed for 
a4 kW, 50 Hz, 4-pole machine whose data are given in 
Appendix. Finally, applicability of the results of the study to 
other schemes of sensorless rotor flux oriented control is 
briefly discussed. 

II, SENSORLESS RFO INDUCTION MACHINE 

Structure of the sensorless RFO induction machine, 
analysed in the paper, is shown in Fig. 1. The current 
controlled PWM inverter is assumed to be ideal (i. e., 
reference and actual phase currents are equal) and steady- 
state operation is discussed only. Mathematical modelling, 
presented in Section III, is performed in the reference frame 
firmly attached to the commanded rotor flux space vector. 
Rotor flux reference is constant and equal to rated in the 
base speed region. In field weakening rotor flux reference is 
assumed to decrease inversely proportionally to the 
commanded rotor speed. Coefficients C, and C2 are constant 
in the base speed region and they change in the field 
weakening inversely proportionally to the rotor flux 
command. The speed estimator of Fig. I is shown in Fig. 2, 
[121. It relies on measurement of stator currents and 
voltages, utilises principles of MRAC, and the two left-hand 
side blocks perform integration of equations (1) and (2). 
Speed estimator most frequently operates in the stationary 
reference frame. The speed estimator is described in 
stationary reference frame with the following equations: 
dýr 
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model, in contrast to the speed estimator and control system, 
accounts for the iron loss. Equivalent iron loss resistance in 
Fig. 3 is a frequency dependent parameter, identified using 
the experimental procedure described in [271 in the 
frequency range from zero up to twice the rated frequency. 
Its variation with frequency is shown in Fig. 4. 

III. MODELLING AND ANALYSIS OF THE DRIVE 

A. Induction Machine Model 

The complete analysis of the drive is performed in the 
reference frame firmly attached to the commanded rotor flux 
space vector. Therefore w, in induction machine model, Fig. 
3, equals w, * of Fig. 1. Moreover, due to idealised inverter 
representation, stator d-q axis current commands are equal 
to the machine d-q axis currents. Steady-state operation of 
the machine may under these conditions be described with 
the following set of equations, obtainable from Fig. 3: 

Vd = R) j- co: L0iyf - o): Lmiq, 
n (4) 

vqr = Ralga+'W, L Ids+WeLmldm 

Lml 
dm =V dr - O) sl 

Tor Vqr 
Lmfgm =W qr 

+O)slTar(dr 

-W eTF. I qm -Ids + (1 dr 
/ Lor -id m 

Lr /Lor 

W eTFe'dm ='qs + IV 
qr 

/ Lor -! qm 
L, ý Lar 

T, _ (3P1 2)(Lm/Lor)(y/drigm -W grid., (G) 

Time constants utilised in (5) are defined as TFI = L. i Re, 
and T�=Lo, /R,. 

Inspection of equations (4)-(5) shows that there are six 
equations that contain seven unknowns (stator voltage, 
magnetising current and rotor flux d-q axis components, 
plus angular slip frequency). Thus it is not possible to solve 
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Fig. 4. Equivalent iron loss resistance identified experimentally. 

this system of equations without determining which of the 
seven variables is only apparently unknown. As shown in the 
next sub-section, speed estimator pre-determines stator d- 
axis voltage so that system of equations becomes solvable. 

B. Analysis of the Speed Estimator 

In any steady-state operation, assuming ideal sinusoidal 
conditions, rotor flux estimates of (1) and (2) are given in 
commanded reference frame with 
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Due to the presence of the PI controller in the speed control 
loop estimated and commanded (reference) speed are equal. 
Similarly, PI controller in the speed estimator of Fig. 2 
imposes the constraint that e-0 in steady-state. This means 
that instantaneous positions of the two rotor flux estimates 
with respect to the fixed stator axis are equal, i. e. 
0ý') _ 0i`) 

_ 
or (8) 

However, the rotor speed estimator does not require that 
magnitudes of the two rotor flux estimates are the same. 
Hence, in rotor flux oriented reference frame determined 

with the transformation angle (8), rotor flux estimates are 
(2) 

_ 
(2) (2) (2) " ('. ) " 

We, +JWgr Whir Wr Wqr -0 (9) 
W; i) V +J (1) W(e', ) Wr Wqr =0 

It follows from (9) that rotor flux q-axis component in the 
commanded reference frame must equal zero for both flux 

estimates. How ever, d-aus component of the first estimate is 

not necessarily equal to the commanded rotor flux (the 

magnitude of the second flux estimate is by default equal to 
the rotor flux reference). If the q-axis component of the first 

rotor flux estimate is expressed from (7) and equated to zero 
(in the commanded rotor flux reference frame), d-axis 
component of the stator voltage is calculated as equal to 

(5) 

vdr = R, tj - cv, 6L, iq, (1U) 

Equation (10) is the well known stator voltage d-axis 
equation, valid under the correct rotor flux orientation 
conditions (with neglected iron loss). The speed estimator 
forces stator d-axis voltage to be equal to the one required 
for perfect rotor flux orientation. However, as the estimator 
does not force equality of magnitudes of rotor flux estimates. 
stator q-axis voltage will deviate from the one required for 
perfect rotor flux orientation. 

As stator d-axis voltage is known, it is now possible to 
solve the model of the machine described with (4)-(5). 
Magnetising current q-axis component follows directly from 
the first equation of (4) and hence its value is known for 
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specified operating conditions. An expression for q-axis 
magnetising current as function of actual angular slip 
frequency may be derived from (5). The actual angular slip 
frequency can then be found numerically by forcing q-axis 
magnetising current to the value obtained from the first 
equation of (4). 

C. Analysis of the Control System 

The independent inputs into the control system are 
commanded (reference) speed and reference rotor flux. The 
output of the PI speed controller is reference torque, whose 
value is in general unknown. However, for each value of the 
torque command there is a corresponding value of the actual 
torque, determined with (6). Hence it is possible to regard 
torque command as an independent input. By solving the 
equations (4)-(6), value of the actual torque that corresponds 
to the given torque command can be determined. Such an 
approach is utilised in simulation procedure whose results 
are presented in the next section: independent inputs are 
speed, torque and rotor flux commands (references). 

The additional constraint imposed by the control system is 
w, =CO*+Ws, . (11) 

as estimated and reference speed are equal. The error in 
speed estimation, that is to be discussed in the next section, 
is defined in mechanical rpm as 

sAn =n- n` _- n- n"r = n, I -nsj (12) 

IV. SPEED ESTIMATION ERROR AND OTHER DETL'NING 
EFFECTS 

Impact of iron loss on behaviour of the drive is at first 
studied for constant speed operation, as function of the 
commanded torque (which is given in p. u., normalised with 
respect to the rated torque of 26.5 Nm). Figure 5 shows 
speed estimation error for three values of the reference 
speed, namely one fifth of the rated, rated and twice the 
rated. Figure 6 depicts ratio of actual to commanded torque 
under the same conditions. Speed estimation error is from 
Fig. 5 load-dependent and it increases as loading is 
increased. Speed estimation error appears to be typically two 
to three rpm for operation at rated speed, for commanded 
torques up to the rated. Speed estimation error is smaller at 
lower speeds, typically 1.5 to 2 rpm at one fifth of the rated 
speed for variation of the torque command from zero up to 
the rated torque value. If the machine is operated in the 
field-weakening, speed estimation error may significantly 
increase, reaching 11 rpm for operation at twice the rated 
speed with rated torque command. Maximum of torque ratio 
error is always at low torque commands and, as the torque 
command increases, error in the torque ratio decreases. 

Speed estimation error and torque ratio are further 
examined with commanded speed taken as independent 

45 
1 5; eed estimation errors 
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Fig. 5. Speed estimation error as function of commanded torque for operation 
with constant speed command. 
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0.2 
0 05 1 1.5 2 

Commanded torque (p. u ) 
Rated speed command - Fifth the rated speed 
Twice the rated speed 

Fig. 6. Actual to commanded torque ratio against commanded torque for 
constant speed command operation. 

variable (normalised with respect to the rated speed of 1448 
rpm) and with commanded torque set to a constant value in 
the base speed region. For operation in the fiield-weakening 
region torque command is reduced inversely proportionally 
to the speed so that constant power operation is obtained. 
Results are summarised in Fig. 7: speed estimation error and 
torque ratio are shown as functions of the p. u. commanded 
speed, with commanded torque (power) as the parameter. 

Typical error that may be expected in speed estimation in 
the base speed region appears to be from Fig. 7 two to three 
rpm, except at very low speeds. Speed estimation error 
increases in the field-weakening region, approaching five 
rpm at twice the rated speed with rated power command. 
Error in torque ratio strongly depends on the torque 
command and is in general higher when the load is lighter. 

As already pointed out. impact of iron loss on operation of 
a vector controlled induction machine with speed (position) 
sensor is manifested in an error in orientation angle, which 
is typically of the order of a few degrees 126,271. It is 
interesting to note that in a sensorlcss drive error in 
orientation angle is negligibly small. Thus the major 
consequence of the iron loss is the error in speed estimation. 
This consideration is confirmed in Fig. 8 %%here orientation 
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Fig. 7. Speed estimation error and torque ratio against commanded (estimated) 
p. u. speed. 

angle error is shown for the same conditions that apply to 
Fig. 7. Orientation angle error appears to be under all 
operating conditions less than 0.2 degrees. 

Error in rotor flux magnitude is extremely small. For 
operation in the base speed region actual rotor flux in the 
machine exceeds commanded rotor flux by less than 1% for 
all the operating points shown in Fig. 7. Maximum error 
appears for operation with rated speed and rated torque 
command, when ratio of actual to commanded rotor flux 
equals 1.0092. The error in rotor flux increases in the field- 
weakening region and is up to 2% for operating regimes 
studied in Fig. 7. For example, for operation with rated 
power at twice the rated speed flux ratio equals 1.02, while 
in operation at twice the rated speed with one half of the 
rated power command flux ratio is 1.01. 

Magnitude of the rotor flux in the machine exactly equals 
magnitude of the first rotor flux estimate, described with (7), 
(9). This consideration confirms that the inequality given in 
(9) holds true, i. e. that the speed estimator operation is such 
that magnitude of the second rotor flux estimate (adaptive 
model) exactly equals rotor flux command, while magnitude 
of the first rotor flux estimate (reference model) differs from 
the rotor flux command. 

Torque/power corn. =1,1/2,115 x rated 
0.25 

02 .................. ....................... 

o. t5 ......... ................................... t7b 

01 ........................................... 
8 0.05 .......................................................... 

fý5 0 
0 05 1 1.5 2 

Speed command (p. u. ) 

Fig. S. Orientation angle error due to iron loss in the sensorless rotor flux 
oriented induction machine. 

V. DISCUSSION 

The impact of iron loss on speed estimation is analysed for 
a specific configuration of the drive, that consist of current- 
fed indirect rotor flus oriented induction machine and 
MRAC based speed estimator. However, the applicability of 
results is broader and more or less the same detuning effects 
can be expected in majority of sensorless vector controlled 
induction machines. The following clarifies this claim. 

Although feed-fornard indirect rotor flux oriented control 
is analysed, the same results are obtained if angular slip 
frequency and rotor flux magnitude are calculated on the 
basis of measured stator currents and estimated "rotor speed 
and the control system includes a flux controller. 

Speed estimator imposes a constraint on the value of the 
stator d-axis voltage. The estimator elaborated here is 
MRAC based, and it forces instantaneous angular position of 
the two flux estimates to be equal. A number of other speed 
estimators. based on MRAC, operate utilising the same 
principle [13-17[ although various other quantities are 
employed instead of the rotor flux. As long as the speed 
estimator is based on MRAC, and the angles of the two 
quantities (be it rotor flux or something else) obtained from 
reference and adaptive model arc forced to be equal, the 
results of this paper remain valid. 

As the speed estimator structure has decisive impact on 
behaviour of the drive, it is not possibly to gcneralise results 
of this paper to other sensorless schemes, based for example 
on observers or on extended Kalman filter. However, it is to 
expect that the iron loss induced speed estimation error will 
be similar. Indeed, it is interesting to note that experimental 
results presented in [22,23] for two non-MRAC based 
systems in steady-state operation show that the actual speed 
under tuned conditions is slightly higher than the 
commanded and that the difference tends to increase as load 
torque increases. It is impossible to state that this error is 
due to neglected iron loss without detailed consideration of 
the drive; however, the amounts of and trends in speed error 
are the same as those observed here due to iron loss. 



VI. CONCLUSION 

The paper discusses impact of iron loss on operation of a 
sensorless rotor flux oriented induction machine. 
Experimentally identified equivalent iron loss resistance is 
used to evaluate speed estimation error and other detuning 
effects caused by omission of iron loss representation in the 
speed estimator and in the control system. Although a feed- 
forward indirect current-fed rotor flux oriented induction 
machine is analysed, the results are applicable for much 
broader class of sensorless vector control schemes. 

Iron loss causes an error in speed estimation. The actual 
speed is always higher than commanded. Speed error is load 
dependent and increases with increase in the loading. The 
error is typically two to three rpm for a4 kW, 4-pole, 50 Hz 
machine in the base speed region and it increases in the 
field-weakening region up to eleven rpm for operation at 
twice the rated speed with twice the rated power command. 
Torque ratio deviates from unity and the error is high at 
light loads. Orientation angle error is negligibly small. 

Speed estimation error due to iron loss is relatively 
substantial. It is of the same order as are the errors due to 
other parameter variatiion effects. It may be therefore 
concluded that iron loss should be compensated in a 
sensorless rotor flux oriented induction machine. 

VII. APPENDIX: INDUCTION MOTOR DATA 

4 kW 380 V 50 Hz 2P -4 star 8.7 A 
T, 

� = 26.526 Nm n,, -1448 rpm 
R, =1.37 2 R, =1.1Q 
X�=1.53 0 Xa, =2.5Q X,, =443Q 
Pp,,, = 4.7°" P,, 

= 
[128.92 

+ 8142/ + 0.07788/ 2f< 50 Hz nth 
L 1841-55275/f f> 50 11z 
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IMPACT OF PARAMETER VARIATIONS ON SPEED ESTIMATION IN SENSORLESS ROTOR FLUX 
ORIENTED INDUCTION MACHINES 

E. Levi, M. Wang 

Liverpool John Moores University, UK 

INTRODUCTION mechanical system model. The validity of results in 
[8,9] is thus restricted to that specific drive structure. 

Numerous methods of sensorless vector control of 
induction machines are nowadays available, Rajashekara 

et at. [1]. Vast majority of the methods rely in the 
process of speed estimation on utilisation of the 
induction machine model. As mechanical sub-systems of 
the control part of the drive and of the machine itself are 
in any sensorless drive effectively decoupled, and as 
standard d-q axis constant parameter induction machine 
model is utilised, accuracy of speed estimation strongly 
depends on parameter variation effects in the machine. 
One of the most frequently applied control approaches 
appears to be model reference adaptive control 
(MRAC), originally introduced by Tamai et at [2] and 
further developed by Schauder [3], which is 

characterised by relatively simple implementation 

requirements. This is the technique analysed in this 
paper, in conjunction with indirect feed-forward rotor 
flux oriented control. 

MRAC based speed estimation techniques mutually 
differ with respect to the quantity that is selected as 
output of the reference and the adjustable model. The 

most frequent choices appear to be rotor flux, modified 
rotor flux and back e. m. f.. It can be shown that, 
assuming ideal sinusoidal supply conditions and ideal 
integration, all these three methods exhibit identical 
behaviour in steady-state operation. Thus detuning 
caused by parameter mismatch will be the same in 

steady-state operation for all these methods. 

Some studies related to parameter variation effects in 
MRAC based sensorless drives are already available. 
For example, impact of rotor resistance variation on 
transient behaviour of the drive was studied by Has et at 
[4] and by Griva et at [5] by simulation. Effects of main 
flux saturation on transient behaviour were examined by 
El-Kholy et at [6] using simulation. Armstrong and 
Atkinson [7] have studied impact of rotor resistance, 
stator resistance and mutual inductance variation in low 
speed region experimentally. The only available 
comprehensive investigations of steady-state speed 
estimation errors caused by parameter variation effects 
appear to be works by Blasco-Gimenez et at [8] and 
Jansen and Lorenz [9]. However, in both cases structure 
of the drive dealt with is direct rotor flux oriented 
control that combines a MRAC based speed estimator 
with a closed loop flux observer and includes a 

The aim of this paper is to investigate speed estimation 
error and other detuning effects that will take place due 
to parameter variations in an indirect rotor flux oriented 
(RFO) induction machine. Speed estimation is 
performed using rotor flux based MRAC scheme and 
only steady-state behaviour, under ideal conditions, is 
dealt with. Variation of all the parameters that influence 
operation of the drive is considered, in order to enable a 
comparative insight into the relative importance of 
various parameter variation effects. The approach used 
in the study closely parallels the one developed by Levi 
and Wang [10] for the same drive. However, while [10] 
investigated only steady-state detuning caused by 
omission of iron loss representation in the control 
system and in the estimator, this paper studies all the 
possible sources of detuning (stator and rotor resistance 
variation, main flux saturation, leakage inductance 
variation). All the results are valid for modified rotor 
flux and back e. m. f. methods as well. 

SENSORLESS RFO INDUCTION MACHINE 

Structure of the sensorless RFO induction machine, 
analysed in the paper, is shown in Fig. 1. The current 
controlled PWM inverter is assumed to be ideal (i. e., 
reference and actual phase currents are equal) and 
steady-state operation is discussed only. Mathematical 
modelling, presented in the next section, is performed in 
the reference frame firmly attached to the reference rotor 
flux space vector. Rotor flux reference is constant and 
equal to rated in the base speed region. The speed 
estimator of Fig. I is shown in Fig. 2. It relies on 
measurement of stator currents and voltages, utilises 
principles of MRAC, and the two left-hand side blocks 
perform integration of equations (1) and (2). Speed 
estimator most frequently operates in the stationary 
reference frame and is described with the following 

space vector equations (ä = 1- t2 /(GSe 

dwcý) L. 
yj, +a 

dr 
=(jrv- 

I)V(2)+ 
, 1, (2) 
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E= V/ýorVA, -VA, var (3) 

Asterisk denotes in (1)-(2) constant values of machine 
parameters used in the estimator and in the controller of 
Fig. 1. Induction machine is represented with the 
dynamic space vector equivalent circuit in an arbitrary 
reference frame, given in Fig. 3, Sokola and Levi [11]. 

Actual motor parameters do not bear an asterisk. 
Induction machine model, in contrast to the speed 

yrý1 ý yr, ' 1 iý" 
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Fig. 1. Speed sensorless indirect rotor flux oriented 
induction machine. 
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Fig. 2: MRAC based rotor speed estimator. 

Tyl Fig. 3. Space vector dynamic equivalent circuit of an 
induction machine. 

estimator and control system, accounts in general for 
both main flux saturation (magnetising inductance is a 
variable parameter) and the iron loss. The machine used 
in this study is a four-pole, 50 Hz, 4 kW induction 
motor. Equivalent iron loss resistance in Fig. 3 is a 
frequency dependent parameter and its variation with 
frequency is given in [11], together with the machine's 
magnetising curve and all the other parameters. 

STEADY-STATE ANALYSIS 

In any steady-state operation, assuming ideal sinusoidal 
conditions, ideal integration and neglecting all the 
delays, rotor flux estimates of (1) and (2) are given in 
commanded reference frame with 

W(')-JWf' `R, +Jwýa Lf)tf] 
VIP 

(2) 
_ 

Lm .1 
(4) 

i '/ _r Tr y Tr +J *: _&a 

Due to the presence of the PI controller in the speed 
control loop estimated speed and reference speed are 
equal. PI controller in the speed estimator of Fig. 2 
imposes the constraint that c=0 in steady-state. This 
means that instantaneous positions of the two rotor flux 
estimates with respect to the fixed stator axis are equal, 

1»=ý; 21 (5) 

However, the rotor speed estimator does not require that 
magnitudes of the two rotor flux estimates are the same. 
Hence, in rotor flux oriented reference frame determined 
with the transformation angle (5), rotor flux estimates 
are under detuned conditions given with 

(2) 
- 

(2) (2) (2) 
=0 !r- a' 

(2) 
VWdr +JYgr We W, Wq (6) 

1//rß) _V& +jiVgr) iV& *Vio iVgr) =0 

It follows from (6) that rotor flux q-axis component in 
the commanded reference frame must equal zero for 
both flux estimates. However, d-axis component of the 
first estimate is not necessarily equal to the commanded 
rotor flux (the magnitude of the second flux estimate is 
by default equal to the rotor flux reference). If the q-axis 
component of the first rotor flux estimate is expressed 
from (4) and equated to zero (in the commanded rotor 
flux reference frame), d-axis component of the stator 
voltage is calculated as equal to 

vds = R, id, - o' Ls! gs 7 

Equation (7) is the well known stator voltage d-axis 
equation, valid under the correct rotor flux orientation 
conditions. The speed estimator forces stator d-axis 
voltage to be equal to the one required for perfect rotor 
flux orientation. However, as the estimator does not 
force equality of magnitudes of rotor flux estimates, 

jO)5L01 jwa+Mri 
R_ i. 

__ +ý--ý - i. 
__ 

R. -ý+ 
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stator q-axis voltage deviates under detuned conditions 
from the one required for perfect rotor flux orientation. 

Induction machine steady-state model follows directly 
from Fig. 3, with w, = rv of Fig. 1. The model is given 
in [10]. As stator d-axis voltage is known, it is possible 
to solve the model of the machine numerically for any 
given operating conditions and for any given sets of 
motor and controller/estimator parameters [10]. 

The independent inputs in the control system of Fig. I 

are reference speed and reference rotor flux. The output 
of the PI speed controller is reference torque, whose 
value is in general unknown. However, for each value of 
the torque command there is a corresponding value of 
the actual torque. Hence it is possible to regard torque 

command as an independent input. By solving the motor 
equations, value of the actual torque that corresponds to 
the given torque reference can be determined. Such an 
approach is utilised in simulation procedure whose 
results are presented in the next section: independent 
inputs are speed, torque and rotor flux references. 

The additional constraint imposed by the control system 
is 

wý =Wf CJs 
(8) 

as estimated and reference speed are equal. The error in 

speed estimation, that is to be discussed in the next 
section, is defined in mechanical rpm as 
to=n-n En-n`°=n5l-nsu . 

(9) 
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Fig. 4. Effects of incorrect value of the rotor resistance. 

SPEED ESTIMATION ERROR AND OTHER 
DETUNING EFFECTS 

Main flux saturation is accounted for in the induction 

machine model of Fig. 3 in all the studies whose results 
are presented in what follows. Iron loss is neglected 
unless stated otherwise. Detuning is characterised with 
speed estimation error of (9) and with ratio of actual 
torque (which equals load torque) to the reference 
torque. Detuning due to incorrect initial setting or 
variation of rotor resistance, stator and rotor leakage 
inductances, and main flux saturation is speed 
independent (with iron loss neglected). Detuning due to 
incorrect setting or variation of the stator resistance and 
detuning due to iron loss is speed dependent. Detuning 
in base speed region is elaborated. 

Incorrect rotor resistance value 

Figure 4 displays speed estimation error and torque ratio 
as function of the torque command for discrepancies 
between actual rotor resistance and controller/estimator 
rotor resistance of up to ± 20 %. Stator and rotor 

leakage inductances and stator resistance have the same 
values in the motor and in the controller/estimator. 
Magnetising inductance in the controller/estimator is 
rated. Orientation angle error and variation in the 
saturation level in the machine are negligible. Maximum 
speed estimation error is around ± 10 rpm for deviation 
of rotor resistance of ± 20 % at rated torque command. 
Torque error is very small and is the same regardless of 
the amount of rotor resistance detuning. 

Incorrect stator and rotor leakage inductance values 

Stator and rotor resistance values are the same in the 
motor and in the controller/estimator. Magnetising 
inductance in the controller/estimator is rated. Detuning 
due to incorrect setting or variation in the stator and 
rotor leakage inductances is illustrated in Fig. 5. Plots 
are again given against torque command. The same 
amount of detuning is assumed for both leakage 
inductances. Speed estimation error is below ±I rpm 
and torque error is small as well. Variation in the main 
flux saturation level in the machine is rather small again 
(although higher than in the previous case). Orientation 
angle error is now up to 2 degrees. 
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Fig. 5. Impact of incorrect stator and rotor leakage 
inductance values. 

Incorrect magnetising inductance setting 

Under the assumption that stator and rotor resistance, as 
well as stator and rotor leakage inductance, all have the 
same values in the motor and in the estimator/ 
controller, incorrect setting of magnetising inductance 

produces detuning shown in Fig. 6. Maximum speed 
estimation error is up to ±3 rpm at rated torque 
command when magnetising inductance value in the 
controller/estimator deviates by ± 20 % from the rated 
value. Torque error is up to ±8%. Orientation angle 
error is once more negligible small. Level of main flux 
saturation in the motor is, as expected, now considerably 
affected and Fig. 6 includes ratio of the actual to rated 
magnetising inductance (which is quite close to the ratio 
of controller/estimator to rated magnetising inductance). 

Incorrect stator resistance value 

Impact of incorrect stator resistance value on low speed 
operation is displayed in Fig. 7, where results are given 
for speed reference equal to 5% of the rated. 
Magnetising inductance in the controller/estimator 

equals rated and rotor resistance and stator and rotor 
leakage inductances have the same values in the motor 
and in the controller/estimator. Speed error is up to ±6 
rpm, while error in torque ratio is excessively high at 
low torque command values. Orientation angle error is 
significant and is included in Fig. 7. Main flux saturation 
level in thq. machine is affected as well, as witnessed by 
ratio of actual to rated magnetising inductance, which is 
included in Fig. 7. Detuning diminishes as the speed is 
increased. Speed estimation error for rated speed 
reference is shown in Fig. 8. Torque error and 
orientation angle error are very small and are therefore 
not included in Fig. 8. 
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Fig. 6. Detuning due to incorrect magnetising inductance 
value. 
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Fig. S. Speed estimation error due to incorrect stator 
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Combined impact of iron loss and incorrect 
magnetising inductance setting 

Iron loss, as a sole contributor to the detuned operation 
of the sensorless drive, has been considered in detail in 
[10] where it was shown that typical speed estimation 
error in the most of the base speed region is 2 to 3 rpm, 
while torque error is high at light loads and speeds close 
to I p. u. As iron loss is frequency dependent, then 
detuning effects are speed dependent and the highest 
detuning takes place around rated speed. In this 
subsection combined impact of iron loss and incorrect 

magnetising inductance setting is analysed. The results 
are illustrated in Fig. 9 for operation of the drive at 
speed reference equal to rated speed. Curves with 
magnetising inductance setting in the controller/ 
estimator equal to the rated magnetising inductance 

essentially illustrate detuning produced solely by iron 
loss. Ratio of actual to magnetising inductance is very 
similar to the one shown in Fig. 6 and is therefore not 
included. Speed error is around 2.5 rpm solely due to 
iron loss and increases if magnetising inductance in the 
controller is set to a lower value than rated. However, if 
magnetising inductance in the controller/estimator is 
higher than rated, impacts of iron loss and incorrect 
magnetising inductance setting counteract and speed 
estimation error is relatively small. Torque error is high 
at light loads, while orientation angle error does not 
exceed a few tens of a degree. 

CONCLUSION 

The paper deals with detuning effects in steady-state 
operation of a sensorless indirect rotor flux oriented 
induction machine. Speed estimation error and other 
detuning effects are evaluated assuming ideal sinusoidal 
supply conditions and ideal integration for the rotor flux 
based MRAC speed estimation technique. All the results 
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Fig. 9. Combined impact of iron loss and incorrect 

magnetising inductance setting on operation of 
the sensorless drive. 

are fully applicable to modified rotor flux and back 
e. m. f. based MRAC speed estimation schemes as well, 
due to correlation that exists between these quantities 
under ideal conditions. 

It is shown in the paper that incorrect rotor resistance 
value leads to the highest value of the speed estimation 
error of up to 10 rpm. Speed estimation error due to 
incorrect values of the stator and rotor leakage 
inductance is relatively small, up to 1 rpm. Incorrect 
setting of the magnetising inductance can cause speed 
estimation error of up to 3 rpm; however, if iron loss is 

accounted for, speed estimation error can reach up to 6 
rpm when controller/estimator magnetising inductance is 
0.8 of the rated. Stator resistance plays an important role 
in the low speed region. Incorrect value leads to a speed 
estimation error of up to 6 rpm at 5% of the rated 
speed. 

Torque error is considerable for incorrect value of the 
magnetising inductance (both with and without the iron 
loss) and incorrect stator resistance value at low speed. 
Orientation angle error appears to be of importance only 

when stator resistance is detuned and the drive operates 
in low speed region. 
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IMPACT OF IRON LOSS ON SPEED ESTIMATION ACCURACY IN REACTIVE 
POWER MRAC BASED SENSORLESS ROTOR FLUX ORIENTED INDUCTION 

MACHINES 

M. Wang, E. Levi, D. Williams 

Liverpool John Moores University, UK 

ABSTRACT 

Estimation of rotor speed in sensorless vector control of induction machines frequently relies on model reference 
adaptive control (MRAC) approach, which requires utilisation of an induction machine mathematical model. Iron loss 
is neglected in the model and therefore its existence in the machine inevitably causes an error in the speed estimate. 
The aim of this paper is to evaluate detuning in steady-state operation, caused by iron loss, in the MBAC based 
sensorless rotor flux oriented induction machine. The scheme which calculates reactive powers as outputs of the 
reference and adjustable models is considered It is shown that typical speed estimation error in the base speed region. 
purely due to iron loss, is 2 to 3 rpm for a4 kW, four-pole, 50 Hz machine. 

INTRODUCTION 

Numerous methods of sensorless vector control for 
induction machines have recently emerged 11,21 and 
they may be classified into two groups. The first one 
encompasses all the techniques that estimate rotor 
speed from stator current (voltage) spectrum, on the 
basis of rotor slot and eccentricity harmonics or 
saturation induced saliency. Speed estimation does not 
rely on mathematical model of an induction machine 

. and is therefore insensitive to parameter variation 
effects. Hence existence of iron loss does not affect 
speed estimation. The second group of speed sensorless 
vector control methods encompasses all the schemes in 

%shich speed estimation relies on utilisation of 
induction machine's mathematical model 11.21. The 
most frequently applied control approach in 
conjunction with this group of methods is model 
reference adaptive control (MRAC). Its populanty is 
due to relatively simple implementation requirements, 
when compared with other possible approaches (full- 
order observers, extended Kalman filter). The quantity 
that is calculated within the reference and the 
adjustable parts of the MRAC based estimator may take 
different forms. Frequent choices include rotor flux. 

modified rotor flux, back emf and reactive power (11. 
The advantages of using reactive power method stem 
from its insensitivity to stator resistance variations and 
from the fact that pure integration is not required 131. 

Mechanical sub-systems in the control part and in the 

machine are decoupled in any sensorless drive. As the 
MRAC methods utilise standard d-q axis induction 

machine model, accuracy of speed estimation strongly 
depends on parameter variation effects. Impact of 
variations of rotor resistance (time constant), stator 
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resistance, magnetising inductance and total leakage 
inductance have been studied in detail recently for rotor 
flux based MRAC speed estimation scheme [41. Typical 
steady-state speed estimation errors due to variation of 
motor parameters were examined for a4 kW, 50 Hz, 4- 
pole induction machine. Variations in rotor resistance 
and in total leakage inductance of 10 % cause a speed 
independent speed estimation error of approximately 5 
rpm and 2.5 rpm, respectively. Speed estimation errors 
due to 10 % variations in magnetising inductance and 
in stator resistance are speed dependent and are at most 
4 rpm and 3 rpm, respectively, in the low speed region 
and approach in both cases zero as speed increases. 

Iron loss as a source of speed estimation error in 
sensorless vector controlled induction machines has not 
been dealt with in the past. Indeed, iron loss as a source 
of detuned operation of vector controlled induction 
machines with speed sensor has attracted attention only 
recently 15,61. Presence of the speed sensor forces 
actual and commanded rotor and slip speeds to be equal 
in steady-state operation, so that detuning due to iron 
loss results in an orientation angle error 15.61. The 
situation in a sensorless drive is different. As speed is 
estimated rather than measured, actual and estimated 
rotor and slip speeds are not necessarily equal. 

The aim of this paper is to evaluate speed estimation 
errors and other detuning effects that will take place in 
a MRAC based sensorless rotor flux oriented (RFO) 
induction machine in steady-state operation purely due 
to the existence of the iron loss in the machine, the iron 
loss being neglected in the speed estimator and in the 
control system. MRAC scheme under consideration 
utilises reactive powers as outputs of the reference and 
the adjustable models. Indirect rotor flux oriented 



current fed in'iuction machine is studied. As the 
fundamental iron loss is responsible for detuning [5]. 
current controlled PWM inverter is treated as an ideal 
current source, so that steady-state is described with 
sinusoidal stator currents. Iron loss is represented with 
an equivalent iron loss resistance, as suggested in [5J. 
and this resistance is identified experimentally using 
the procedure of [GJ. Speed estimation error is 
evaluated in the speed region from zero up to twice the 
rated speed for a4 kW, 50 Hz, 4-pole machine whose 
data are given [6J. It is shown that speed estimation 
error is typically between two and three rpm and is 
therefore of the same order as are the errors introduced 
by other parameter variation effects. 

DESCRIPTION OF THE- DRIVE 

Sensorless indirect rotor flux oriented induction 
machine is shown in Fig. 1. As already noted, ideal 
current feeding is assumed and steady-state operation is 

analysed. Rotor flux reference is constant and equal to 
rated in the base speed region. In field weakening rotor 
flux reference decreases inversely proportionally to the 
rotor speed. Coefficients C, and C2 are dependent on 
the rotor flux command and are defined in Fig. 1. 
General form of the MRAC based speed estimator of 
Fig. 1 is shown in Fig. 2. Measured stator currents and 
voltages are the estimator inputs. The outputs of the 
reference and the adjustable model, denoted as A. take 
here the form of reactive power. 

Induction machine is represented with the dynamic 
space vector equivalent circuit %%hich in arbitrary 
reference frame has the form shown in Fig. 3.151, and 
which accounts for the iron loss. Iron loss is experi- 
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Figure 2 General Form of a MRAC Based Rotor Speed 
Estimator 

mentally identified in the frequency range from zero up 
to twice the rated frequency and the results are 
summarised in Fig. 4, where equivalent iron loss 
resistance is shown against frequency. Analytical 
approximation, used later on in the study, is included. 

ANALYSIS OF THE DRIVE 

The study is performed in the reference frame fixed to 
the commanded rotor flux space vector (d. q reference 
frame). Therefore w, in induction machine model of 
Fig. 3 equals ww* of Fig. 1. Due to idealised represen- 
tation of the' inverter, stator d-q axis current commands 
are equal to the machine d-q axis currents. Induction 
machine steady-state operation may under these 
conditions be described with the following set of 
equations. obtainable from Fig. 3: 

vd, = Rier - w*LWq, - m, Liq. 

ti q, = R)q, + w: LO7ij + w, Lid,. 
(t ) 

Lntidm = vd. -Ws: TWgr 

Lmigm = Vqr+W: ºTo. Wd. 
(2) 

-ro; TF`igm = idol +Wd. / Lo. -iern L, /L 
, 

W 
eTF. 

idrn =1 qs 
+Wq, /Ln, 

- iqm Lr/Lcr 

T, = (3P / 2)(L, ß/LXWerlq. - hV qrd,. 
) 

(3) 
w, = w+W'l 
Time constants in (2) are defined as TF, -L. RF, and 
T,,, = L,. R,. Inspection of (1)-(2) shows that there are 
six equations that contain seven unknowns (stator 
voltage. magnetising current and rotor flux d-q axis 
components. plus angular slip frequency). Thus it is not 
possible to solve this system of equations without 
determining which of the seven variables is only 
apparently unknown. As shown shortly, speed 
estimator actually pre-determines one of the unknowns 
so that the system of equations becomes solvable. 

As far as the control system is concerned, the 
independent inputs are reference speed and reference 
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At 

rotor [lux. The output of the PI speed controller is 
reference torque. whose value is in general unknown. 
However, for each value of the torque command there 
will be a corresponding value of the actual torque, 
determined with (3). Thus the torque command may be 
regarded as an independent input. By solving (1)-(2). 
while accounting for the additional constraint imposed 
by the speed estimator, it is then possible to determine 
the value of the actual torque that corresponds to the 
given torque command. Such an approach is utilised 
here: independent inputs are taken as reference speed, 
reference torque and reference rotor flux. The 
constraint imposed by the control is that 

coy =w +w'r = w. (4) 

as estimated and reference speeds are equal and 
commanded and actual supply frequencies are equal as 
well. The error in speed estimation is defined in 
mechanical rpm as 
An=n-n*an-nest=n:, -n3, (S) 

The speed estimator, whose general form is given in 
Fig. 2, operates in the stationary (a, ß) reference frame 
and relies on measured stator voltages and currents. 
The output of the reference model is independent of the 
rotor speed, while output of the adjustable model 
depends on the rotor speed. Back emf space vectors are 
at first calculated by means of (underlined variables are 
space vectors and a is total leakage coefficient) 

1o1L0 .! ý ja, Lm 
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lFe I+ 
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`:, RFe JuýY`ý 

Figure 3 Space Vector Dynamic Equivalent Circuit with 
Included Iron Loss Representation 
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d(1) 
r __ ve Lý dt -- 

(R, + vL, p)i, 

d (: ) 
(6) 

r") 
__ 

L,. w. 
= 

L. .n1 (2) L,, 
e L, dtL 

jw -T yr +TC, 

where rotor flux for adjustable model is evaluated using 
the following expression: 
d ý` 

=I jwen -T 
l 

w(z) +L i 
Tf 

(7) l 

, JJ , 

Symbol T, stands for rotor time constant. The outputs 
of the reference and the adjustable model and the error 
quantity are defined as reactive powers and reactive 
power difference, respectively: 

q(I) =i e(I) i1ge(I)a q osp 
(2) -i e(2) i Ae('-) arp -e (8) 

e= q0) - q(z) 

Sinusoidal steady-state operation is discussed and 
therefore pi. = -wem and pi, &=wi. It can be 

shown that under these conditions reactive power 
outputs of the reference and the adjustable model are: 

q0) = ivP -i'&v. -aL: wýi 

iz" Li 
q(2) 

(9) 
L, 2 

%%-here i, =ice`+ ip2,. From (9) it follows that rotor speed 
is determined with the condition that input reactive 
power must equal reactive power spent in the motor, as 
difference between the two quantities in (9) equals zero 
in any steady-state. It can be shown that, if iron loss is 
accounted for by means of equivalent circuit of Fig. 3, 
the corresponding reactive power correlation is 

ip'v" _ 

L0'(TO, -T, )'wj, + L. (1+(w$, TT)2) 
=w: Lý+ 

, (I 
- w. w jtTorTF. 

)- + (w. T, .+w. T, - 

(10) 
As input reactive power in (9) and (10) is the same, 
then for any given operating condition it is possible to 
calculate from (9) and (10) the unknown slip speed and 
hence rotor speed. Once when the actual speed is 
calculated, it becomes possible to solve for the 
remaining unknowns in induction motor model (1)-(3). 

RESULTS OF THE ANALYSIS 

Detuning effects are examined with reference speed 
taken as independent variable and normalised with 
respect to the rated speed. Reference torque is set to a 
constant value in the base speed region. or operation 
in the field weakening region torque command is 
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decreased inversely proportionally to the speed. so that 
constant power operation is assumed. Iron loss 
resistance is adjusted to an appropriate value for each 
operating frequency using the approximation of Fig. 4. 
The major results are summarised in Fig. 5. Speed 
error, defined with (5), and' torque ratio, defined as 
ratio of the actual to reference torque, are shown, for 
three values of the commanded torque/power (rated. 
half of the rated and 0.2 of the rated) in the speed range 
from zero up to twice the rated speed. 

It follows from Fig. 5 that a typical speed estimation 
error due to iron loss is 2 to 3 rpm in the base speed 
region (except at low speeds). Speed estimation error 
slightly increases in the field weakening region and 
approaches 4 rpm for operation with rated power at 
twice the rated speed. It is interesting to note that speed 
estimation error appears to be rather independent from 
the loading of the machine in the base speed region. To 
the contrary. error in torque ratio increases for given 
speed command as loading decreases and is over 20% 
for torque/power command of 0.2 p. u. between half of 
the rated and rated speed command. Such a behaviour 
reflects the fact that iron loss is relatively high com- 
pared to total commanded power when load is light. 
Figure 6 illustrates difference between commanded 
output power (product of the reference speed and 
torque) and actual output power (product of the actual 
speed and torque). Operating conditions are the same 
as in Fig. 5. Output power difference is load dependent 
and is higher for light loads. 
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V. CONCLUSION 

The paper evaluates impact of iron loss on speed 
estimation accuracy in MRAC based sensorless rotor 
flux oriented induction machines. Speed estimator that 
utilises reactive powers as outputs from the reference 
and the adjustable model is analysed for steady-state 
operation. It is shown that iron loss inevitably leads to a 
speed estimation error of 2 to 3 rpm in the base speed 
region. Slight increase is observed in the field-, 
weakening region. Torque ratio error is heavily 
dependent on the loading of the machine and exceeds 
20 % at light loads. Speed estimation error due to iron 
loss is thus rather significant and is comparable to the 
errors due to other parameter variation effects. 
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IMPACT OF PARAMETER VARIATIONS ON DYNAMICS OF SENSORLESS 
INDIRECT ROTOR FLUX ORIENTED INDUCTION MACHINE 

M Wang and E Levi 

Liverpool John Moores University, UK 

ABSTRACT 

One of the most frequently applied methods of sensorless rotor flux oriented control of induction machines relies on 
utilisation of model reference adaptive control (MRAC) based speed estimation. Accuracy of this speed estimation 
scheme heavily depends on correct setting of the parameters within the estimator and the controller. The paper deals 

with indirect feed-forward rotor flux oriented induction machine drive in which speed estimation is performed 
utilising rotor flux based MRAC scheme. A study is conducted in order to evaluate speed estimation erior during 
transient operation of the drive, caused by incorrect setting and/or variation of parameters. Incorrect setting of the 
magnetising inductance, stator resistance variation and rotor resistance variation are analysed by simulation. 
Simulation procedure is described and comparative analysis of transient behaviour under different detuning 

conditions is performed. 

INTRODUCTION 

Numerous methods of sensorless vector control of 
induction machines are available nowadays [1]. Vast 
majority of the methods rely in the process of speed 
estimation on utilisation of the induction machine 
model. As mechanical sub-systems of the control part 
of the drive and of the machine itself are in any 
sensorless drive effectively decoupled, and as standard 
d-q axis constant parameter induction machine model 
is utilised, accuracy of speed estimation strongly 
depends on parameter setting and parameter variation 
effects in the machine. One of the most frequently 
applied control approaches appears to be model 
reference adaptive control [2], which is characterised 
by relatively simple implementation requirements. This 
is the technique analysed in this paper, in conjunction 
with indirect feed-forward rotor flux oriented control. 
MRAC based speed estimation techniques mutually 
differ with respect to the quantity that is selected as 
output of the reference and the adjustable model. The 
most frequent choices are rotor flux and back e. m. f. 
[3]. The method discussed here is the rotor flux based 
one, that is characterised with simpler design [3]. 

only steady-states are elaborated. The validity of 
results in [7,8] is thus restricted to steady-state 
operation for that specific drive structure. 

The aim of this paper is to investigate speed estimation 
error that will take place due to parameter variations in 
an indirect feed-forward rotor flux oriented induction 
machine in transient operation. Speed estimation is 
performed using rotor flux based MRAC scheme. 
Corresponding analysis of steady-state operation for 
the same scheme and the same machine can be found 
in [9]. Variation of stator and rotor resistance and 
incorrect setting of the magnetising inductance are 
considered, in order to enable a comparative insight 
into the relative importance of various parameter 
variation effects. Variation of leakage inductances is 
not elaborated as steady-state analysis of [9] shows that 
impact of this detuning is the least important (typical 
steady-state speed estimation error appears to be below 
1 rpm for all the operating regimes of a four-pole 50 
Hz machine). 

DESCRIPTION OF THE DRIVE AND 
SIMULATION PROCEDURE 

Some studies related to parameter variation effects in 
MRAC based sensorless drives are already available. 
For example, impact of rotor resistance variation on 
transient behaviour of the drive was studied in [4,5] by 
simulation. An experimental study of impact of rotor 
resistance, stator resistance and mutual inductance 
variation in low speed region is reported in [6]. The 
only available comprehensive investigations of speed 
estimation errors caused by parameter variation effects 
appear to be works reported in [7,8]. However, in both 
cases structure of the drive dealt with is direct rotor 
flux oriented control that combines a MRAC based 
speed estimator with a closed loop flux observer and 
includes a mechanical sub-system model. Additionally, 
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Structure of the sensorless indirect feed-forward rotor 
flux oriented induction machine, analysed in the paper, 
is shown in Fig. 1. Machine is assumed to be fed from 
a current source, so that the current controlled PWM 
inverter is taken as ideal (i. e., reference and actual 
phase currents are equal). Transient operation is 
analysed. The induction machine is for all the 
considered cases represented with the full saturated 
machine model in stationary reference frame, in which 
stator current and rotor flux components are taken as 
state-space variables [10]. Operation in the base speed 
region is dealt with, so that rotor flux reference is 
constant and equal to rated at all times. The speed 
estimator of Fig. 1 is shown in Fig. 2. It relies on 

UPEC'98 

ý.; 
'; 



measurement of stator currents and voltages, utilises 
principles of MRAC, and the two left-hand side blocks 
perform integration of equations (1) and (2). Speed 
estimator operates in the stationary reference frame 
and is described with the following space vector 
equations (o =1- l, ý /(L, Lr) ). 

d,,, (1) 4- 
dt =m 

[vs-(RS 
+6. (1) 

d(2) 

d! = 
(JO) 

- 
Tr, 

V(2) + (2) 
/ 

VQ) = 'ar V '-ºvf'Y 
a' (3) 

Asterisk denotes in (1)-(2) constant values of machine 
parameters used in the estimator and in the controller 
of Fig. J. Actual motor parameters do not bear an 
asterisk. Problem of pure integration in (1) is solved by 
a method proposed in [2]: a filter, not shown in Fig. 2 
and eqns. (1)-(3), is inserted in the output channels of 
both the reference and the adaptive model. Filter's 
transfer function is p/(p+ 1/T) , where IN = 100. 
Parameters of the induction machine, including 
magnetising inductance " and dynamic inductance 
approximations, are given in the Appendix. 

SIMULATION RESULTS 

Operation Under Tuned Conditions 
Operation of the drive is at first examined with all the 
parameters in the controller and in the estimator set to 
their nominal values (index n in the Appendix). The 
machine is excited under no-load conditions at zero 
speed. Speed command, equal to rated, is applied at I= 
0.1 s in a ramp-wise manner. Rated load torque is 
applied at t=0.6 s. Simulation results are summarised 
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Figure 1 Speed sensorless indirect rotor flux 
oriented induction machine 
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Figure 2 Rotor flux based rotor speed estimator 

in Fig. 3, where actual and estimated speed (in 
electrical rad/s), actual and commanded torque and 
speed error for the * complete time interval (in 
mechanical rpm, defined as An= n- n`") are shown. 
Estimated speed tracks the actual one very well, except 
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in the initial part of the acceleration. Commanded and 
actual torque are in good agreement, except during 
acceleration where cross-saturation causes reduction in 
the actual torque. Field orientation is initially lost, as 
witnessed by oscillatory torque behaviour. Speed 
estimation error, initially large, is zero for both full 
load and no-load operation at rated speed and has 
negligibly small values during transient caused by 
rated load torque application. 

Incorrect magnetising inductance setting 
Detuning due to incorrect setting of the magnetising 
inductance is independent of speed but load dependent. 
It is at maximum when load torque is rated [9]. The 
same simulation study is performed two more times, 
but now with the magnetising inductance set to values 
L. * = 0.8Lmn and Lm* = IZLmn , respectively. All the 
other parameters in the motor and in the 
controller/estimator are the same. Speed error during 
acceleration remains essentially the same as in Fig. 3; 
therefore the results, given in Fig. 4, contain speed 
errors for time interval te (O. 5s ; Is). 

3.3 Variation of rotor resistance 
Variation in rotor resistance will cause once more 
speed independent but load dependent detuning, being 
at maximum when load torque is rated [9]. The same 
simulation is repeated for the following two cases: 
Rr=O. 8Rm=O. 8R, * and R, = 1.2Rm = 1.2R, *. All 
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Figure 4 Speed error for operation with incorrect 
setting of the magnetising inductance: Lm" = 0.8Lmn 

and Lm* = IILm�, respectively 

the other parameters in the motor and in the controller/ 
estimator are the same (magnetising inductance is set 
to rated value). Fig. 5 shows speed errors for the two 
cases for time interval te (0.5 s; I s). It is interesting to 
note that the orientation angle error is negligibly small 
when either magnetising inductance is incorrectly set 
or when rotor resistance varies, so that transient-free 
torque response is maintained irrespective of the speed 
estimation error. 

Variation of stator resistance 
Detuning due to stator resistance variation is speed 
(frequency) dependent and is most pronounced at low 
speeds. On the other hand, impact of loading is smaller 
than in the previous two cases [9]. The simulation is, 
done at speed of 0.05 p. u. with 0.2 p. u. load torque 
application at t-0.6 s and subsequent rated load 
torque application at t=0.8 s. Stator resistance in the" 
motor is taken as Rt = 0.8Rm and R, =12R.,,;, 
respectively, while the one in the estimator equals 
rated value. Results for the value of 1.2 p. u. of the 
stator resistance in the motor are given in Fig. 6. 
However, it was not possible to get the results for the 
same speed command for stator resistance of 0.8 p. u. It 
is worth noting that a similar problem at low speeds, 
was observed in experimental study of detuning 
reported in [6]. Speed command for this stator 
resistance is therefore increased to 0.1 p. u. and speed:. 
error is shown in Fig. 7. 
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Figure 5 Speed error for operation with incorrect 
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Discussion 
Speed estimation error due ' to incorrect setting of the 
magnetising inductance is speed independent but load 
dependent. Maximum steady-state values of around 3 
rpm and almost -4 rpm, obtained in Fig. 4 for rated 
torque operation, closely agree with results of [9]. 
Very much the same holds true for rotor resistance 
variation, where maximum errors are again obtained 
for rated torque operation and are ± 10 rpm. Incorrect 
setting of magnetising inductance and rotor resistance 
variation cause small discrepancy between actual and 
commanded torque. Orientation angle error is 
negligibly small, so that field orientation is maintained. 

Situation is however quite different with regard to 
speed estimation error caused by stator resistance 
variation. This error is speed dependent, with weak 
load dependence, and is the highest at low speeds. In 

, the case illustrated in Fig. 6 it is around 4 rpm, while in 
; Fig. 7 the value is close to -4 rpm. Stator resistance 
! variation causes significant discrepancy between actual 
and commanded torque at low speeds. Moreover, 
orientation angle error is of rather significant value at 
low speeds as well [9]. Complete failure of the speed 
estimator can result, as already discussed. Accurate 
adjustment of stator resistance thus appears to be of 
crucial importance. 
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Figure 7 Speed estimation error at 0.1 p. u. speed 
command for RS = 0.8R5 , R,: * = R,,,, 

CONCLUSION 

Speed estimation error in indirect feed-forward rotor 
flux oriented induction machine with rotor flux based 
MRAC speed estimator is analysed, by simulating 
dynamics Of the drive. Incorrect setting of the 
magnetising inductance, and stator and rotor resistance 
variations are elaborated. All the three sources of 
detuning cause speed estimation error of the same 
order. The highest one is due to rotor resistance 
variation. 
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APPENDIX: Induction Motor Data 

4 kW 380 V 50 Hz 8.7 AY 2P-4 
TT�=26.5 Nm R,,, =1.37( R,,, =1.1A 
L,,,,, = 4.87 mH L, 

r� = 7.96 mH L,,,,, = 0.143 H 

0.1964285 1� < 2.2 A 
Lm __ 0.8374/1, + 0.0067 - 0.924 1, --, 1. > 2.2 A 

L= d`i''" /dl"' 
4o. 

oo67+o. 924/1 
0.1964285 1,, <22 A 

.2 1m > 22 A 
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Abstract 
Operation of a sensorless indirect rotor flux oriented machine in the field weakening region requires 
that the variable degree of main flux saturation is recognised and compensated in both the controller 
and the estimator. The paper proposes a modified version of the rotor flux based MRAC type of speed 
estimator, that fully compensates for the variable degree of main flux saturation. The estimator is used 
in conjunction with an appropriate modified indirect vector controller, that accounts for saturation as 
well. Effectiveness and accuracy of the developed sensorless vector control scheme for operation in 
the field weakening region are verified by extensive simulation. 

Introduction 
Numerous methods of sensorless vector control of induction machines are nowadays available: [1]. 
The majority of methods rely in the process of speed estimation on utilisation of the induction 
machine model. As mechanical sub-systems of the control part of the drive and of the machine itself 
are in any sensorless drive effectively decoupled, and as standard d-q axis constant parameter 
induction machine model is utilised, accuracy of speed estimation strongly depends on parameter 
variation effects in the machine. 

One of the most frequently applied control approaches appears to be model reference adaptive control 
(MRAC), originally introduced in: [2] and further developed in: [3], which is characterised by 
relatively simple implementation requirements. MRAC based speed estimation techniques mutually 
differ with respect to the quantity that is selected as output of the reference and the adjustable model. 
The most frequent choices appear to be rotor flux, modified rotor flux, back e. m. f. and reactive 
power: [1]. The technique analysed in this paper is the rotor flux based speed estimation of MRAC 
type, in conjunction with indirect feed-forward rotor flux oriented control. 

Compensation of parameter variation effects in sensorless vector controlled induction motor drives 
with model based speed estimation has been a subject of considerable interest in recent past. In 
majority of cases attempts are made to provide on-line identification of either stator resistance: [4-6], 
or rotor resistance: [7-10]. Simultaneous identification of both the stator and the rotor resistance is 
discussed in: [11-13], while simultaneous estimation of rotor resistance and magnetising inductance is 
proposed in: [14]. As changes in stator and rotor resistance are temperature dependent, the only way 
to compensate for their variation is to employ a method of on-line identification. However, a different 
approach is advantageous when parameter variations of electro-magnetic nature are under 
consideration. In this case it is easier to build the control system and the speed estimator using an 
appropriate, modified induction motor model that accounts for the given phenomenon. Such a 
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situation arises for example when compensation of detuning due to iron loss is to be achieved. A 
modified rotor flux based speed estimator of MRAC type, that provides compensation of iron loss in 
conjunction with the modified indirect feed-forward vector controller, is proposed in: [15]. Similarly, 
variations in magnetising inductance, caused by variable degree of main flux saturation in the 
machine during operation with variable rotor flux reference, are most easily compensated for if a 
saturated induction motor model is used for development of a modified speed estimator and vector 
controller structure. Numerous schemes that account for main flux saturation have been developed in 
the past for rotor flux oriented control of an induction machine equipped with speed sensor: [16]. 
There is however little evidence of similar attempts for sensorless drives. 

If a vector controlled induction motor drive is designed to operate in both base speed region and field 
weakening region, it becomes an imperative that main flux saturation is compensated. In this region 
impact of stator resistance variation is negligible, while level of main flux saturation significantly 
varies with operating speed. Studies related to operation of sensorless induction motor drives in the 
field weakening region appear to be rather rare. A notable exception is the work: [17], where need for 
compensation of main flux saturation is properly recognised. The sensorless scheme discussed in: 
[17], although characterised with excellent performance, is rather complicated. It incorporates closed 
loop flux control and utilises speed estimation algorithm based on MRAC in conjunction with closed- 
loop flux observer. The aim of the present paper is to propose a simpler sensorless rotor flux oriented 
control scheme that provides good performance in the field weakening region by compensating for the 
variable degree of main flux saturation. A modified rotor flux based speed estimator of MRAC type, 
that provides full compensation of main flux saturation and therefore enables extension of the drive 
operation into the field weakening region, is developed. The modified speed estimator is used in 
indirect feed-forward type of rotor flux oriented control, with indirect vector controller accounting for 
main flux saturation. Effectiveness of the developed control algorithm is confirmed by simulation. 

Basic Structure of the Drive 
Basic structure of the sensorless indirect rotor flux oriented induction machine, elaborated in the 
paper, is shown in Fig. 1. The machine is assumed to be fed from a current source, so that the current 
controlled PWM inverter is taken as ideal in simulations (i. e., reference and actual phase currents are 
equal). Structure shown in Fig. 1 is aimed at operation in the base speed region only, so that rotor flux 
reference is shown as constant and equal to rated (index n denotes rated values). 

The speed estimator of Fig. 1 is shown in Fig. 2. It relies on measurement of stator currents and 
voltages, utilises principles of MRAC, and the two left-hand side blocks perform integration of 
equations (1) and (2). Speed estimator operates in the stationary a, (3 reference frame and is described 
with the following space vector equations (Q� =1- I,,, &sn j'rn ): 

dyr'l) l 
dt 

LLw. - Lvs_(Rsn+a Lsnp)ts] 

d-2) 1 
ýýest __ V(2) + (2) 

dt T�ý r Trn 

3 E_ßm ß'-rfrýar 

Equation (1) is the reference model, while equation (2) is the adaptive model. All the machine 
parameters in (1)-(2) and in the controller of Fig. 1 are constant and correspond to the rated operating 
conditions. 

Modified Indirect Vector Controller 
In order to extend the operating region of the system of Fig. 1 above base speed, it is necessary to 
modify the indirect vector controller by accounting for main flux saturation. The simplest solution, 
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proposed in [16] and used here, is to apply the controller of the structure illustrated in Fig. 3. Rate of 
change of the rotor flux reference is neglected. Ratio of magnetising to rotor inductance is assumed to 
remain constant and equal to the one under rated rotor flux conditions, so that SG = R, n (L,,,,, IL,.,, ) and 
K= (3 / 2) P L, n� 

/ L,,, . Impact of cross-saturation is not compensated either. Control system of Fig. 3 
however provides full compensation of saturation in steady-state in the field-weakening region in a 
drive with speed (position) sensor, [16]. As in a sensorless drive speed sensor does not exist, situation 
is quite different here. If control system of Fig. 3 is applied in conjunction with constant parameter 
speed estimator of Fig. 2, operation of the drive will be characterised with large speed estimation 
errors, as shown in section on simulation results. It is therefore necessary to compensate the main flux 
saturation in the speed estimator of Fig. 2 as well, by modifying its structure. 
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Fig. 1: Speed sensorless indirect rotor flux oriented 

induction machine for operation in the base 
speed region. 

r: ) 

'((22) 
Eqn. 

Fig. 2: Rotor flux based, constant parameter rotor 
speed estimator. 

Compensation of Main Flux Saturation in the Speed Estimator 
In order to compensate for the main flux saturation in the speed estimator, both the reference and the 
adaptive part of the estimator, (1)-(2), have to be modified. Estimation of rotor flux in the reference 
model (1) is based on stator voltage and current measurements, which contain sufficient information 
to yield, apart from estimates of rotor flux components, the estimate of the magnetising inductance as 
well: [18]. Instead of (1), the following equations are used: [18]: 

4VaT = 
J(v,. 

-Rmiw)dt 

v. = 1/fca - Loaanica 

M=j 

_. _(V. /V. )i. 
- +L (i 

-i iVio - Yom orn mit os 

yßß = 
j(vRc-Rsnim)dt 

ýßn= 

yiýc» y= yip� + 

Ist Lm 
-i Im /1m 

(4) 
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Reference model, described with (4), is illustrated in Fig. 4. Not only that main flux saturation is fully 
accounted for in the calculation of the rotor flux components, but the estimate of the magnetising 
inductance is provided as well. Estimate of the magnetising inductance, obtained from the reference 
model, will be used in the adaptive model, as explained next. It should be noted that the complexity of 
the scheme given in Fig. 4 can be reduced for real time applications by suitably re-arranging eqs. (4). 

Means for accounting for main flux saturation in the adaptive model (2) are elaborated in detail in: 
[19]. As shown in: [19], main flux saturation in (2) is fully accounted for provided that the appropriate 
value of the saturated steady-state magnetising inductance is used instead of the constant one. In other 
words, structure of the equation (2) needs not be changed at all, as dynamic inductance terms do not 
appear in this equation when stator current and rotor flux components are selected as state space 
variables. An appropriate value of the saturated steady-state magnetising inductance is obtained from 
the reference model (4) and the adaptive model then takes the following form: 

dW , "(2) Rý Lest 

dt 
WW - 

L +L`' 
'ß'r2)+ 

L +Lest 
R, is (5) 

am m orn m 

Resultant structure of the proposed modified speed estimator is shown in Fig. 5. The estimator 
provides full compensation of main flux saturation in both transient and steady-state operation. 

Simulation Results 
Transient operation of the drive is simulated using SIMULINK. The induction machine is for all the 
considered cases represented with the full saturated machine model in the stationary reference frame, 

Fig. 5: Rotor flux based speed estimator with full 
compensation of main flux saturation. 

Fig. 4: Structure of the modified reference model with compensation of main flux saturation. 
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Fig. 3: Indirect rotor flux oriented controller with 
compensation of main flux saturation. 



Main Flux Saturation Compensation in Sensorless Vector Controlled Induction 
Machines for Operation in the Field Weakening Region E. Levi 

in which stator and rotor current components are taken as state-space variables. Closed loop speed 
control and calculation of orientation angle utilise in all the cases estimated speed. Actual speed is 
used only to monitor error in speed estimation. In all the cases speed response is illustrated in terms of 
electrical angular velocity of rotation, while speed error is given in mechanical rpm and is defined as 
difference between actual and estimated speed. All the necessary data of the induction machine used 
in the study are given in Appendix. 

Two series of simulation tests are performed. The first one utilises modified indirect vector controller 
of Fig. 3 and the constant parameter speed estimator of Fig. 2, that is based on (l)-(3). The purpose of 
these simulations is to show how the operation of the drive is affected by the lack of compensation of 
main flux saturation in the speed estimator, although the indirect feed-forward controller does 
compensate for main flux saturation. The second set of simulations applies to the same operating 
conditions as the first set. The only difference is that the speed estimator of Fig. 5 (which incorporates 
Fig. 4) is used instead of the constant parameter one. The purpose of these simulations is to verify the 
proposed modified speed estimator with compensation of main flux saturation. 

The following sequence of transients is simulated. The machine is initially excited at zero speed under 
no-load conditions. Speed command is then applied, so that rated speed operation (1 p. u. ) under no 
load conditions is achieved. During operation at rated speed load torque of 1 p. u. is applied in a step- 
wise manner at t=0.5 s. At t=1s load torque is stepped down to 0.5 p. u. and this value is not 
changed any more. Finally, at t =1.5 s speed command is further increased in a ramp-wise manner, so 
that field-weakening region is entered. Final operating steady-state is therefore with 0.5 p. u. load 
torque and transients for two different final speeds are shown, namely speed command of 1.5 p. u. and 
speed command of 2 p. u.. 

Figures 6 and 7 summarise results obtained with constant parameter speed estimator of Fig. 2. Graphs ' 

of actual and commanded speed, speed error, actual and commanded torque, actual and commanded 
rotor flux, and actual rotor flux d-q axis components are given, for final speeds of 1.5 p. u. and 2 p. u., 
respectively. 

In the base speed region estimated speed tracks the actual one very well, except during the initial part 
of the acceleration. Steady-state speed error equals zero for all the loading conditions in this region. 
Commanded and actual torque are in good agreement, except during initial part of the acceleration. 
Field orientation is initially lost, as witnessed by oscillatory torque behaviour and large value of rotor 
flux q-axis component. Unsatisfactory performance during initial acceleration is a consequence of the 
too high gain of the speed controller. Once when acceleration is completed the machine operates with 
correct rotor flux orientation as rotor flux q-axis component is zero and rotor flux equals the reference 
value. Undoubtedly, constant parameter speed estimator enables satisfactory quality of rotor flux 
oriented control in the base speed region. The problems however begin once when the field- 
weakening operation is initiated at t=1.5 s. Speed estimation error quickly increases and its final 
values are over 10 rpm and 20 rpm in Figs. 6 and 7, respectively. Difference between actual torque 
(that equals load torque of 0.5 p. u. ) and reference torque appears and is higher at final reference 
speed of 2 p. u. (Fig. 7) than at final reference speed of 1.5 p. u. (Fig. 6). There is substantial difference 
between reference rotor flux and actual rotor flux and field oriented control is essentially lost. Final 
steady-state is characterised with substantial value of rotor flux q-axis component in both cases. 
Figures 6 and 7 clearly demonstrate the need for incorporation of the main flux saturation in the speed 
estimator, if satisfactory performance is to be achieved in the filed-weakening region. 

The same simulations are repeated once more. This time the proposed speed estimator of Fig. 5 is 

used instead of the constant parameter one. The same sets of results for the same sequence of 
transients and the same final operating conditions are given in Figs. 8 and 9. Operation in the base 
speed region is insignificantly changed with the application of the saturation adaptive speed estimator. 
Pattern of discrepancy between actual and commanded torque and between actual and commanded 
rotor flux is during acceleration into field weakening region very similar in Figs. 8 and 9 to those 
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Fig. 6: Drive operation with constant parameter 
speed estimator (final speed in field weake- 
ning 1.5 p. u. ): actual and estimated speed, 
speed error, actual and reference torque, 
actual and reference rotor flux, and actual 
rotor flux d-q axis components. 
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Fig. 7: Drive operation with constant parameter 
speed estimator (final speed in field weake- 
ning 2 p. u. ): actual and estimated speed, 
speed error, actual and reference torque, 
actual and reference rotor flux, and actual 
rotor flux d-q axis components. 
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Fig. 8: Drive operation with saturation adaptive Fig. 9: Drive operation with saturation adaptive 
speed estimator of Fig. 5, final speed in field speed estimator of Fig. 5, final speed in field 
weakening is 1.5 p. u.: actual and estimated weakening is 2 p. u.: actual and estimated 
speed, speed error, actual and reference speed, speed error, actual and reference 
torque, actual and reference rotor flux, and torque, actual and reference rotor flux, and 
actual rotor flux d-q axis components. actual rotor flux d-q axis components. 
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in Figs. 6 and 7, respectively. These differences occur due to the absence of the stator d-axis' current 
command boost during the transient (rate of change of the rotor flux reference is neglected in the 
design of the controller of Fig. 3) and cannot be compensated by the modified speed estimator. 
However, speed estimation error during this transient is reduced significantly (its maximum value 
does not exceed 3 rpm in Fig. 8 and 40 rpm in Fig. 9, while corresponding values in Figs. 6 and 7 are 
13 rpm and 55 rpm). Once when reference speed in the field weakening has become constant, the 
differences between responses in Figs. 8 and 9 and those of Figs. 6 and 7 become even more 
remarkable. Final steady-state in Figs. 8 and 9 is characterised with perfect field orientation as q-axis 
component of the rotor flux equals zero. Actual rotor flux in the machine exactly matches the 
reference value. Consequently, actual and reference torque are equal as well. Speed estimation error 
in Fig. 9 is essentially zero, while for operation at 1.5 p. u. speed (Fig. 8) it is less than 1 rpm. The 
reason for existence for this small residual speed estimation error is explained as follows. Motor 
model requires use of the magnetising curve approximation, while the controller and estimator ask for 
approximation of the inverse magnetising curve (Figs. 3 and 4). The two approximations, obtained 
using curve fitting, are characterised with identical values for rated operating point and for the initial 
linear portions of the curves, while some minor discrepancies exist in between. Speed estimation error 
is therefore zero for operation in the base speed region (rated operating point) and for operation at 2 
p. u. speed (linear portion of the curve). Operation at 1.5 p. u. speed takes place in between these two 
areas of the magnetising curve, where matching is not perfect, so that some very small amount of 
speed estimation error results (speed estimation error at 1.25 p. u. speed is, repeating the same 
simulation, found to be 0.25 rpm; at 1.75 p. u. speed error is 0.3 rpm). These considerations clearly 
indicate that accurate knowledge of the machine's magnetising curve is of utmost importance for 
successful implementation of the developed speed estimator. 

Conclusion 
The paper describes development of a modified rotor flux based speed estimator of MRAC type, that 
enables successful operation of a sensorless vector controlled induction machine in the field 
weakening region. As the rotor flux reference in the field weakening region varies, it is necessary to 
compensate for the variable degree of main flux saturation in both the speed estimator and in the 
indirect feed-forward rotor flux oriented controller. An existing modified indirect feed-forward 
controller is utilised at first in conjunction with constant parameter speed estimator and the need for 
main flux saturation compensation within the speed estimator is established by extensive simulation. 
It is shown that large speed estimation errors take place in the field weakening region and that rotor 
flux oriented control is effectively lost. 

Next, a saturation adaptive rotor speed estimator is developed. Reference part of the speed estimator 
is modified in such a way that estimated rotor flux components, obtained from it, fully account for 
main flux saturation. Additionally, estimate of the saturated magnetising inductance is obtained from 
the reference model. This magnetising inductance estimate is fed into the adaptive part of the model, 
so that the main flux saturation is completely compensated in the speed estimator during both 
transient and steady-state operation. It is verified by simulation that application of the saturation 
adaptive speed estimator preserves correct field orientation in the field weakening region and that the 
speed estimation error becomes negligibly small. 
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Appendix: Induction Motor Data 

4 kW 380 V 50 Hz 8.7 AY 2P=4 T. = 265 Nm R. = 137 f2 Rm =1.1 Sl 

La,,, =4.87mH L, =7.96mH L,,,,, =0.143H 
Magnetising curve approximation (motor model; rms values): 

0.19642851.1, <2.2 A 
'pm=0.8374+0.0067Im 

-0.924/Im 1. >2.2A 

0.1964285 1, 
� <2.2 A2 

L=d`Iýý /dl = 0.0067+0.924/Im 1. >2.2A ^mm 

Inverse magnetising curve approximation (rms values; indirect vector controller and speed estimator): 

1. = -0.04 + 7.191F, - 23.88`P, 23+ 104.43`! 
' - 200.62`Ym + 145.08`P, 
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