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ABSTRACT

Basic principles of vector control, introduced in the early Seventies, showed that
decoupled control of flux and torque can be theoretically achieved in AC machines.
Since then, vector controlled induction machines have become standard means for
realisation of high performance AC drives, where very fast and accurate position, speed
and torque responses are required. Vector controllers are based on mathematical models
that simplify some and totally neglect other phenomena in the complex physical
structure of the induction machine. This approach enables design of relatively simple
controllers, but at the same time this is a source of detuned operation, that results in

performance deterioration.

Objectives of this project are to investigate detuning in the rotor-flux-oriented induction
machine drives, to develop improved vector controllers, which compensate this
detuning, and to perform experimental investigation that confirms some of the
theoretical findings.

A detailed investigation to quantitatively assess detuning in the vector-controlled drive
is undertaken. Four detuning phenomena are analysed: main flux saturation, iron loss,
variations in the rotor resistance due to temperature effects, and variations in the rotor
leakage inductance. Several sets of expressions that describe detuning due to different
phenomena are derived, for both torque mode and speed mode of operation.
Consequent analytical and simulation studies show that main flux saturation, iron loss

and temperature effects can lead to significant detuning.

Several improved induction machine models are further developed and used as a basis
for design of several improved vector controllers. The idea is to qualitatively improve
two controller parts. The first part is the rotor flux estimator, which is designed to
provide open-loop compensation for main flux saturation and for iron loss. The second
part is the rotor resistance identifier, which enables closed-loop compensation of
thermally induced changes in the rotor resistance. The new identifier obtains some
information from the improved estimator and hence accounts for steady-state main flux
saturation and for iron loss. Significant reduction in detuning can be achieved when an
improved vector controller is employed, as validated by analytical studies and digital
simulations. The improved performance of the controller that encompasses the novel
rotor resistance identification scheme, is confirmed by simulation studies.

Improved controllers need additional information about the motor they are driving.
Hence a novel method for identification of the inverse magnetising curve is developed.
The method utilises the same inverter and controller that are employed during normal
operation of the drive. Results of analytical studies of detuning effects are confirmed by
experiments.
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CHAPTER 1 : INTRODUCTION

1. INTRODUCTION

Successful functioning‘ of the modern society heavily relies on variable-speed electric
drives. Vast majority of the mankind is not aware of this fact and takes all the available
technological advances for granted. However, simple everyday events such as a
comfortable elevator ride or a pleasant electﬁc train journey would have not been
possible without a variable-speed electric drive. These devices are nowadays present in
all aspects of human life, from a washing machine to a space shuttle, from a PC to an

electric vehicle, from a simple manufacturing process to a robot.

Variable-speed electric drives make the world go around and this thesis attempts to give
a contribution to this area. In particular, one specific approach to obtaining good quality
dynamic response of a variable-speed drive, usually termed vector control, s
investigated. It is discussed in conjunction with the most frequently used electric motor

type, namely an induction machine.

1.1. A HISTORICAL OVERVIEW OF VECTOR CONTROL OF
INDUCTION MACHINES

Rapid development of industrial automation requires continuing improvement of
different types of electric drives. Manufacturing lines typically involve variable-speed
motor drives to power conveyor belts, robot arms, and other types of processing
operations.  High reliability, good control characteristics, low maintenance
requirements, low investment and low running costs are among the important features
that are required from a modern drive [Leonhard, 1985]. For simple drives, industry has
relied mainly on squirrel-cage induction machines. A major disadvantage of this type of
the machine was its inability to be controlled in an efficient manner. Despite this
significant drawback, induction motors were industry’s principal workhorse, operating
in uncontrolled mode. Direct current (DC) machines and wound-rotor induction
machines were used only in drives where variable-speed operation was essential. The
advent of thyristors in the late Fifties enabled efficient and controlled voltage
rectification, making variable-speed drives with DC motors simple to control. However,

serious limitations of DC motors such as sparking, extensive maintenance and poor
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overloading capability brought attention back to induction motors [Novotny and Lipo,
1996].

Development of thyristor-based inverters, that could provide variable-frequency
alternating current (AC) voltage, took place during the Sixties. As a consequence, so-
called ‘scalar’ control techniques emerged, where the frequency and the magnitude of
supply voltages are controlled by an inverter. In this way an induction machine was able
to operate in a controlled variable-speed mode, obtaining steady-state characteristics
similar to those of a DC motor. Systems with scalar control have been replacing DC
~ drives in numerous applications where accuracy and transient response are not crucial
requirements (pumps, fans, compressors, etc.), due to the fact that induction motors
have a clear competitive edge over DC motors [Leonhard, 1985; Bose, 1986;

Trzynadlovski, 1994; Novotny and Lipo, 1996].

Nevertheless, DC machines were still unbeatable in the area of high-performance
(servo) drives, where very fast and accurate torque and/or speed responses are required.
Furthermore, position servo control was the application area in which DC machines
were the only choice. Superior dynamic control characteristics of DC machines are
based on decoupled control of flux and torque, utilising quite simple control strategy
and equipment. Basic principles of vector control (field orientation), introduced in the
early Seventies [Blaschke, 1971], showed that decoupled control of flux and torque was
theoretically possible in AC machines as well. Due to their simple structure, robustness,
virtually no maintenance and low cost, squirrel-cage induction machines have become

especially attractive for vector control.

It should be noted that vector control is not limited to induction machines. Vector
control principles are valid for all types of. three-phase AC machines [Vas,v 1990].
Synchronous motors, particularly the ‘brushless’ motors with novel high-energy
permanent magnets, have found many applications, typically in the areas of machine
tools and robotics. Development of vector control theory has even forced manufacturers
to build specially designed machines, aimed for vector-controlled drives only.

Researchers are still putting a lot of effort in that direction [Slerr.xon, 1994].

Vector control denotes an independent (decoupled) control of the flux and the torque in

AC machines [Boldea and Nasar, 1990; Vas, 1990]. This is achieved by controlling the
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amplitude of the stator current space vector and its position with respect to the chosen
flux space vector. Since there are three flux vectors in an induction machine, three
methods of vector control can be distinguished: the stator-flux-oriented control (SFOC),
the air-gap-flux-oriented control (AFOC) and the rotor-flux-oriented control (RFOC).
The simpler structure, coupled with theoretically infinite maximum (pull-out) torque,
has established the RFOC as the most popular method. All vector controllers,
regardless of the orientation system, require accurate information about the arnplitude
and the position of the selected flux vector. This information can be obtained in two
- ways: directly (by appropriate feedback devices) and indirectly (by feed-forward type
estimation). This leads to additional sub-division of vector control schemes into the

feedback and the feed-forward sclremes.

The first practical realisations of t}re vector-controlled drives [Floter, 1971] employed
Hall probes in order to obtain information about the amplitude and the position of the
air-gap flux. The control system was based on analogue electronics These drives had a
number of drawbacks: Hall probes dictated a special motor design, increasing the cost
of the drive; analogue vector controllers were extremely complex, mamly due to the
need for the co-ordinate transformation; thyristors were used in power electronic
converters and their slow switching meant that current control was poor. The
performance and the price of these drives could not compete with DC drives and at that
time vector-controlled induction machines did not find many practical applications

[Gabriel et al., 1980].

Microprocessors, introduced in the late Seventies, enabled efficient co-ordinate transfor-
mation and vector-controlled drives have subSequently become competitive. By the
early Eighties the basic concepts of th.ek vector control realisation had been almost
resolved [Gabriel et al., 1980]. However, research work has continued very intensively,
in order to improve the performance, reduce the cost and enhance the reliability. In fact,
the vast majority of work in the area of variable-speed drives has dealt with vector
control. The complex structure of vector-controlled drives aggregates knowledge from a
number of very different areas of engineering. Their relation to vector control theory

and practice is briefly discussed in the following several paragraphs.

Power electronics is an area that has significantly contributed to the evolution of

variable-speed drives. The evolution of power electronics is a combination of



CHAPTER 1 : INTRODUCTION

inventions and developments in devices, topologies and control techniques. Nowadays
there are hundreds of pdwer electronic converter topologies [van Wyk, 1994]. Different
semiconductor devices such as metal-oxide-semiconductor field-effect transistor
(MOSFET), insulated-gate bipolar transistor (IGBT), MOS-controlled thyrisfor MCT),
emitter switched thyristor (EST), etc. were invented and their characteristics have been
constantly improved [Baliga, 1994]. A variéty of methods and techniques aimed for
controlling power electronic converters have been developed. Some of them are rather
general, while others are specific to either a type of semiconductor device or a topology.
Developments in power electronics have had enormous impact on vector controlled
drives. Fast switching devices, coupled with sopﬁisticated pulse-width modulation
(PWM) techniques, have enabled excellent current contrdl, so that current feeding
became a reality [Holtz, 1994]. This in turn has enabled a wider use of current-fed
machines, with a vector control systems much simpler than those utilised for voltage-fed
machines. Recent theoretical analysis [Bhatnagar and Baliga, 1993] has shown that
substitution of silicon by silicon-carbide or by galium-arsenide could significantly
improve electrical characteristics of the devices, increasing the switching frequency and
reducing the losses. Thus new developments in power electrdnics are still expected to

come.

Developments in VLSI technology have rapidly enhanced the 'perfor;nance of the
microprocessors and other hardware, and réduced costs. Advanced digital signal
processors (DSPs), reduced instruction set computing (RISC) processors, applicatior;
specific integrated circuits (ASICs), and parallel proceséors (transputers) nowadays
provide enough computing power even for the mosf demanding .applications. Motion
control algorithnis im)olving coordinated movement along three or even more axes are
now performed by a single-chip controller. Computing speed has become so high that
the control bandwidth is approaching analogue limits [Le Huy, 1994].

High computing power has opened possibilities to implement modern control theory
techniques and artificial intelligence methods in vector-controlled drives. Estimation of
flux amplitude and position has become easier and more accurate with implementaﬁon
of novel observers [Verghese~ and Sanders, 1988]. Different parameter estimation
techniques, such as ‘model reference adaptive conﬁol’ (MRAC) [Garcés, 1980;
Krishnan and Pillay, 1986], Kalman filters [Atkinson et al., 1991; Pena and Asher,
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1993] or signal injection [Saitoh et al., 1989], have tackled the parameter variation

problem, increasing the accuracy and the overall robustness of the drive.

Most recently, artiﬁcial infelligencé techniques have been applied to control of electric
drives. Expert systems and artificial neural networks (ANNs) seem extremely
promising for fault diagnosis [Bose, 1994]. Fuzzy logic (FL) theory has been recefltly
introduced to the control of electric drives. FL control can provide a fast response time
and good disturbance rejection, without overshoot and with low noise susceptibility
[Vas et al., l995].> Another possible approach is to implement a standard PI controller
whose gains are varied by FL [Lee and Pang, 1994]. FL has also been implemented for
the optimal efficiency control of flux [Sousa and Bose, 1993] and for slip gain tuning in
feed-forward drives [Sousa et al., 1993]. Artificial neural networks (ANNs) are very
suitable for controlling highly non-linear processes and electromechanical energy
conversion is a non-linear process. ANNs have been implemented for feedback signal
processing [Vas et al., 1995; Hofmann and Liang, 1995a; Simdes and Bose, 1995], for
PWM inverter >control* [Kazmierowski and Sobczuk, 1994] and for parameter
identification [Hofmann and Liang, 1995b; Ba-Razzouk et al., 1996]. It is expected that
application of the artificial intélligence techniques in electric dri_ves will usher a new era

in motion control in the coming decades [Bose, 1994].

‘The modern control theory advancements, summarised above, ’have formed a sound
basis for improvement} of old and application of new control algorithms for vector
control.  Schemes that employ nianipulation of flux level, in order to maximise
efficiency [Kirchen et al., 1987] or to produce high torque pulse [Wallace et al., 1994],
have been introduced. Special algorithms for high-power applications, where slow-
switching thyristors are still the only possible power electronics devices, have been
proposed [Stemmler, 1994]. Introduétion of control systems that can adapt their control
parameters to an unknown motor through a self-commissioning procedure was a major
step towards unification [Shierling, 1988). Universal vector controllers [De Doncker
and Novotny, 1988] can switch between féedback and feed-forward control strategies in
order to fully utilise the good characteristics of both schemes. One of the newest
directions in research is the realisation of the drive without speed or position sensor

[Holtz, 1995], so-called “sensorless’ vector control.
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It should be noted that vector control has had some competitors. Several different
techniques for control of high-performance electric drives have been proposed.
Joensson’s method [Joensson, 1989] has very good steady-state characteristics but the
dynamic responses are not of a matching quality. So-called ‘Field acceleration method’
is much simpler than the vector control since it does not need co-ordinate transformation
[Yamamura, 1986). This method can provide good dynamic response [Sharaf’ et al.,
1989]. However, this method has never caught on. The most famous alternative control
method, Direct Torque Control (DTC), was first pres’ented by Takahashi and Naguchi
[1985], and by Depenbrock, [1988]. The first commercial application of DTC was
implemented by the ABB company [Tiitinen et al., 1995; Tiitinen and Surandra, 1996].
The main feature of DTC is the absence of co-ordinate transformation. The inverter
switching signals are directly generated on the basis of the errors in ‘ﬂux and torque, by a
switching rule table, realised by ASIC hardware. An extremely good performance has
been claimed by ABB, but very little information has been disclosed. DTC has the same
problem as vector control in that they both require flux and torque estimates. In DTC,
estimates are obtained by an adaptive estimator, from measured currents, measured DC
bus voltage and information about commanded switching position. It was claimed that
the adaptive motor model, stated by the authors to be already known and used, is the key
to DTC’s unrivalled low speed performance [Tiitinen and Surandra, 1996]. It is not

known which particular model is used nor how the model parameters are determined.

Despite the competition, vector control theory and practice has experienced tremendous
development and growth in less than three decades. The outcome is that vector control
has grown out from being just an interesting research area, useful for building
prototypes only.  Vector controlled drives have left laboratories and are now
commercially available. Their applications are numerous’ and they are found in a
number of industrial applications, covering a wide power range. However, there still are |
numerous problems to be solved and a lot of research effort is still invested in achieving

better drive performance.
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1.2 PROBLEMS EXPERIENCED WITH VECTOR CONTROL OF
INDUCTION MACHINES

There is a wide variety of vector control schemes, developed over the last 25 years. The
orientation of the stator current vector can be performed with respect to the rotor flux
vector, the stator flux vector or the air-gap flux vector. The vector control scheme can
be feedback or feed-forward. There can be one or several control loops and the
appropriate number of controllers, which in turn can be proportional (P), integral (I), a
combination of the two (PI), or even fuzzy nowadays. The realisation of the control
system can be digital, analogue or hybrid. At the same time, the induction machine can

be fed from either voltage or current source.

Each proposed vector control scheme has some advantages and some disadvantages.
Hdwever, there are certain common features for majdrity of the schemes. The most
important one is that a vector controller operates in a reference frame attached to the
chosen flux. Hence the position of the chosen flux must be known, in order to correlate
the controller outputs with the inverter and/or to pfocess feedback signals into a form
suitable for the controller. Additionally, all vector controllers need to know some
machine parameters, in order to perform the required processing of the control signals.

Finally, some signals are measured and used as the feedback signals for a controller.

1.2.1 Sources of detuning

Information on the position of the chosen flux is essential for the proper operation of all
vector control schemes. This information can be obtained in two ways. The first
approach is to directly measure the componenfs of the chosen flux. This is possible for
AFQC methods only, where the air-gap flux is measured by Hall probes inserted in the
stator teeth. Nevertheless, direct measurement of the air-gap flux is rérely used, due to
complications Hall probes introduce and their thermal sensitivity. The second approach,
lused in the majority of schemes, involves estimation (calculation) of the position of the
chosen flux. This is achieved by measuring some other variables, whose measurement
is much easier, cheaper and more accurate. Then the position of the chosen flux is

estimated (calculated) on the basis of the measured signals [Boldea and Nasar, 1990;
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Vas 1990; Vas, 1993]. In all vector controllers, the estimation process relies on a

mathematical model of the induction machine.

From the previous paragraph two main sources of operating inaccuracies and operating
problems have been identified. Firstly, there are inaccuracies caused by the hardware
used for measurement and estimation, which include limited accuracy of sénsors,
quantization errors, limited resolution of both sensors and digital hardware,
electromagnetic interference and selection of the sample rate [Borgard et all., 1995].
The effects of the first three sources of detuning can be reduced by using better sensors
and better corresponding hardware, but the cost of the system inevitably increases.
Negative effects of electromagnetic interference are tackled by careful design. Finally,
since all measured signals are normally time-varying (i.e. AC), the operating sample rate
has to be chosen large enough to reduce the sampling errors at high operating speeds
(frequencies) to an acceptable level. A high sample rate translates as a requirement for
more powerful processing capabilities of the hardware, which again increases the price
of a controller. However, the continuing fall in microprocessors prices means that cost
is not such a problem. Operating inaccuracies due to the hardware limitations and the
digital nature of the controllers are very interesting topics, but they ére beyond the scope

of this research and will not be discussed further.

The second group of operating inaccuracies and problems has roots in the structure of a
vector controller. Estimation of the position of the chosen flux inevitably involves some
calculations in which machine parameters are used [Boldea and Nasar, 1990; Vas 1990;
Vas, 1993; Slemon, 1994]. Gains and/or time constants of speed, flux and/or torque
controllers are also correlated to motor parameters. If there are any discrepancies
between the actual motor parameters and the values used in the vector controller,
estimation of the flux position is erroneous. This affects the performance and the vector
controller operates with an error. In such a situation the vector controller is said to be
detuned. Additionally, in certain operating conditions noticeable detuning can arise
from phenomena that are considered to be of secondary importance and hence neglected '
during the control system design. Iron losses are a good example, since they are
normally neglected during design of a vector controller. Neglected phenomena,
parameter inaccuracies and parameter variations, and their role as detuning sources form

the main topic of this thesis.
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Which parameter values do vector controllers need? Which phenomena influence the
accuracy of a vector controller? How? How much? These questions do not have
straightforward answers. Reasons for such an unclear situation can be divided into

several groups, which are discussed in the following six paragraphs.

As already noted, there is a huge variety of vector control schemes, stemming from the
choice of the flux along which the control is performed, the type of inverter, the utilised
induction machine model, the choice of sensors, the choice ef other hardware, the
performance requirements and so on. Different vector controllers perform different
calculations, for which different parameters are used. Therefore the overall sensitivity
to parameter variations is heavily dependent on the structure of the controller.
Generally, rotor-flux-oriented (RFO) schemes are more sensitive to parameter variations
than stator-flux-oriented (SFO) schemes and air-gap-flux-oriented (AFO) schemes [Vas,
1990]. The reason for this lies in the fact that rotor quantities are inaccessible for any
measurement and they have to be estimated. Estimation of the rotor quantities requires
more calculations involving the machine parameters than the estimation of the quantities

needed for the other two types of orientation.

Whatever the type of vecior control scheme, it is absolutely crucial to have as accurate
knowledge as possible about the parameters invol\red in the particular vector control
scheme. It has to be stressed that initial correct determination of the required parameters
is not a guarantee of tuned operation 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 and
consequently lead to detuned operation of a vector controller. Magnetic saturation
affects the values of the inductances in the machine. Variations in temperature and the
skin effect change the values of the resistances in the machine. All the above mentioned
effects alter the value of the rotor time constant (7}), which is extensively used for Fhe
calculations in many schemes. Iron loss, normally neglected in the control system, takes
part in the power balance of the machine and thus reduces the accuracy of the estimation

process.



CHAPTER 1 : INTRODUCTION

The amount of detuning induced by a specific phenomenon depends on the machine
design. Induction machines are built for an extremely wide range of powers and speeds.
There are various designs, some rather general, whilst other unique for specific power
and/or speed range or for specific performance requirements. Some phenomena
concerning parameter variation are more pronounced for certain designs. For instance,
design of the rotor bars is a trade-off between the efficiency in normal operation on one
side, and the starting current and the starting torque on the other side. However, an
induction machine in a vector controlled drive starts under sophisticated controlled
conditions so that the starting current and the starting torque are no longer of importance
for design. When the induction machine is intended to be used only in vector controlled
drives, the rotor bars can be designed for better efficiency. Such a change in rotor
design inevitably changes the relative values of the rotor resistance (R,) and the rotor
leakage inductance (L;). Additionally, various rotor designs will produce diverse

variations in these two parameters.

Another example of design consideration is concerned with induction machines of
powers in the range of ten or several tens of kW. For the line-starting machines, deep-
bar or double-cage rotor designs, where the pronounced skin effect is positively used for
increasing the starting torque, are neat solutions. However, deep bars and double cages
become obsolete if the machine is intended to operate as a part of a vector controlled
drive. Nevertheless, economic reasons might require the replacement of the controller,
but not the machine itself, when an existing drive is upgraded. Then a deep-bar or
double-cage machine will experience larger parameter variations due to the skin effect,

which inevitably influence the operation of the controller.

The pattern of how each parameter varies and how much it influences a vector controller
also depends on operating conditions. There are many aspects to be considered.
“Parameter variations due to magnetic saturation heavily depend on the operating
conditions. Magnetic saturation in an induction machine can be separated into main
flux saturation, rotor leakage flux saturation and stator leakage flux saturation, causing
variations in the mutual (magnetising) inductance (L,;,), the rotor leakage inductance
(L) and the stator leakage inductance (L), respectively. Variations in L, occur when
the value of the main flux is changed, which can happen in several cases. Firstly, the

main flux can be deliberately reduced or increased. Expansion of the speed range which
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a drive should cover means that flux has to be reduced for speeds higher than the rated
speed, in order to keep the required voltage within inverter capabilities. Such action is
called ‘field weakening’ and the operating speed region above the rated speed is labelled
‘the field-weakening region’. When flux is reduced, main flux saturation becomes less
pronounced and the value of L, increases. Flux level can also be manipulated to
achieve better efficiency, to produce a high short-term torque pulse, or to produce
maximum torque per ampere. Secondly, there are situations when changes in the
magnetising flux are unwanted. One example is a high short-term overloading (for fast
acceleration, for instance), when the cross-saturation effect becomes pronounced.
Another example is detuned operation due to discrepancies between parameters used in
a vector controller and the actual values of these parameters (rotor resistance, for
instance). High currents are also responsible for variations in leakage inductances.

Furthermore, leakage inductances are dependent on frequency.

As far as R, variations are concerned, the situation is even more complicated. Firstly,
the influence of the skin effect on R, depends on the geometrical shape of the rotor bars
as well as on the amplitude and the frequency of the rotor current (dictated by the
loading of the machine). Secondly, thermally induced variations in both R, and R are
correlated to operating conditions in a complex manner. On one hand, induction
machine is heated by various losses that occur in it. The stator and the rotor currents,
dictated by both load and flux requirements, determine the amount of copper losses in
both stator and rotor windings. Meanwhile, iron loss is dictated by the flux level and the
operating frequency. Both types of losses depend also on the spectra of the voltage and
current waveforms that are supplied to the machine by a power electronic converter.
Finally, copper losses depend on whether the stator winding is connected into star or
delta formation, since the third harmonic component of the current can flow inside delta
formation and the copper losses increase. On the other hand, cooling conditions are
equally important and equally complex as heating. Operating speed is very influential
when the cooling is provided by a fan affixed to the machine shaft. Cooling situation of
the machine is quite different when a separate fan provides the flow of cooling air. The
ambient temperature is important in both cases. Different duty cycles, that involve
specific profiles of the speed and the load, determine the thermal state of the machine

and the variations in resistances.

11
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Detailed djscussion about the consequences of detuning will be presented in section 2.4.
For the moment it is sufficient to say that parameter variations and subsequent detuned
operation affect the performance of the drive. The rotor flux amplitude can deviate from
the commanded value, torque response can become sluggish or oscillatory, efficiency is
decreased, etc. Since high performance is the key advantage of vector controlled drives
over scalar drives, serious deterioration in dynamic performance (torque response) is
highly undesirabie. Various techniques for compensation of detuning have been
proposed. Their basic theory is briefly discussed in section 1.2.2 and they are reviewed

in detail in Chapter 2.

1.2.2. Approaches to compensation

Detuning problems were noted early in vector control development [Gabriel et al., 1980]
" and first remedies were proposed [Garcés, 1980]. Variations in R, and/or T, due to
thermal effects were the first detuning phenomenon to be noted and attempts made to
compensate for them. One of the reasons for this is that temperature changes are
relatively slow. This meant that relatively slow and not so powerful hardware used at
that time was still capable of performing calculations needed for identification and
compensation of either R, or T,. Various methods for compensation of thermally
induced parameter variations have since been developed. Their complexity has
increased over the years, as a consequence of the enormous growth in processing power.
The common features of these identification techniques are that they operate on-line and
are usually operational in steady-states only. The complex nature of both heating and
cooling make it difficult to accurately predict the temperature (and hence resistance) of
the machine’s windings. Consequently, off-line open-loop estimation is practically
impossible. In order to keep the identification system as simple as possible, it is usually
designed utilising the steady-state machine models. Therefore the identification is
performed in steady-state operation only while it is disabled during transients, when the

value identified in the previous steady-state is used.

Electromagnetic processes are much faster than the thermal processes, but more
predictable. The compensation of electromagnetically induced parameter variations is
usually done by open-loop methods. Some of the terminal and/or control variables

(currents, fluxes, etc.) are measured and observed and the appropriate parameters are
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varied using predetermiried functions. From the design point of view, the standard
vector controller is substituted with an improved one, that takes into account parameter
variations. A number of different improved controllers have been developed over the
last ten years. They will be reviewed and the most important ones will be analysed in

Chapter 2.

Two main approaches to compensation of detuning due to electromagnetically induced
parameter variation can be distinguished. The first approach is to continue designing
vector controllers on the basis of the constant paraméter model (CPM) and seek
performance improvement by resorting to modern control theory techniques, mentioned
in section 1.1. In this case vector controllers have additional complex control circuits
that cdmpensate the detuning effects. As previously mentioned, such methods are
suitable for identifying parameter variations due to thermal effects. However, there are
some problems when such an approach is used for identification and compensation of
electromagnetically induced parameter variation. The first drawback is the fact that
deficiencies in the machine model are being transferred to the additional complexity of
vector controllers. Additionally, some of the methods are computationally intensive and
the compensation is slow, limiting the successful usage to steady-state operation. Next,
one additional circuit can usually compensate for one parameter variation (or even only
the effect of one phenomenon on one parameter). Therefore several additional circuits
might be needed to provide full compensation. Another serious drawback is that the
accuracy of a compensation circuit depends on accurate knowledge of other parameters
which are also variable. Finally, compensation circuits can substantially increase
controller complexity, requirihg more computational power, which inevitably increases

the cost of the drive.

The second approach to the compensation of parameter variations is to employ vector
controllers based on improved (modified) machine models. The improved models
account for some of the phenomena discussed above and therefore can represent the
induction machine more faithfully than the CPM model. When these improved models
are utilised for the controller design, the controller accounts for the same phenomena
and enables compensation of their detuning effects. Such an approach to compensation
is more natural than the one employing modern control theory techniques. It has been

shown that substantial reduction in detuning can be achieved when improved machine
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models are used for a controller design. Hence the performance of such controllers is
much enhanced when compared with the CPM-based controllers of similar complexity.
Main flux saturation, leakage flux saturation, skin effect and iron loss are amongst
phenomena that can be included in the improved model and their detuning effects can be
compensated by using this approach. However, since temperature effects cannot be
included in the improved models, they ca;nnot be compensated by this approach. Still,
improved machine models can be utilised in an on-line R, identification scheme, in
order to enhance its accuracy. In such a case only one additional control circuit is

needed.

1.3. AIMS OF THE RESEARCH

1.3.1. Research objectives

Although much research has been done in the area of vector control of induction
machines, the ideal control scheme has not yet been established. Such a situation is
caused by the complex physical structure of induction machines and the fact that
parameters of the machine vary during operation. Many authors in this area appreciate
that such a simple device as an induction machine is deceptively difficult to analyse to
the degree of accuracy preferred by engineers and designers. As a consequence, detailed
design, analysis and operation of vector controlled induction machine drives is a
complex problem, particularly when parameter variations are involved. Hence research
into parameter variation effects and appropriate schemes that will compensate them

deserves further attention.

As mentioned previously, there are two possible approaches for performance
improvement and compensation of parameter variations effects. A model-based
approach is used in this project. Improved vector controllers, derived from improved
induction machine models constitute the basis for this research project. Investigated
improved machine models include main flux saturation and/or iron loss. Initially, the
improved models are used to represent the induction machine, in order to investigate
and evaluate detuning that occurs when the above phenomena are included in the
machine model while neglected in the controller. Next, the impreved models are

utilised to design improved vector controllers, in order to compensate detuning effects
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caused by the above phenomena. Since it is necessary to have knowledge about the

magnetising curve of a machine, a novel method for identification of the inverse

magnetising curve has been developed. Finally, improved models are utilised for

derivation of two novel MRAC-based circuits for identification of thermally induced

parameter variations. Novel identification schemes operate in conjunction with

improved controllers.

In accordance with the previous discussion, the main objectives of this study are as

follows :

1)

2)

3)

4)

5)

6)

7

To derive various improved induction machine models that include main flux

saturation and iron loss.

To quantitatively investigate detuning effects introduced by main flux saturation,
iron loss and temperature effects in standard vector control schemes. In addressing

this problem, the induction machine is represented by improved models, while the

“vector controller is based on the CPM.

To systematically develop novel vector controllers, based on improved
mathematical models of induction machines. Several novel controllers will be
Studied, with one or more improvements over the CPM-based controller. - The aim
of novel controllers is to reduce or eliminate detuning and hence improve the

overall perforrnance of the drive.

To perform quantltatlve 1nvest1gation into the accuracy of the novel controllers and

into sensitivity of the novel controllers to remaining parameter variation.

To evaluate theoretical performance improvement achieved by novel vector

controllers in both steady-state and transient operation.

To develop an auxiliary control circuit that w111 identify thermally induced changes
of the R, and hence compensate the temperature effects. Since neither CPM-based
nor novel controllers can include temperature effects it is necessary to employ
some sort of R, identiﬁer A novel R, identifier must be based on the same

improved model that is used for the development of the novel controller

To develop a simple experimental procedurxev for 1dent1ﬁcation of the inverse

magnetising curve, that can be easily implemented in the actual vector controller.
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8) To experimentally confirm the results obtained in objective 2.

1.3.2. Investlgatlon approaches _

In agreement w1th the above research objectlves, the research is divided into several

stages, during which different investigative approaches are utilised.

1) Derivation of improved machine models encompasses :

a)

b)
c)

Inclusion of main flux saturation and/or iron loss in general induction machine

models in arbitrary reference frame.
Derivation of mixed current-flux models and their reduction.

Application of rotor flux orientation constraints onto the reduced models, which

result in the rotor-flux-oriented improved models.

2) Quantitative investigation of detuning effects includes :

b)

9

Experimental identification of the parameters of an induction machine. This
procedure involves measuring some variables in the machine and calculating

some parameters on the basis of an adopted machine model.

Analysis of detuning effects in steady-state operation of the drive is based on the
steady-state detuning expressions. These expressmns are derived by an already
known mathematical methodology, from steady-state ‘mathematical models of
both induction machine and vector controller, adopting certain assumptions. The
expressions are obtained for each detuning source and then for several

combinations of sources.

Quantitative study of detuning due to differént detuning sources. This is done
for spéciﬁc induction machines using the appropriate detuning expressions.
Since the detuning expréssions involve an equatié)n of up to the fifth order and
parameter variations are non-linear, the results are obtained using the iterative

procedure incorporated into custom-made FORTRAN programs.

Studies of detuning effects in transient operation are based on simulation of the
whole vector controlled induction machine drive. A simulation model consists

of an appropriate dynamic machine model and a full model of a control system,
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3)

5)

6)

7

8)

along with simplified models of supply converter and feedback devices. In this

part of the work an appropriate simulation package is used.

Design of improved vector controllers by applying steady-state simplifications on

the improved rotor-flux-oriented models, developed under objective 1.

For analyses of detuning when the improved estimators are implemented, the
approaches 2.b to 2.d. are used, but now in conjunction with improved machine

models and improved vector controllers.

Comparison of performance obtained by CPM-based and improved vector

controllers.

An auxiliary control circuit for R, identification is derived using an existing
approach, but is here based on the equations obtained from improved machine
models. The operation of the improved R, is investigated by dynamic simulations,

using a simulation package.

Using the experimental rig, a novel identification procedure suitable for vector

controlled drives is devised.

Experimental verification of the theoretically established consequences of detuning
is realised by changing the control parameters of the experimental rig, so that
detuned operation occurs. The variables are recorded and the actual detuning is

assessed.

1.3.3. Originality of the research

Investigation of parameter variations is not a revolutionary new research topic.

However, it has been noted that research into detuning effects induced by iron loss has

attracted research interest only recently and only the tip of an iceberg has been revealed.

Hence there is a wide scope for further research. Original research results constitute

major portions of Chapters 3, 4, 5, 6 and 7. The originality of this thesis lies in the

following areas:

1y

Evaluation of detuning in the vector-controlled induction machine drive due to iron

loss in the field-weakening region.
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2) Evaluation of detuning in the vector-controlled induction machine drive introduced

by combined influence of main flux saturation and iron loss.
3) Comparative analysis of detuning due to different phenomena.

4) Investigation of the accuracy and convergence speed of a specific MRAC-based R,

identification scheme, regarding impact of parameter variations on its accuracy. k
5) Development of several novel vector controllers.

6) Development of novel R, identification scheme that is to be used in conjunction

with the improved vector controllers.

7) Development of a novel procedure for identification of the magnetising curve.

1.4. THESIS OUTLINE

An overview of existing knowledge in the area of vector control is given in Chapter 2.
In order to thoroughly explain the vector control theory, the whole derivation procedure
is presented, starting with mathematical modelling of induction machines, which is
presented in section 2.2. The CPM in the three-phase domain is discussed first, then
transformed into a general CPM in the two-phase domain and the corresponding
equivalent scheme is derived. The mlxed current-ﬂux CPM is derived next and a
possibility to reduce the number of equations, by treating the induction machine as
current-fed, is explained. In section 2.3. principles ’of vector control are discussed and
the rotor flux orientation constraints are given. Their application to the mixed current-
flux models results in RFO models, which constitute the basis for design of estimator
for feedback vector control schemes or for determination of gains in feed-forward
schemes. Rotor-flux-oriented controi with‘ voltage feeding is then presented, followed
by a brief description of SFO and AF O Existing work on detuning in vector controlled
induction machme drives is overviewed in sectlon 24. Consequences of detumng are
discussed first, followed by the detalled discussion on work published so far concerning
detuning due to three particular phenomena : main flux saturation, iron loss and R,
variations. Finally, section 2.5. presents an overview of the improved mathematical
models and the improved vector controllers, that have been proposed for reduction and

eventual elimination of detuning. In accordance with the discussion from sub-section
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1.2.2, the improved models and the compensation techniques are grouped depending on

which detuning source they are designed to compensate for.

This research project has resulted in development of novel improved mathematical
models and novel improved rotor flux estimators, which are presented in Chapter 3.
Step-by-step procedure for derivation of improved models and for the design of
improved estimators is given. Models and estimators with main flux saturation,
utilising two different representations of saturation, are presented in section 3.2, Section
3.3. presents improved models and improved estimators with iron loss. Two ways of
iron loss representation are discussed and the one that results in simpler models is
utilised for the design of an improved estimator. As inclusion of iron loss increases the
order of the models and the complexity of the estimator, a possible way of simplifying
the estimator is shown. Inclusion of both iron loss and main flux saturation is presented
in section 3.4. Two representations of main flux saturation are combined with the
simpler representation of iron loss, yielding two improved RFO models and two
improved estimators. Simplifications similar to those used in conjunction with the
estimators with iron loss are adopted and simplified versions of both estimators are

obtained. Contributions of the chapter 3 are summarised in section 3.5.

Detailed analysis of detuning due to different phenomena, that occurs when the CPM-
based estimator is employed, is presented in chapter 4. Experimental determinati'on of
the machine parameters is presented in section 4.2. The methods and quantities by
which detuning is assessed are explained in section 4.3. Section 4.4 presents analyses of
detuning in steady-state operation that occurs due to four detuning sources. For each
analysis, the detuning expressions are derived first, followed by quantitatiVe assessment
of detuning in different operating regimes for a particular machine. Comparison of
steady-state detuning that occurs due to different phenomena is performed in section
4.5. Detuning in transient operation of the drive is investigated by means of simulation

in section 4.6. Contributions of the chapter are summarised in the section 4.7.

Compensation of detuning, obtainable when novel improved rotor flux estimators are
employed, is investigated in chapter 5. Steady-state detuning with improved estimators
is investigated in section 5.2, for estimators w1th main flux saturation,'\\)vith iron loss and
with both these phenomena. It is shown that they can successfully corﬂpensate detuning

in some operating regimes. The behaviour of the improved estimators is then simulated
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in transient operation and results are given in section 5.3. The summary of the chapter

is given in the section 5.4.

Chapter 6 presents identification of rotor resistance using the MRAC approach, with the
identification schemes based on the reactive power. Identification utilising CPM-based
R, identification scheme in the feedback RFOC is investigated in section 6.2. It is
shown that CPM-based identifier manages to eliminate detuning in steady-state
operation in the base speed region but exhibits poor performance in other operating
conditions. Therefore two improved R, identification schemes are proposed and their
improved performance is confirmed in section 6.3. Finally, section 6.4 summarises the

contributions of the chapter.

Experiinental investigation is presented in Chapter‘7. The experimental rig, which
consists of a feed-forward vector-controlled drive and the DC machine operating as
generator, and the measuring equipment are described in section 7.2, while section 7.3.
covers identification of the machine parameters from standard tests. For correct
operation of the drive in the field-weakening region, it is necessary to incorporate the
magnetising curve of the motor into the control algorithm. In section 7.4. existing
identification procedures are reviewed and a novel method for identification of the
inverse magnetising curve, that utilises the PWM inverter used for normal operation, is
proposed. The proposed procedure is verified by comparing the results with the results
obtained using standard no-load tests. Section 7.5. presents the experiments concerned
with determination of the slip gain. The results of experiments concerned with detuning
in the RFO drive due to parameter variation, due to inaccurate slip gain setting, and due
to main flux saturation are presented in sections 7.6 for steady-state operation and in

section 7.7 for transient operation. Section 7.8. summarises the Chapter 7.

Chapter 8 is the concluding chapter. The thesis summary is given is section 8.1. The
outcomes of the research and the main conclusions are presented in section 8.2, while

section 8.3 elaborates several possibilities for further work.
The list of referenced hterature is given in chapter 9.

Appendix A contains the data of the three induction machines used throughout the
thesis, while Appendix B contains copies of the research publications that are direct

result of this project.
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2. LITERATURE REVIEW

2.1. INTRODUCTION

Vector controllers are des1gned on the basis of induction machlne mathematical models.
Dynamic mathematlcal models that describe dynamic operation, under arbitrary supply
voltage (or current) wavefonns, have to be used for the design, since voltages and
currents supplied to a vector controlled induction machine are not sinusoidal, even ina
steady-state operation. Induction machine models and vector controllers presented in

this chapter are already known in the literature.

As discussed previously, huge variety of vector control schemes exists and it is an
almost impossible task to comprehensively analyse all of them. The thesis concentrates
on rotor-flux-oriented control applied to a current-fed induction machine. Some other

orientation schemes are briefly presented as well.

Majority of existing vector controllers for induction machines are based on the dynamic
constant parameter model (CPM) in a two-phase common reference frame. Hence
detailed procedure for deriving the CPM is presented in section 2.2. The adopted
assumptions and idealisations are presented at first, and model in the three-phase
domain is given. This is followed by an explanation of the transformation procedure,
which transforms the three-phase domain model into the two-phase domain mociel. The
resulting CPM in a two-phase common reference frame is presented next. Then the
space vectors are introduced and utilised for construction of the equivalent circuit.
Finally, the mixed current-flux CPM in state-space form is presented and accordingly
utilised for derivation of the reduced-order CPM, suitable for representing current-fed

machines.

Basic principles of vector control are presented in section 2.3. Rotor-flux-oriented
control of an induction machine is discussed in detail. Rotor flux orientation constraints
are presented and consequently applied to the reduced-order CPM, which results in the
rotor-flux oriented constant paiameter model (RFO CPM). On the basis of this model,
both feedback and feed-forward RFO control schemes are derived for a current-fed
machine. After this, RFO control of a voltage-fed maehine is described. Finally, other
orientation possibilities like SFOC and AFOC are briefly reviewed. ,
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Theoretical considerations and previous work on detuning in vector controlled induction
machine drives are reviewed in section 2.4. Detuning due to main flux saturation, due
to iron loss, due to variations in rotor time constant and due to variations in rotor

leakage inductance are discussed separately.

Improved mathematical models and improved vector controllers, proposed in literature
so far, are reviewed in section 2.5. Improved models and improved estimators for RFO
control with main flux saturation, improved models and improved feed-forward
controller with iron loss and a rotor resistance identifier based on the model reference
| adaptive control theory are discussed. Finally, section 2.6 bringé the sumniary of the

chapter.

2.2. MATHEMATICAL MODELLING OF AN INDUCTION MACHINE

Electrical machines are physical objects aimed for conversion of the electrical energy
into the mechanical energy and vice versa. Electrical, magnetic and mechanical
phenomena interact in a machine in a complex manner. The general theory of electrical
machines [Krause, 1990; Vas, 1992; Vuckovic, 1992) attempts to represent the
phenomena in these physical objects by mathematical models. Mathematical models are
sets of equations that mathematically describe physical relationships between certain
quantities in machines. Mathematical models have to fulfil two contradictory
requirements - faithfully represent the phenomena in electrical machines and be simple
to use and analyse. In accordance with the latter requirement, they are derived with a
number of assumptions and simplifications. The \simpliﬁcation procedure results in the
loss of information about phenomena that are postulated to be of the secondary

importance [Vuckovic, 1992].

2.2.1. Mathematical model of an induction machine in the three-phase
domain

The procedure of mathematiéal mddelling of an induction machine starts with adopting

the following assumptions and idealisations : stator phase windings are identical with

the mutual space displacement of exactly 120 electrical degrees; magnetomotive force

of a winding is sinusoidally distributed élong the air-gap circumference; parasitic

capacitances are neglected; air-gap is constant (impact of stator and rotor slots is
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neglected); the rotor cage winding can be substituted with the balanced three-phase
winding; resistances and leakage inductances of the windings are constant parameters;
iron loss is neglected; and the magnetising curve is treated as a linear function i.e. main

flux saturation is neglected.

When these assumptions are adopted, the mathematical model of an induction machine
in the three-phase domain, in terms of instantaneous variables, is given with the

following expressions =

dy
. ——abc
Yabe —RJ labc+ d: . ‘
" @
=0=R i, +—2%
Yasc = riapc T g
Voo =LolaetLyissc
] L. 2.2)
ZABC =!’-r lABC +-L.rr labc
p,dL _ dL, .
Tg =-2_l‘ 'd_0-£=Pl;bc daﬂ. Lipc o (2'3)
Jdo 1
T-T, =5 ko 2.4)

In equations (2.1) - (2.4) the lower case indices appiy to the stator quantities, while the

upper case indices denote the rotor quantities. Matrices in 2.1)-(23)are:

va ia Wa
Yave =| Vo ) iabc - ib ; zabc =W
v, i v,
¢ , (2.5)
V4 0 iy V4 .
Y48c =| V8 0| 5 igpc=|ip| 3 Yypc=|¥B
VC 0 iC WC
" L, L ~
. £.= . abc : !4_ - ‘s sr , (26)
lABC ) Lsr -L-r
where the sub-matrices of the inductance matrix L are :
[ A 2r 27 )]
cosb cos|@+—] cos|@-—
. 3 3 , :
2n 2z
L, =L, |cos 0——3—- cosd €0s| 0+T , 2.7.2) .
2r 27
cos| 6 +—3— cos| @ ——; cosd
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L, L, L, 1 -2 -12]
L, L, L. [-1/2 -1/2 1 |
- ) . 2.7.b)
Ly Lep Lec -1/2 -2 1]

The angle @ in (2.3) and (2.7.a) denotes the instantaneous position of the revolving
magnetic axis of the rotor phase ‘4’ winding with respect to the stationary magnetic axis
of the stator phase ‘@’ winding. The angle @ is correlated with the rotor electrical speed

of rotation @ through dependence :
0=00)+Jod . 2.8)

Substitution of (2.5) - (2;7) into (2.3) gives the torque equation in the developed form :

Y U N Ay 2m )
= —PLM{smB(t,,zA +iyig +tctc)+sm( ——;ﬂ—)(i‘,ic +iyi 4 +ici8)+sm(0 +?)(t,,13 +iic +l,_.i4)}

29)

The mathematical model of an induction machine in the three-phase domain is given
with (2.1)-(2.8). ‘Ina developed form, it cdﬁsists of seven first-order non-linear
differential equations, one integral equation and seven algebraic equations. Some
coefficients in these 15 equations are time-varying,' because the rotor position 6
changes as the rotor revolves. As such, the three-phase time-domain model is
inconvenient even for simulation of an induction machine, needless to fnention control
system design. Furthermore, pﬁhciples of vector control cannot be eXplained and

understood from this model.

2.2.2. Transformation procedure

InconVeniénce of the three-phase time-domain mathematical model can be mastered by
applying an appropriate méthematical transformation that will transform it into a
simpler model. The most commonly used transformation is the irregular Blondel’s (or
Park’s) transformation [Krause, 1990].' The irregular Blondel’s transformation is
pérforrned by transformingthe stator équatibns and the rotor equations by means of B

and B, transformation matrices, respectively :
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2r 27 |
cosf, cos 0,——3— cos| 0,+—§-

PR AN \ (2.10)
-sing, -sin 0_,--3— -sin 0,+T

W N
—

' 2r 2z 1
cosf, cos| 6, ——3— cos| 0, +T

. . 2z ) 2z
-sind, -sin| 8, ~—| -sin 6, +—
L 3 3

W N -

(2.10.b)

The angles introduced in the transformation matrices are defined and mutually

correlated through the following expressions :

t t
8, =6,(0)+ Ia)a d ; 6,=6,-0=6.(0)+ _[(wa -w)dt (2.11)
0 0

where @, is an arbitrary angular speed.

The transformation procedure may be viewed as a substitufion of the actual stator and
rotor thrée-phase windings (a-b-¢ and 4-B-C, respectively) with the new, fictitious, two-
phase windings (ds-gs and dr-gr, reépectively). The new windings are mutually
perpendicular, so that there is no magnetic coupling between a d-axis winding and a g-
axis winding. The transformation given with (2.10) is called irregular sihce the zero
sequence components are omitted. This is appropriate when the machine windings are
connected in star connection without neutral lead and/or when a machine is supplied
from a balanced three-phase source.

The transformation matrices for the stator windings (2.10.a) and for the rotor windings
(2.10.b) differ in the sense that different angles are met in sin and cos terms in them.
‘Selection of angles according to (2.11) removes relative motion between the new stator
Windings and the new rotor windings. In this way both stator and rotor d-q windings
rotate with the same arbitrary angular speed (@,) and single d-g axis system' is valid for
both stator and rotor. These are the reasons why this type of transformation is usually
termed ‘transformation to the common arbitrary reference frame’ and the models
obtained are referred to as ‘rriodels in a two-phase commoh'refcrence frame’. Due to the
non-salient nature of an induction maéhine, any angular speed can be chosen as the

angular speed of the common reference frame.
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For transforming d-q quantities back into the original three-phase domain, the inverse

irregular Blondel’s transformation is used, which can be givenas:

B 9
cosd, —sin 0, :
2z 2r
B:l = COS(&_‘. - -'3—') - sin(a_, "_3—) s (2. 1 OC)
2z . 2
cos(&, +—) -sm(G, +—)
L 3 3 /]
cosd, -sing,

B'= co{o,--—-z”) —sin(G,—-——Z”) . (2.10.d)
3 3
2

2.2.3. The constant parameter model in a two-phase common

reference frame
Application of the transformation (2.10.a) and (2.10.b) on the model in the three-phase
domain (2.1)-(2.3) results in the mathematical model in an arbitrary two-phase reference

frame, consisting of the following expressions [Krause, 1990; Vuckovic, 1992] :

-y,
v, =R+ & +“’aQZ,
2.12

aw : @12)
2r=0=R,1,+——dt +(ma-a))§_zr
v =Lsis+Lm£r (2 13)
y =L, +Li '

3,

L=3PLGY, (2.149)
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In equations (2.13) the two-phase inductances are correlated with the three-phase

inductances by the following expressions :
' 3 3 3
Ls=Laa—Lab=;Laa ) Lr=LAA—LAB=;LM s Lm=;LaA . (216)

The mechanical equation of motion remains unchanged :

Jdo 1 :
L-T, =—F—‘;+?ka) . ‘ 2.4)

The electromagnetic torque, expressed in terms of d-q variables, becomes :

P(Voig~Vasa) -+ 2.17.9)

Nlu

L=

The model, given with (2.4), (2.11)-(2.13) and (2.17.a), is denoted as the constant
parameter model, since it is assumed that all the parameters do not change. It is much
simpler than the model in the three-phase domain, due to several reasons. The time
dependence in the mutual inductances, that occurs due to rotor revolution, has been
eliminated (inductances in (2.13) and (2.16) are not dependent on angle & any fnore).
Due to the omission of the zero sequence variables, the number of equations is reduced
td five differential and five algebraic equations. The equations themselves have become -
much simpler. In particular, the torque equation (2.17.a) is significantly simpler than
(2.9). The simplicity of this model enables its successful application for control
purposes, for analyses, for dynamic simulation, for derivation of the equivalent circuits,
etc. Another important feature of this model is that it provides an easy explanation of.
the vector control principles, as well as an easy derivation of models with vector control

constraints and subsequent design of vector controllers.

The CPM in an arbitrary frame of reference yields a unique model for any specified
value of the angular velocity of the common reference frame (w;). Models in the
stationary (stator) reference frafne, in the synchronous reference frame, in the rotor
reference frame, in reference frames fixed to the space vectors of the rotor flux, the
stator flux or the air-gap flux can be derived by appropriate setting of @, . All variables
(voltages, currents and flux linkages) are transformed, so that the correlation between
three-phase(a-b-c) and two-phase (d-9) variables, given with (2.10), has to be accounted

for in any application of the model.
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There are several possible alternative forms of the CPM presented above. One of the

alternative forms can be obtained by introducing the leakage inductances as :

L=L-L, |
2.18
Llr=Lr-Lm ’ ( )

and the magnetising current and the magnetising flux as :

Iy =i+, ' ' (2.19)
¥, =Lnin > (2.20)
where the matrices are :

Sl e

Implementing (2.18)-(2.20), flux equations (2.13) become :

v, =L + LG, +1,) =Lyl + L1, =L, +y,

) 2.22
Zr = Llrir + Lm(ir +is) = Llrir + Lmim = Llrir +Z.m ( )
Substitution of (2.22) into voltage equations (2.12) gives :
d(Llsi:) d.'/f
v,=Ri +—+—="+0,L,Gi +0,Gy
dt dt ! —m 2.23)
dr,i) d ’
0=R.i + l")+ =t

Aty T TGk rely, —edy,

while substitution of (2.22) into the torque equation (2.17.a) results in several alternative

expressions for the electromagnetic torque [Vuckovic, 1992]

3. 1

T,= ;P-Lﬂ(w,iq, ~Vala) 2.17.b)
3 1 .

T; =—P—_(Wdr'/,qm - qude) ’ (2.17.0)
2 L,

=2 PL (i =it (2174

I;— 2P ‘m ’dr’qs—’qr'dw) > ( k7. )
3 s . ' v

T¢ = _Z_P(de'qs - '/’qm'ds) ’ (2.17.6)
3 L . '

T¢ = —P_(Wdriqm - '//qr‘dm) ° (2.17.f)
2 L, «
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In this way one of the alternative forms of the model is given by equations (2.4), (2.19),
(2.20), (2.22), (2.23) and one of the (2.17). This model, that uses the mutual inductance

and the leakage inductances, is convenient for derivation of the equivalent circuits.

2.2.4. The equivalent circuit for the constant parameter model

Equivalent circuits are another way to represent phenomena in electrical machines.
Their benefit is that a circuit consisting of resistors, inductors and voltage sources is an
explanation tool that is much easier to comprehend than a set of equations. This is
especially true in steady-state operation with sine-wave supply, when equivalent circuits
become very simple. Equivalent circuits are normally derived from mathematical
models in a two-phase common reference frame. If the d-q components are used for
equivalent circuit representation, it would be necessary to have two very similar
equivalent circuits, one for d-axis and one for g-axis. Hence space vectors [Vas, 1992]
are more suitable for derivation of equivalent circuits. In general, a space vector is a
complex variable consisting of a d-axis component as the real part and a g-axis

component as the imaginary part of a space vector. Thus space vectors are defined as :

Fi=fatit s | | @24)

where f can denote voltage, current or flux (: f= }v, i, ), while index i can denote
stator, rotor or magnetising variable (i = s, r, m). Using the space vector representation,

and adopting that all the parameters are constant, voltage equations (2.23) become:

= < dis . - dim . <
vs = Rgis +Lk_dt—+1waLl"‘ +L, —:1;—+1a)aLmt,,.

i r , (2.25)
< ! < Im - . =
0=Ri,+L, -d—t'+ Jjo,Lyi,+L, 7+ JO,Lyim —Jwy/,
and the torque equation becomes :
3 (s — | | |
n=-pumiy), - @l

where the asterisk represents complex conjugation. -
On the basis of (2.25) it is possible to construct the dynamic equivalent circuit of an

induction machine. The Ri terms correspond to voltage drops across resistors, the L-j—:
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terms correspond to voltage drdps across inductances, while the joy and the jw,y
terms correspond to induced electromotive forces. It should be noted that the existence
of the terms containing @, depends on the chosen angular speed of the reference frame.
The equivalent circuit of an induction machine, based on equation (2.25), is shown in
Fig. 2.1. Although the appearance of the equivalent circuit resembles the steady-state
equivalent circuit of an induction machine, there are several differences. The main one
is that the vanables in the circuit of Fig. 2.1 are space vectors, while in the steady-state
Cll'Clllt phasors are used. Hence this circuit is valid not only for a symmetrical sine-wave
supply (as the steady-state circuit is), but for any type of voltage excitation (i.e. for
inverter supply as well). The second important feature of this equivalent circuit is that it

is valid not only for steady state-operation, but for transient operation as well.

Figure 2.1 : Induction machine dynamic equivalent circuit in an arbitrary reference
frame, constant parameters.

2.2.5. The i;-, mixed current-flux constant parameter model

The form of the CPM presented in sub-section 2.2.3., although convenient for derivation
of the equivalent circuit, is not very beneficial for analytical studies of dynamics, for
simulations or for control purposes. Thus the model should be reformulated in a state-
space form, where a state vector, consisting of four state variables, is used to represent
machine’s electromagnetic behaviour. The equation of mechanical motion is treated
separately. Different sets of state variables can be used and there are fourteen possible
combinations [Levi, 1995a], usually arranged in three groups. Flux-based models

feature fluxes, current-based models feature currents, while mixed current-flux models
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feature a current (stator, rotor, or magnetising) and a flux (stator, rotor or magnetising)

as state variables [Levi and Krzeminski, 1996].

The mixed current-flux model where the stator current and the rotor flux are chosen as
state variables (i ; -y, model) is best suited for the RFOC with supply from a current -
source. The suitability stems from the fact that the stator current is the input to a vector
controlled machine and the rotor flux is the variable to be controlled. Procedure for
derivation of the i, -y, mixed current-flux model involves selecting the stator current
and the rotor flux as sfate variables, expressing all other variables in terms of them and
substituting these expressions in the general model. Mixed current-flux models can be

represented in a form :
y=aZEiny (2.26)

where x is a state vector and v is an input vector of voltages.

For the i,-y, mixed current-flux CPM, the vector of voltages is :

g=[vds Vs 0 0]' , o 2:27)

and the state vector is :
. , t
x= [ldr ’qs Yar qu] e ‘ (2°28)

The matrices 4 and B are :

Lm
o, 0 - 0
L
0 o, 0 == -
A= s L | , . (2.29)
0 0 1 o0 :
I 0 0 1
R, -w0l, 0 -0, =~
,
Lm
@,0L, R, 0, — 0 :
: B _ Lr
B=| | L , - (2.30)
» - 0 — —o,-w) :
T T,
L, 1
0 - e,-0 = —
i T I
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where the total leakage inductance of the machine o is defined as :

%
oul-—m | @31)

sTr

and the rotor time constant T, is:
T, =— . v | (2.32)

Equation that describes developed electromagnetic torque :

_LL_"'L( Wdr gs qulds) . | (217b)

and the equation of mechanical motion, that can be rearranged as :

do P 1 ’
—=—|\T,-T,)-—}ko , .
=~ (T-1)-T ke - 233)

complete the model.

2.2.6. Thei;-y, reduced-order constant parameter model

An induction machine in a vector controlled drive is very often supplied from a current-
controlled PWM inverter that may be treated as a current source. In this case the stator
cu.rrent is known while the stator voltage is not known, but is not needed either. Thus
the stator voltage equation can be omitted from consideration. Such mathematical
models may be called reduced-order modelsj, as the number of the differential equations
(and hence the order of the model) is reduced. This differs from the definition of a
reduced-order model commonly used in generel theory of electrical maehines, where the
order of the model is reduced by neglecting some of the phenomena that are less

influential on machine dynamics.

The is-w, feduced-order CPM model is therefore derived from the -y, mixed
current-flux CPM model, by reducing the state vector to the d-g rotor flux corﬁponents .
and by omitting the stator voltage equations (the first two rows in matrices 4 and B).
The d-q components of the stator current are considered as the input variables. When
the flux derlvatlves are transferred to the left-hand 51de of the equations, the reduced-

order CPM i in developed form is given w1th
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dy, 1
— . _— Yy Lz +(@, - @) ¥,
a 10T
dy ) : ’ o (2.34)
L= Yer + Lmiqs —(wa o) Yar
dt r r
do P 1 ‘
7‘;’:7 T,_TL)-jkw , | (2.33)
3 1 ,
Te =-2-P?m_( '//driqs - '//qr'ds) . (2'17'b)

This model is used as a basis for derivation of the RFO CPM and for design of vector

controllers with orientation along the rotor flux space vector.

2.3. PRINCIPLES OF VECTOR CONTROL

Decoupled flux and torque control is realised by controlling the position and the
amplitudé of the stator current space vector with respect to the chosen flux space vector.
The stator current space vector can be oriented with féspect to the space vectors of either
the rotor flux, the stator flux or the air-gap flux. At the same time, the induction
machine can be fed from either voltage or current source [Vas, 1990; Trzynadlovski,
1994]. If SFOC or AFOC methods are employed , an appropriate decoupling circuit has
to be inserted in the control part of the system, no matter whether the machine is fed
from voltage or current source. A similar conclusion is valid for the voltage-fed

induction machihe with a RFOC method.

This leaves the RFOC of a current-fed induction machine as the only control method
that does not need any decoupling circuit. Another advantage of the RFOC is that it
offers a theoretically infinite maximal (pull-out) torque. In practice, however, the pull-
out torque will have a finite value, due to magnetic saturation, poss1b1e parameter

variations and of course, capabilities of the inverter.

Orientation along the air-gap flux space vector dld not get much attention until kvery
recently.. Apart from expensive and temperature-sehsitive Hall probes, measurement of
the position and the amplitude of the air-gap flux can be obtained by using a fapped
stator windings [Lipo and Chang, 1988]. This approach to flux sensiﬁg is robust to
changes in the stator resi‘stance‘ (Rs) and changes in L}s since the tapS can be arranged to

cancel the voltage drops across R, . Flux sensing by the‘tapped windings is convenient
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for the AFOC schemes. It was also used in conjunction with the universal field
controller operating in the reference frame attached to the air-gap flux [De Doncker et
al., 1994]. Additionally, machines with either deep-bar or double cage rotor
construction are usually modelled with a ladder network representing the rotor winding
by two or more branches [Vas, 1992]. In this case there are at least two rotor fluxes and
the dilemma which one should be used for the orientation is posed. This leaves the
AFOC as an attractive orientation possibility [De Doncker, 1992; Healey, 1995;
Williamson and Healey, 1996].

Orientation along the stator flux also remained beyond the scope of interest for a long
time. However, recent advancements in microprocessors and DSPs have enabled
significantly easier implementation of the decoupling circuits. As a consequence, there

is a certain increase in the amount of research devoted to the orientation along the stator
flux [Vas, 1990].

An advanced achievement in the vector control of induction machines is the universal
vector controller [De Doncker and Novotny, 1988]. It enables combined application of
the feed-forward and the feedback vector control methods, with orientations along the
rotor flux, the air-gap flux and the stator flux in different operéting regimes.
Appropriate decoupling circuits are available for different orientation types. A possible
combination, suggested in [De Doncker and Novotny, 1988], consists of the feed-
forward RFOC at low speeds and the feedback SFOC at medium speeds and in the field-
weakening region.

Already introduced notions of feedback and feed-forward vector control need further
explanation. These terms are related to the way in which orientation js achieved, but
they are not related to any specific choice of the flux along which the orientation i is
performed Vector control schemes are classified depending on the signals that are
utilised for calculating the position of the chosen flux Space vector. Classification used
here is that feedback schemes utilise some electromagnetlc feedback signals (i.e.
measured quantities like currents, fluxes, etc.) while feed-forward schemes perform this
calculation on the basis of feed-forward signals (i.e. cbmmanded currents) and measured

rotor speed (position). Feedback and feed-forward vector control are often termed as

direct and indirect control, respectively [Vas, 1990; Vas, 1992].
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The research presented in the thesis will mostly address the feedback RFOC of a
current-fed machine, with an j,-@ estimator. Asthe PWM inverter is assumed to be
an ideal current source, all steady-state results are valid for the corresponding feed-

forward RFOC. Hence these two schemes will be elaborated in detail in sub-section
2.3.2.

2.3.1. Rotor flux orientation constraints

For the RFO vector control schemes, the reference frame attached to rotor flux is
adopted as a common reference frame. This reference frame is fixed to the space vector
of the rotor flux, so that the d-axis of the common reference frame coincides with the
rotor flux space vector. This is achieved when the angles in the transformation matrices
B, and B, (2.10) are chosen as:

0.\' =0, 0r = -0 ; o, =0, = ‘:r ’ . (2.35)

where ¢, is the instantaneous position of the rotor flux space vector and @, is the
angular speed of the rotor flux. In this special reference frame the g-axis component of
the rotor flux becomes zero, i.e. the rotor flux space vector becomes a real variable :

V&=V, 3 V¥p=0 ; zr=[0'] I L A7 A (2.36.a)

dy,,

th t: ——=0.
so tha » (2.36.b)

The difference between the angular speed of the reference frame and the rotor speed is

the angular slip speed :
Oy =0,-0=0,-0 . 237

Application of RFO constraints onto the mixed current-flux CPM results in a model of
induction machine in the rotor-flux-oriented reference frame. This model W111 be called

rotor-flux-oriented model
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2.3.2. Rotor-flux-oriented control of a current-fed induction machine

2.3.2.1. Rotor-flux-oriented constant parameter model of a current-fed
induction machine

Taking into account RFO constraints (2.36), the electromagnetic torque equations
(2.17.b), (2.17.c) and (2.17.1), respectively, in this reference frame become :

3L, : .

T, ='2—PL—r Vilgs » | ; (2.383,)
r=2pL ' 238b)
e 2 L[r Wr'//qm ’ J0. |

3 L
T, =—P—"y,i, . : ‘ 2.38.
e 2 Ll’ Wr'qm ( c)

The torque equations (2.38) are of the same form as the torque equation met in DC
machines theory. Equation (2.38.a) suggests that if the magnitude of the rotor flux is
kept at a constant value, the torque can be independently controlled by the g-axis
component of the stator current. Equations (2.38.b) and (2.38.c) are at present
irrelevant. They will become important once when main flux saturation and/or iron loss

* are included in the model (section 2.5 onwards).

Since a current-fed induction machine is discussed, RFO constraints (2.35)-(2.36) are

applied to the i;-w, reduced-order CPM from section 2.2.6. The rotor flux equations
(2.34) become:

dy, . .
Vp+ == Ladas (239
@y WrTr = Lmiqs s : ' (2'40)

where the rotor time constant 7, is defined by (2.32). The developed torque is :
3L, . ‘ ‘ |
T, =;PL_ Wiigs > | ‘ | (2.38.2)

r

and the equation of mechanical motion remains unchanged :

1
—=—(7;—TL)—7ka) . (2.33)
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All the machine parameters (resistances, inductances, the rotor time constant) used in
the model are considered to be time-invariant. The above model is well known in
literature and often represents the starting point for vector controller design and for

analyses of vector controlled drives with rotor flux orientation.

Equation (2.39) reveals that, in this special reference frame, fixed to the rotor flux space
vector, the magnitude of the rotor flux (y;) can be controlled by the stator d-axis current
(ias). As there is some magnetic inertia, the responses of ¥, yvill lag the changes in iy
according to the rotor time constant T, The common vector control strategy is to keep
¥, at the content level, by keeping iy constant. In such a case, both angular slip speed

oy and developed torque are propbrtional to the stator g-axis current (iz), according to -
equations (2.40) and (2.38.a), respectively. Consequently, the developed torque is
proportional to the angular slip speed and the torque can be instantaneously altered by
changing iy as there is no lag. This is the key feature that enables fast (theoretically
instantaneous) torque response and high pérformance of the drive. Note that there is no
torque limit (the maximum torque is theoreticall); infinite) and any desired value of the
torque ,caxll be obtained by applying an appropriate value of i, , while maintaining the

rotor ﬂﬁx on a certain constant level.

2.3.2.2. Feedback rotor-flux-oriented control of a current-fed 1nduct10n
machine
The feedback RFO vector confrol scheme is shown in Fig. 2.2. It consist of a control
system, current-controlled PWM inverter and induction machine. The control system
has three proportional-integral (PI) controllers (the torque controller can be omitted and
in such a case the speed controller produces the iy reference), the field-weakening
’ block, the co-ordinate transformation block (B ;1. as defined by (2.10.c)), and a rotor

flux estimator.

On the basis of the measured motor signals and the machine’s parameters, the rotor flux
estimator provides estimated signals of the rotor flux amplitude (;°), electromagnetic

torque (7.°) and the rotor flux position (¢°). If the control sysfem does not have a
torque controller, T,° calculatlon can be omitted in the estimator. The structure of the
estunator xs determined by whlch mathematlcal model of the induction machine is

employed and by which motor 51gnals are measured. The estimator elaborated in this
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research is the one that has stator currents and rotor angular speed as input (i, -0 type).
The CPM-based i,-w estimator, based on (2.35), (2.37), (2.38.a), (2.39) and (2.40), is
shown in Fig. 2.3. It includes the B; co-ordinate transformation, in accordance with
(2.10.a). All parameters in the estimator are assumed to be constant and hence they bear
an asterisk as superscript. The time derivative is denoted by the Laplace’s operator *s’.

The estimator operates in the reference frame attached to the estimated rotor flux

position.
Estimation of
rotor flux position, <r‘: .
rotor flux amplitude Motor signals
and developed torque . ‘
1 ]! »
Speed control T « | Torque controli . r " Induction
a* L1 "e gs a machine
%P+I — P+I Current
- e B-I ! Z regulated
Field weakening ¥ Flux control =s PWM
* - y * 7 *
(0] A 25 Vs e
— : l : P+] inverter
z
AN

Figure 2.2 : Feedback rotor-flux-oriented control of a current-fed induction machine
. e * e
1a Las I‘i'n 4 N
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Figure 2.3 : Rotor flux estimator of is;-@ type, based on the constant parameter

model.
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2.3.2.3. Feed-forward rotor-flux-oriented control of a current-fed
induction machine

The feed-forward RFO vector control scheme is shown in Fig. 2.4. 1t is again based on
_egs. (2.35), (2.37), (2.38.a), (2.39) and (2.40). In this structure, the control system
consist of a speed PI controller, the field-weakening block, one differential block, tw6
gain blocks, angular slip speed calculator and B s co-ordinate transformation. The slip
angular speed is calculated on the basis of the commanded (reference) stator current
components. Estimated position of the rotor flux is obtained by integrating the sum of
the calculated slip angular speed and the measured rotor speed. Parameters used in the

feed-forward controller are constant and hence denoted by an asterisk.

Since both feedback scheme of Figs. 2.2 and 2.3 and feed-forward scheme of Fig. 2.4.
are based on the identical set of equations, their behaviour in steady-states is identical. ,
Hence although feedback vector control scheme is studied, all steady-state ‘detuning
expressions and detuning characteristics of chapter 4 are equally applicable to feed-

forward scheme as well.

Speed control .
. i* i*
@ - e gs a ‘
Bofrafm— c
ol = ; it | R
Field weakening . K 1By . IV)V
¥* 1+sT i% i
@ j: r S
/'% I.:n . M
*

“’s "
, [1)]
N

Z
N
2 L1 1
17 0 . Ky=—%
3PL, i, T iy

Figure 2.4 : Feed-forward rotor-flux-oriented control of a current-fed induction
machine.

2.3.3. Rotor-flux-oriented control of a voltage-fed induction machine

If the current control is performed in the two-phase rotational d-g reference frame, the

" machine can not be treated as being current-fed. Also, it is possible that the control
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system does not have any current control loops. In such cases the induction machine is

considered to be voltage-fed and the full mixed current-flux CPM of section 2.5.5 must
be used for vector controller design. The final goal of RFOC remains orientation of the
stator current space vector with respect to the rotor flux space vector. As
straightforward control of the stator current space vector is not possible any more, the
appropriate stator voltage space vector by which vector control is achieved has to be
determined. In other words, the applied stator voltage space vector has to have such a
magnitude and has to be put in such a position that the resulting stator current space
vector attains exactly the magnitude and the position with respect to the rotor flux space
vector that are needed to realise decoupled flux and torque control. This means that the
stator current is controlled not directly as in the case of current feeding, but indirectly,
by controlling the stator voltage. Due to complex relationships between stator voltage

d-q components and stator current d-q components, this is not an easy task.

Applying RFO constraints (2.36) on the equations of the full mixed current-flux CPM
(2.26)-(2.30), the voltage equations are obtained as :

va = Riy + L, ‘2’!‘:’ i d;’:’ ©,0L g
a, (2.41)
= R, + oL, d —L 40 %’"—-y/,,+(ooi,1d,
r

Consequently, the RFO model of a voltage-fed induction machine is obtained as :

i +T ' —==—y, —— — +o Ti  , 2.42
“" @ R * R L a % (242)
di 1 1 '
i T'—qs-='-—‘ s ), +w T'i ’ ) ‘ (2‘43
qs s di R‘ q. R‘ . Wr rs ‘ds ‘ ) ‘ )
d -
VRS L (2.39)
a)sl V’rT Lm'qs s .. (2.40)
where the time constant T’ is defined as :
ol _
T'= R’ . (2.44)
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Equations (2.42)-(2.43) show that d-axis and g-axis components of the stator voltage
and the stator current are cross-coupled by @, Ty’ izs and @, Ty’ iy termsl ‘Hence the
components of the stator current cannot be controlled directly by the corresponding
components of the stator voltage. However, there are several ways to achieve decoupled
control of stator d-axis and g-axis currents. One way is to introduce an appropriate
decoupling circuit in the control system. The structure of such controller is shown in
Fig. 2.5. Note that scheme of Fig. 2.5. does not have any current control loops. The
complete decoupling circuit is rather complicated as it is Based on voltage equations
(2.41). ' However, the decouplihg circuit can be simplified by omitting the derivative
terms in (2.41). This simplification does not affect controller’s steady-state

performance, but transient performance slightly deteriorates.

Another way to tackle the cross-coupling problem is to introduce current control loops
with PI controllers in the d-q axis reference frame and simplify or even completely omit
the decoupling circuit. The current controllers are able to fully compensate the coupling
between the axes and enable proper operation if the switching frequency of the inverter
is high. To reduce the complexity of the control system, the torque control loop can be

omitted. Such a controller structure is shown in Fig. 2.6.

Estimation of

rotor flux position, <: .
rotor flux amplitude Motor signals
and developed torque

% e
w® %
Speed control » Torque control ro. .
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Field weakening ¥ Flux control A5 1.7 pwm
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Figure 2.5 : Feedback fotor-ﬂux-oriented control of a voltage-fed induction machine.
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Figure 2.6 : Feedback rotor-flux-oriented control of a voltage-fed induction machine,
with current control loops and decoupling circuits.

2.3.4. Other possibilities of orientation

" Rotor flux oriented control represents only one possible group of vector control
schemes. Vector control schemes with the other two orientation strategies are briefly

discussed here.

For the SFO vector control schemes, the stator flux reference frame is adopted as a
common reference frame. It is fixed to the space vector of the stator flux, so that the d-
axis of the common reference frame coincides with the stator flux space vector [Vas,
1990]. When the magnitude of the stator flux (y;) is kept at the constant value, the
torque can be independently controlled by controlling i,,. However, the amplitude of y;
is determined not only by iy (like it was in the case of RFOC), but also by i, and wy .
frequency. Such a relationship prevents straightforward decoupled control of flux and
torque, since i;s influences both stator flux and developed torque. Additionally, wy is
also dependent on both stator current components. This is reflected in more complex
calculation of angular slip speed, needed for estimation of the stator flux position in |
both feedback and feed-forward SFOC schemes. The problem can be solved using

- additional decoupling circuits in the vector controller.
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If the machine cannot be considered as current-fed, equations for the stator voltage d-q
components, based on (2.12) have to be included in the SFO model. This additionally
complicates the SFO model, resulting in even more complex control system, since the
stator current components are driven by the stator voltage. Depending on the type of the
supply, different decoupling circuits are employed in order to achieve correct vector
control. The need for decoupling circuits makes orientation along the stator flux less

popular choice than orientation along the rotor flux.

However, several good features of SFOC should be mentioned. If the flux space vector
is to be estimated from fhe measured values of the stator currents and the stator voltages
(by the v-iy estimator), then the stator flux can be estimated more accﬁrately than the
rotor flux, due to inevitable parameter variation in the machine. This is the vector
control scheme where the SFOC is Suggested to be a better solution than the RFOC
[Vas, 1990]. If the machine’s rotor is of such design that L, and/or R, variations are
very pronounced, the SFOC becomes especially’advantageous. However, although
robust to changes in the rotor parameters, the SFOC schemes are sensitive to R;

variations.

For the AFO vector control schemes, the air-gap (magnetising) flux reference frame is
adopted as a common reference frame. Equivalently to the other two typés of
orientation, the reference frame is fixed to the space vector of the air-gap flux, so that

the d-axis of the common reference frame coincides with the air-gap flux space vector.

Similarly to the SFOC, the torque in AFOC schemes can be independently controlled by
ips if the magnitude of the magnetising flux is kept at a constant value. The main
problem with AFOC is that iy , its derivative and iz all play a role in building the
magnetising flux. As in the SFO case, decoupled control of flux and torque is
impossible, because iy influences both stator flux and developed torque. Slip
calculation is again a complex task. Voltage feeding worsens the situation, since the
additional equations for stator voltage components, based on (2.23), increase the
complexity of the model. As it was the case with both SFOC and RFOC with voltage
feeding, decoupling circuits and/or additional current control loops are a possible

remedy.
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2.4. DETUNING IN VECTOR-CONTROLLED INDUCTION
MACHINES | B

!

Information on the position of the chosen flux is essential for the proper operation of all
vector control schemes. As shown in the previous sub-section, this information is
obtained by using a mathematical model of the induction machine. Different vector
controllers obtain this information in different ways, but practically all controllers use
some machine parameters for the calculation [Boldea and Nasar, 1990; Vas 1990; Vas,
1993]. If there are any discrepancies between the actual motor parameters and the
values used in the controller, detuned operation occurs. In certain operating conditions,
noticeable detuning can arise from the phenomena that are considered to be of the
secondary importance and hence are neglected during the control system design.
Limited accuracy of the measurement system and discrete nature of the power electronic
converter actions represent yet another group of detuning sources [Vas, 1993; Borgard et

al., 1995], but their influence is beyond the scope of interest in this research.

2.4.1. Consequences of 'detuning

As different vector controllers use different parameters, the overall sensitivity to
parameter variations depends on the structure of the controller. Additionally, the
influence of each parameter variation varies with operating conditions. Generally
speaking, RFOC schemes are more sensitive to parameter variations than SFOC and
AFOC schemes. The reason for this lies in the fact that rotor quantities are inaccessible
for any measurement. Hence some other quantities are measured and then the rotor flux
vector is calculated. In feedback RFOC schemes stator currents, and/or stator voltages,
and/or rotor speed (or position) are measured and used in the rotor flux estimator. In
feed-forward RFOC schemes the measured rotor speed (or position) and the commanded
values of the stator currents are used. In all RFOC schemes the calculation process uses
certain motor parameters and therefore the estimation accuracy (hence the performance

of the whole drive) depends on the accurate knowledge of these parameters.

Situation in detuned steady-state operation of a RFO vector controller with orientation
along the rotor flux is schematically shown in Fig. 2.7 [Novotny and Lipo, 1996]. The

controller operates in the reference (commanded) d-q reference frame (denoted as d’-g"),

44



CHAPTER 2 : LITERATURE REVIEW

which is determined by the estimated position of the rotor flux (angle ¢°). In this
reference frame, control of flux and torque should be decoupled. On the basis of the
commanded flux (y ) and the commanded speed (or torque), the control system
produces the d-g stator current commands (s » iq,') as its output. These two are then
transformied into the current commands in the three-phase domain (i, , iy i ). Itis
assumed that fast current control in the PWM inverter ensures that the actual phase
currents (i,, iy, ic) are equal to the commanded. In this way the machine is assgmed to

be fed from an ideal current source.

Due to mismatch between the actual motor parameters and the values used in the
controller and/or due to effects of the neglected phenomena, the actual rotor flux () is
not aligned with the commanded d'-axis. The y; is shifted from the y;* by an angle
Ag, . This means that the actual d-q co-ordinates, attached to the actual flux, do not
coincide with the reference d’-q co-ordinates. Another consequence of this phase shift
i‘s that the actual d-axis current and the actual g-axis curréht (ias and iy, respeétively) do
not match their commanded values. Thus the amplitude of the actual flux deviates from
the commanded value. The actual iy in Fig. 2.7 is smaller than the commanded and
hence the actual flux y; is smaller than commanded as well. The developed torque,
being proportional to the cross-product of the stator current vector and the rotor flux

vector, also differs from its commanded value.

g-axis (actual)

. qQ*-axis
(commanded) : - -

—

d*-axis (commanded)

~ d-axis (actual)

> phase "a" axis

Figure 2.7 : Detuned operation of a rotor-flux-oriented vector controller.
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Detuned operation of a vector controller has several consequences. Some of them are :

e All transients that foliow a stepwise change in the speed command (acceleration,
deceleration) or a stepwise change in load will have oscillatory nature, instead of
smooth stepwise response. In extreme detuning conditions, unstable operation
might occur. ' | |

e If the actual flux is lower than the commanded and the machine is heavily loaded,
higher g-axis current is required to produce enough torque. This increases copper
losses in windings and reduces the efﬁciency. Additionally, the acceleration rate is

reduced due to reduced torque capability [Kirchen et al., 1987].

e If the actual flux is greater than the c'ommanded, iron loss is increased. This again
reduces the efficiency [Kirchen et al., 1987]. Additionally, the machine operates in
the region of high saturation.

- o In the field-weakening region, the actual flux may be higher than the commanded,
leading to an increase in the required voltage. If this becomes more pronounced, the
voltage limit of the inverter is reached and the inverter is not able to maintain good

current control.

“All these problems have been noticed early in the evolution of the vector controlled
drives [Gabriel et ‘al., 1980; Garcés, 1980] and lot of research work has been directed

towards compensation of detuning effects.

2.4.2. Detuning due to main flux saturation

Magnetic saturation is a phenomenon met in all electromagnetic devices. In induction
machines it can be separated into main flux saturation and leakage flux saturation. As
far as modelling and parameter variations are concerned, the net effects are that main
flux saturation influences the value of the mutual inductance (L,) while leakage flux
saturation influences the values of the stator and the rotor leakage inductances (L;; and

L, , respectively).

Induction machines are designed to experience some level of main flux saturation when
obtaining the rated flux level. Therefore the value of L,, that corresponds to the rated
flux level (the saturated value, L) is used by a controller for operation up to rated

speed. However, it is necessary to reduce the flux level for operation above the rated
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speed in order to keep the required voltage within capabilities of the supply. If the value
of L, is not adapted in accordance with the flux changes, detuning will occur [Levi,
1994a). This means that operation above the rated speed is one of the cases when main
flux saturation is a source of significant detuning. Main flux saturation also affects the
process of the flux build-up, even though the machine is at standstill during this process.
Some detuning also occurs when the machine dei/elops high torque (fast acceleration,
deceleration or reversal), due to the cross-saturation effect [Levi, 1994a). Finally, there
are some vector control strategies that employ operation w1th a variable flux command
even below the rated speed. These strategies are used to enable faster acceleration
[Sangwongwanich et al., 1988], to produce a high short-term torque [Wallace et al.,
1994}, or to improve the efficiency [Kirchen et al., 1987]. | |

If an induction machine is represented by the CPM, main flux saturation is neglected |
and maximal torque-per-ampere ratio is achieved when iy = iy [Khater et al., 1987].
This is not true any more when main flux saturation is pronounced and a saturated
induction machine model should be used in order to select the rotor flux level for
different load circumstances. Steady-state characteristics of a saturated current-fed
induction machine with RFOC were presented in [Lorentz and Novotny, 1990]. It was
shown that saturation reduces torque-per-ampere ratio (espec1ally at high currents) and
that the peak torque occurs at some value igs < Igs. Grotstollen and Wiesing [1995] have
studied the torque capability of an induction motor drive over a wide range of flux
weakemng, with current and voltage limited by a power converter They have shown
that it is necessary to include main flux saturation for a proper choice of flux levels in

the field-weakening region.

Main ﬂux saturation also plays a srgmﬁcant role in thermally mduced detumng, in an
indirect manner. A study of detumng in two feed-forward RFOC induction machmes
due to thermal effects has been done in [Nordin et al., 1985]. A more general analysis
of detuning in vector-controlled machines [Ojo et al., 1994] has presented expressions
for detenmnatlon of steady-state detuning for SFOC, AFOC and RFOC. In both of
these papers it was shown that main flux saturation has to be acknowledged for proper
evaluation of detuning due to R, variations (i.e. temperature effects and skin-effects).

Otherwise, unrealistic results are obtained.
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Detailed analyses of detuning due to main flux saturation in transient operation of the
RFOC induction machine drive were presented in [Levi and Vuckovic, 1993; Levi,
1994a]. It was shown that the actual level of the rotor flux differs from the commanded

value during aforementioned transients.

A number of different schemes that compensate the effects of main flux saturation have
been proposed. Improved (also called modified, advanced or adaptive) rotor flux
estimators, derived from improved mathematical models, are used for the feedback
schemes. The conventional T-model of the induction machine, with main flux
saturation included, is usually utilised for the improved estimators, in which the
estimated value of L, is varied in accordance with the estimated value of the
magnetising flux. Implementation of improved estimators can significantly reduce
detuning and thus improve the performance of the drive, with rather small additional
complexity of the control algorithm, as shown in [Levi and Vuckovic, 1993; Levi,
1994a). The ladder network with two saturable inductances (main flux saturation and
rotor leakage flux saturation), has been proposed and experimentally verified Vfor an
AFOC scheme with a machine with deep rotor bars [Williamson and’Healey, 1996].

Since a magnetising curve constitutes an important part of the improved estimator, it has
to be known in advance. Detailed discussion on methods for identification of the
magnetising curve are given is section 7.4.1. For the moment, it suffices to say that it is
usually determined from no-load tests Was, 1993], although several other methods have

been developed.

It is also pdssible to employ alternative models of saturated induction machines. One of
these is4a suggestion that L,, could be made a function of the rotor flux [Vas and
Alakula, 1990], but it has no experimental verification. Sullivan and Sanders [1995]
‘have propdsed a novel n-model, with two saturable inductances. The ﬁ-model has been
used to develop modified rotor flux estimators and the improved performancé has been
reported [Sullivan et al., 1996]. Similar model with saturation has been proposed in
[Slemon, 1996]. It includes two (stator and rotor) saturable inductances. Choice of
values of the stator current components for producing high torque for short periods in
vector controllers that use this model has been suggested and compared with the choices

when both conventional saturated T-model and non-saturated models are used.
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2.4.3. Detuning due to iron loss

'Another magnetic phenomenon is iron loss. It occurs in the presence of the time-
varying magnetié field [Stoll, 1974] and inevitably takes part in the power balance of an
- induction machine. When the machine is lightly loaded and flux kept at rated level, iron
loss can represent a significant part of the total power loss. Iron loss as a source of

detuning in vector-controlled drives has attracted attention only in recent years.

Investigation of the vector-controlled synchronous reluctance machine [Xu et al,, 1991]
has indicated that iron loss can play an important detuning role. Thisrwork has initiated
similar 'ihvestigations concerning the vector-controlled induction machines. In [Hintze
and Schréder, 1992] it was mentioned that detuning due to iron loss is significant at
light loads. Since the vector control scheme claborated in [Hintze and Schréder, 1992]
had a R, identifier, it was also revealed that iron loss affects the identification process.
Unfortunately, this work has no results (simulation or experimental) regarding the
influence of iron loss on the accuracy of either vector orientation or R, identification.
The first published quantitative results regarding the éteady-étate detuning of the vector-
controlled induction machines [Jaderkd, 1992] are obtained by simulation. The
analytical expressions for steady-state detuning characteristics for RFOC, AFOC and
SFOC have been presented in [Levi, 1995b]. This paper also presents a comparative
study of steady-state detuning for the three orientation strategies and a study of transient
detuning for the RFOC scheme. A comparaﬁve study for several induction machines
has been introduced in [Levi et al., 1995a]. In the two papers [Levi, 1995b; Levi et al.,
1995a} main flux saturation and temperature effects are not considered and only
operation at the rated speed with the rated commanded flux is presented. In [Garcia et
al., 1994], a theoretical study of detuning due to iron loss over a wide speed region
(from zero up to twice the rated speed) was presented. It appears that this analysis was
performed without taking into consideration the common field-weakening strategy for

operation above the rated speed.

Compensation of detuning due to iron loss is commonly based on the improved machine
models. Simple changes in estimator equations, cbnsisting of subtracting the d-q
components of the ‘equivalent iron loss current’, have been suggested in [Hintze and
Schrdder, 1992]. Models of the current-fed induction machine, that include iron loss,

have been developed.for all three possible orientation strategies [Levi, 1994a]. Out of
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these models, the one with RFO strategy was utilised for design of the improved rotor
flux estimator for the feedback RFOC scheme. The increase in the complexity of the

improved controller is moderate [Levi, 1994a].

The control system presented in [Kubota and Matsuse, 1992] employs an adaptive flux
observer that accounts for iron loss. The influence of iron loss on the estimation

accuracy has been iﬁvestigated and the iron loss compensation technique was proposed.

2.4.4. Detuning due to changes in the rotor time constant (in the rotor
resistance)

The temperatures of induction motor parts change during operation, affecting the values
of the resistances of all windings. The cooling system of an induction machine usually
employs a fan that blows the air over the stator surface. Consequently, the rotor is
warmer than the stator and changes of the resistance are more pronounced in the rotor.
Additionally, R, may change due to changes in the rotor slip frequency. The rotor
winding is of such design that it is more receptive to the skin effect, which becomes
more pronounced with the increase in the slip frequency. The influence of the skin

-effect on R, is generally negligible.

The rotor time constant is intensively used for calculations in vector controllers. The
value of T, is dependent on both the rotor self-indﬁctahce (L,) and R,. This means that
the value of 7, is influenced >by main flux saturation, rofor leakage flux saturation,
changes in temperature and changes in slip angular speed (frequency). All these
phenomena can produce a significant difference between the actual value of T, and the
value used in the RFOC controller (7, ). This discrepancy leads to inaccurate
calculations and results in detuned operation. The problém of detuning due to changes
in the T, was recognised in the early days of vector control [GarcéS,‘l980] and has

subsequently attracted substantial research attention.

Expressions that describe detuning effects in the feed-forward RFOC sc\her'ne,Adué to
errors in T, , presented in [Garcés, 1980], havé considered cor.lstant'ﬂux operation and
thus only> Variatibns of R, due to thermal effects were elaborated. Sivakumar et' al.
[1986] presented the analysis of detuning in the feed-forward RFOC scheme, caused by
changes in L, and R,. Detuning expressions and characteristics for steady-state

operation were presented, as well as a study of detuning in transients. However, it
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appears that changes in L,, and R, were assumed to be independent, which is not the
case in reality. Nevertheless, this fact was recognised by Nordin et al. [1985] and
detuning characteristics for feed-forward RFOC, with main flux saturation included, are
presented for two machines. A comprehensive study of detuning due to R, variations in
RFOC, SFOC and AFOC schemes, with main flux saturation included, has been done in
[Ojo et al., 1994]. Sensitivity of the observer for the feedback RFOC to changes in R,
has been elaborated in [Hori and Umeno, 1989], showing the strong influence of the

rotor speed on the amount of detuning.

Temperature-related variations in R, are dependent on the operating speed, load torque
at the shaft and duty éycle of the machine, so that any attempt to compensate for R,
variation necessarily consists of on-line identification. A considerable number of
solutions for on-line identification have been suggested and published. They may be

classified on the basis of the utilised approach into the following three groups :

e schemes based dn thermal models,
e schemes based on injected signals,

e schemes that use modern control theory methods.

They are discussed in the following péragraphs. Some other methods of on-line rotor
resistance adaptation that strictly speaking do not belong into any of these three groups
are described in [Toliyat et al., 1995; Chan and Wang, 1990].

Employment of an induction machine thermal model, in conjunction with measurements
of the temperature of easily accessible parts (usually different parts of stator), was
proposed in [De Doncker et al., 1986]. With methods of this kind it is possible to
simultaneously estimate temperatures and resistances of both stator and rotor windings.
Drawbacks of such methods are: temperature sensors are in general not available in the
machine; their installation is highly undesirable as it increases cost and reduces
‘robustness of the machine; a reliable thermal model is needed to estimate temperature of
the rotor; and the relationship between R, and the rotor temperature has to be known.
Thus the most sﬁaightforward approach is at the same time the least desirable and is of

no practical value.

The second group of R, identification techniques encompasses methods that employ the

injection of special signals [Leonhard, 1985; Saitoh et al., 1989] and obtain the estimate
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of T, (or R,) by measuring the response generated by the injected signal(s). The injected
signal is of higher frequency, usually superimposed on the d-axis current command.
However, the disturbances in flux, torque and sbeed, induced by the test signal, are
undesirable in most drives. As a result, methods with very small disturbances have been
developed. The one described in [Wade et al., 1997] uses just occasional short pulses of
the commanded d-axis current and adapts R, on the basis of recorded disturbances in
torque command. If R, is correctly identified, the torque disturbance will diminish. The
identification scheme for a sensorless vector controller, described in [Kubota and
Matsuse, 1994], utilises two injected signals of different frequencies in order to

simultaneously estimate R, and angular speed.

In the third grbup of schemes, R, identification is performed by resorting to the modemn
control theory. Different techniques have been implemented: model reference adaptive
control (MRAC) techniques [Garcés, 1980; Rowan et. all, 1991], observer-based control
schemes [Wade et al., 1997], Kalman filters [Atkinson et al., 1991; Pena and Asher,
1993], neural networks [Hofmann and Liang, 1995b; Ba-Razzouk et al., 1996], etc.

Model reference adaptive control theory is the approach that has attracted most of the
attention due to its relatively simple implementation. The basic idea is that one quantity -
can be calculated in two different ways. The adaptive value is calculated from
references inside the control systgm,‘ on the basis of the machine model. The reference
(feedback) value is calculated from measured signals. The difference between the two is
an error signal, whose existence is assigned entirely to the discrepancy between the
actual value of one parameter and the value of the same parameter used in the control
system. This parameter can be R,, 7, or Ky (slip gain, Ky= 1/ T,). The error signal is
utilised to drive an adaptive mechanism with PI or I controller, which provides

correction of the chosen parameter.

The nﬁmber of MRAC-based T, » identification schemes is vast and they primarily differ
with respect to which quantity is selected for adaptation (identification) purposes.
Method based on reactive power [Garcés,v 1980; Rowan et al,, 1991] is pfobably the
most frequently applied. Its good features are that it is independent of R, variations and
the calculations are relatively sifnple as no integration is involved. Next, the air-gap
power can be selected as the quantity on which adaptation is based [Dalal and Krishnan,

1987]. The reference air-gap power is calculated from reference values of torque and
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frequency, while the actual air-gap power is calculated from the measured input power
and estimated stator losses in the machine. Alternatively, the DC link power can be
measured instead of the machine’s input power. In both cases the accuracy of the
method is seriously undermined by the need to precisely estimate stator losses (and
inverter losses if the DC link power is measured), which is a tricky task when the
machine is fed from an inverter. Other possibilities include selection of torque [Rowan
etal.,, 1991; Lorenz and Lawson, 1990], rotor back emf [Kazmierkowski and Sulkowski,
1986], rotor flux magnitude [Rowan et al., 1991], rotor flux d- and g-components [Ganji
and Lataire, 1995], stored magnetic energy [Tungpimolrut et al., 1994], product of stator
g-axis current and rotor flux [Umanand and Bhat, 1994j, stator d-axis or g-axis voltage
components [Umanand and Bhat, 1994], or a special criterion function [Vukosavic and

Stojic, 1993].

There are several common features of MRAC schemes. First of all, adaptation is
usually operational in steady-states only and disabled during transients, when the last
identified value is used. In this way the adaptation scheme can be based on a steady-
state model of the machine, which reduces the computational burden. Secondly, in the
majority of cases the stator voltages are required for calculation of the adaptive quantity.
- They are either measured or reconstructed from the inverter firing signals and the
measured DC link voltage [Vas, 1993]. Thirdly, identification does not work at zero
speed and at zero load torque. And finally, the accuracy relies on the accﬁracy of the
employed machine model, in which, most frequently, all the other parameters are treated
as constants. As some other parameters are involved in calculation of the adaptive
and/or the reference quantity, they also influence the error signal. This is the major
drawback of MRAC methods. Indeed, an analysis of the parameter variation influence
on accuracy of R, adaptation [Krishnan and Pillay, 1986] has shown that when thg
MRAC identifier based on the rotor flux magnitude is applied and the actual leakage
inductances deviate by 40% from the values used in MRAC adaptation, R, is estimated
with such an error that the response of the drive becomes worse than with no adaptation
at all. A similar study with very much the same conclusions is presented in [Dittrich,
‘1994], where parameter sensitivity is examined for four MRAC adaptation methods,
namely d-axis stator voltage method, g-axis stator voltage method, air gap power

method and reactive power method.
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Due to high sensitivity to other parameter variation effects it is desirable to account for
at least some of these in the process of R, adaptation. Variation of L,, with saturation is
for this reason sometimes taken into account, so that accuracy of R, identification is
improved [Sivakumar et al.,, 1986; Sul, 1989; Sumner et al., 1993; Vukosavic and
Stojic, 1993]. Inclusion of iron loss in the 7, identifier can also reduce the paraméter
sensitivity [Sumner et al., 1993] and improve the performance of the RFOC drive. The
other drawback of MRAC methods, impossibility of adaptation at zero speed and zero
load torque, is successfully eliminated in certain cases. For example, the schemes of
[Vukosavic and Stojic, 1993; Umanahd and Bhat, 1994] are operational at zero speed
and at light loads although they do fail at zero load.

It is worth noting that in many cases 7, adaptation essentially reduces to R, adaptation
as variations of inductances are usually neglected. An excellent review of R,
identification schemes is available in [Krishnan and Bharadwaj, 1991]. It should be also
noted that methods for R; identification have been proposed [Umanand and Bhat, 1995],
as R, plays an important role in establishing accurate vector control in a number of
schemes. However, R, variations have no effect on the accuracy of RFO control

schemes elaborated here and R, adaptation methods are therefore not discussed in detail.

The universal vector controller [De Doncker and Novotny, 1988] was developed as a
combination of a feedback and a feed-forward controller, genéralised for any selected
flux. The feed-forward universal controller needs the values of 7, and the rotor leakage
time constant (7). Thus it is sensitive to uncertainties in T,, L, and T}.. The study of
the parameter sensitivity of this control scheme [De Doncker, 1994] has shown that
changes in Tj, have far less detuning effects than changes in T, , especially for light
loads or when 7, is accurately identified. The universal controller for motors with
tapped stator winding [De Doncker et al.,, 1994] proposed an original method for 7,
identification. The idea was to run both feedback and feed-forward control algorithms
all the time, with the commanded output currents being a sum of weighted output
currents of the two control schemes. The weight factors are dependent on speed so that
the feedback scheme is preferred for higher speeds, typically above 5 Hz. During such
operation it is possible to adapt 7, by comparing the outputs of the two schemes and

making them equal by changing 7, in the feed-forward scheme.
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Some of the feedback vector controllers based on the improved machine models also
use T}, instead of T, [Levi, 1994a; Levi, 1994b]. The sensitivity of these schemes to

parameter variations has not been presented so far.

2.4.5. Detuning due to changes in the rotor leakage inductance

The rotor leakage inductance can change due to saturation of leakage flux and due to
skin effect. The amount of variations depends on the design of rotor bars. If an
induction machine has deep-bar design, L, variations in due to skin effect are more
pronounced. If the machine has closed rotor slots, leakage flux saturation is more

pronounced.

| Analysis of the parameter sensitivity of universal vector controllers [De Doncker, 1994]
has shown that 7}, inaccuracies have much smaller influence than 7, inaccuracies. The
stability limits of the universal vector controllers were also investigated in the above
paper. It was shown that they are normally reached at high loads and they depend on the
accuracy of estimation of both T; and T}, . The influence of T}, is generally smaller than
the influence of T, . However, when T is equal to or bigger than the commanded value
(T,' ), and T}, is equal or smaller than the commanded value (Tl,' ), the influence of T},
inaccuracies becomes more significant and the stability limits of the drive are reached ét

lower loads than usual. /

Deep-bar and double-cage rotor constructions are used for medium-power and high-
power induction machines, in order to increase the machine efficiency, while achieving
high starting torque [Vas, 1992]. The idea used for modelling these types of rotor
constructions is to represent the rotor windings by a ladder network with at least two
branches [Vas, 1992]. The common leakage flux in rotor is modelled by a common
rotor leakage inductance (which can be saturable, [Williamson and Healey, 1996]);
while the end-ring resistance between the two cages is represented by a common rotor
resistance. Each of thé two rotor windings is modelled by a branch containing a
resistance and a leakage inductance. This directly corresponds to the two cages in
double-cage machines. The deep-bar rotor is modelled by dividing the cage into outer
part and inner part. In certain cases, more than two ladder branches can be used to

model the deep-bar rotor [Healey et al., 1995].
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The ladder model of the rotor with leakage flux saturation has been used for vector
control of deep-bar induction machines [De Doncker, 1992; Williamson and Healey,
1996]. Since there are two rotor fluxes, the RFOC cannot be used and either SFOC or
AFOC scheme should be employed. The AFOC schemes are presented in these two

papers and improvements of torque responses’ accuracy has been demonstrated.

Rotor leakage flux saturation and deep-bar effects are not investigated in this project.
The reason for this is that the induction machines dealt with here have such a design of
rotor bars that neither of these two phenomena are pronounced and it is not expected
that they will have a significant effect on the machine performance. Nevertheless,
saturation of rotor leakage flux and corresponding L, variation will be included in the
steady-state analyses of detuning, presented in chapter 4, in order to show that its
detuning influence is quite small.

2.5. REVIEW OF IMPROVED MATHEMATICAL MODELS AND
IMPROVED VECTOR CONTROLLERS

A number of compensation schemes that tackle the problem of detuning in vector
controlled induction machine driﬂles were mentioned in the brevious section. In this
section, ones that are strongly connected with this research are presented in detail. They
include improved models and improved estimators with main flux saturation, improved
models and improved feeci-forward RFO controller with iron loss and improved

controllers that have a rotor resistance or a rotor time constant identifier.

2.5.1. Mathematical models and estimators with main flux saturation

Comperisation of main flux saturation detuning effects is usually based on employing
improved machine models that include main flux saturation. The design of the control
system is therefbre based on improved machine models. The last assumption in sub-
section 2.2.1, about the linear magnetising curve, means that main flux saturation is
neglected, i.e. L, is assumed to be constant. This is quite true for a number of operating
regimes and the CPM will faithfully represent the behaviour of the machine. On the
other hand, as discussed in section 2.4.2, there are also a number of operating regimes in

which this assumption is not truly satisfied. To obtain more accurate representation of
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the machine’s behaviour in such cases, it is necessary to include main flux saturation in

the mathematical model of the induction machine.

A number of mathematical models that attempt to represent main ﬂux saturation have
been proposed. Generalised analyses of main flux saturation in d-¢ axis models of
electrical machines [Boldea and Nasar, 1987a] have presented a current-based state-
space model with saturation, valid for any electrical machine. Current state-space
models with main flux saturation contain terms thaf explicitly describe cross-saturation
effect. Flux-based models [Vas, 1992], generally simpler than current-based ones, have
no terms that explicitly describe cross-saturation. Mixed current-flux models [Levi and
Krzeminski, 1996] are sometimes more convenient than the other two types. From
these mixed models, improved vector controllers are designed by applying the RFO
constraints as the next stage. This results in improved RFO models with main flux
saturation, from which improved rotor flux estimators with main flux saturatidn are

developed.

2.5.1.1. The general model with main flux saturation

The general model of an induction machine with main flux saturation is well known in »
the literature [Vas, 1992]. It consist of the same equations as the CPM model, presented

in sub-section 2.2.3 :

d(Llsis) dV/

v,=Ri+——+—"+a,L,Gi +o, Gy ;
i L 2.23)
0= (L" ) -0G vy l '
Rt + dt a’t a=-=m —=r
_'/,_: = Llsi' +ZM
, ’ 2.22)
_y{’. = Llrlr +.'/_’_,,,
3 L
Te = .EP_.L( V/driqs - quids) , (2.17b)
r .
Jdo 1
=22 . 2.4
L-T=pg *pk 24)

In order to express the above model in a state-space form, it is necessary to eliminate
one of the i, i, or ¥, vectors. This model is therefore not in the state-space form.

However, it can be used to design the equivalent circuit, as discussed in 2.5.1.2. The
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only difference between the general model with main flux saturation and the general
CPM (sub-section 2.2.3) is an additional equation that describes the magnetising curve.
However, once the model is given in the state-space form, differences become

substantial.

The exact shape of the magnetising curve is an individual feature of a machine. Main

flux saturation can be represented with one of the non-linear functions :

in=S W) » ‘ , | ' (2.45.2)
L=1Gy) 5 (245.0)
L,=f(vn) » (2.45.c)

where

Vo= VE+VE | | " 2.46)
' CI | | | (2.47)

In order to analyse induction machines’ dynamics, some models use the dynamic mutual

inductance, which represents the rate of change of the main flux with the magnetising

current : |
dYm
di

L'=L= (2.48)

2.5.1.2. The equivalent circuit with main flux saturation

The equivalent circuit for this case is derived from the general model with main flux

saturation. The voltage equations, in terms of space vectors, are :
- < di, . - d ; .=
ve=Ris+ L,s7+1waL,sx, +——‘—17"L+jwa Y

(2.49)

< dir 3 dwm P, Py—
0=Ri,+L, —d—t-+1a)aL,,t, +—';t""'+_]a)a Yp—JOY,

The dynamic equivalent circuit of the saturated induction machine, in an arbitrary
reference frame, based on (2.49), is shown in Fig 2.8. It differs from the CPM-based
equivalent circuit only in one detail ] the mutual inductance is a variable parameter, as
described by (2.45). However, dynamic models, needed for improvéd vector controller

design, differ significantly, as will be seen later in this section.
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<!

Figure 2.8 : Induction machine dynamic equivalent circuit in an arbitrary reference
frame, main flux saturation included.

2.5.1.3. The i -, mixed current-flux model with main flux saturation

The i s -y, mixed current-flux model [Levi and Krzeminski, 1996] is best suited for

RFOC. The model is derived from the general model, by elimination of rotor current

vector i, and magnetising flux vector ¥ ,,. The model is represented in the state-space

form, in accordance with (2.26). The vector of voltages is :

Vg=[vd' Vv O Olt >

and the state vector is :

£=[id, iqs Yy \vq,]‘ .

In this case the matrices 4 and B are :

I

%

[ 2
L
Lls + Llr - Ir
'dd

2
Llr

. (2.27)
(2.28)
2 -
- Ly 1_..£”_ __L_”_
L, Ly Ly
L L L
PP UL S T (2.50)
: 9q Lda ‘) qu :
0 1 0
0 0 1 ]
(L +L L%') 0 Ln
a| s Ir Lr a L,.
L,
) R, ® 0
r : (2.51)
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L, r 1
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The saturation-dependent coefficients in (2.50) are :

11 (‘I’d)z 1 (‘i’qT
— i e— — +_— —
Ly, L\v/) \w

r

1 1 (g} 1(¢)

__=_(_1) +_(.4) , (2.52)
L, L\¥) L\w

! _[L 1)2&

L, \L' L)¥v¥

where the generalised flux is defined as :

¥y = Va + Lyiy = Loy,
¥ =yt L= Liy, , (2.53)

W:,[\P} +¥

and L,’ is dynamic (rotor) inductance, defined as :

. |
L=L+L=— . (2.54)

The torque equation (2.17.b) and mechanical equation (2.4) complete the model.

The above mixed current-flux model is much more complicated than the CPM mixed
current-flux model presented in section 2.2.5, as a consequence of the inclusion of main
flux saturation. However, explicit terms that describe dynamic cross-saturation appear
only in the stator voltage equations (the first two rows of 4). This is a very beneficial
feature for design of improved rotor flux estimators with main flux saturation, when the
current-fed induction machine is considered. This issue is addressed in sub-section
3.2.2.

25 1.4. Thé W m-¥, flux model with main flux saturation

This model, presented in [Levi, 1995c], is derived from the éeneral model by seIecting
the d-q components of the magnetising flux and the rotor flux as state variables. The

vector of voltages is again given with (2.27), while the state vector is now :

t
5=[Vin Ve Ve Vel - (2.55)

In such a case the matrices 4 and B become :
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L, L L L 1
1+ 45 L £ 9
Ir 'dd qu Llr
L L, L L
4= == 144 0 -E, (2.56)
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where the leakage rotor time constant T}, is defined as

L
T,=—" . 2.58
Ir Rr ( )

The saturation-dependent coefficients in (2.57) are :
RN 2
Lt _vﬂ} L(_“_’_]
de Lm\ Yn Lm )

1 4 2 1 2 .
L= -“iﬂ) +-—(‘L‘MJ , (2.59)
L L \ ¥m Lm Ym

o ot ey

where the dynamic (mutual) inductance L,,’ is defined by (2.48). The torque equation

Q. 17 ¢) and mechanical equation (2.4) complete the model.

2.5.1.5. The ¥,-w, reduced-order model with main flux saturation

The W m-Wm reduced-order, valid for current-fed machines, is obtained from the above
model by reducing the state variable vector to Y and y,, and omitting the first two
rows in matrices 4 (2.56) and B (2.57). Since dynamic saturation-dependent

coefficients feature only in the omitted équation, the obtained reduced-order model is:

dy,, 1 1
—-=—_V’dr +_de+(wa—w)v,qr .

dt ir Ir (2 60)
dy,, 1 1 : ’ ‘

dt = _? v/qr +T V/qm - (wa - m) Wdr

r Ir
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do P 1 : -
—=—\T,-T;)-—k : .
—==%. 2) ~ko | (2.33)
: 3 Lm . . ’ .
‘ Tg:gpL_(.,,d,,q,-.,,q,,d') , | (2.17.b)

2.5.1.6. The w,,-w, rotor-flux-oriented model with main flux saturation
and improved estimators, i,, () representation

Application of the rotor flux orientation constraihts (2.35)-(2.36) to the ¥ m -¥ +

reduced-order model with main flux saturation, preSented in the previous sub-section,

yields the model in the rotor-flux-oriented reference frame, described with :

dy, A ) ‘
Wr+7;r_%-=wdm ’ (261)
dt
Dy T;r Y, = qu s | (2.62)
Van = ¥o + Lilia=iim) | | (263)
Vm = Llr(iqs —iqm) ’ ; (2.64)
V= Vin+ Vi » ' | (2.46)
= ) (2.45.2)
, . Yim |
bim =tm—
Ym
, . , (2.65)
. Yom
I =l —W,—"—
, .
_ip— , 2380
= P e ( )

The improved sanlratioh-adaptive rotor flux estimator with inm(i,) representation is
based on the above RFO model. The estimator’s structure is depicted in Fig 2.9 [Levi,
1994a). Parameters that are assumed to be constant are denoted by an asterisk, while
estimated ones are denoted by an ‘e’ as a superscript. This estimator is more complex
than the CPM-based estimator (Fig. 2.3). There are more calculations to be done and
the i,(m) relationship valid for the particular machine has to be known. The estimator

fully compensates detuning due to main flux saturation, as shown in [Levi, 1994a].
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Figure 2.9 : Improved rotor flux estimator of i@ type, with main flux saturation
represented by the im (Wm) non-linear function.

In order to reduce the complexity and the calculation burden that the above estimator
can place on the control system, the simplified estimator has been proposed in [Levi,
1994a]. It is obtained by neglecting the influence of cross-saturation and neglecting the
changes in the ratio L,/L,. The first assumption is justified for operation of the drive
with torque up to twice rated, when influence of g-axis magnetising flux component on
the total magnetising flux is small. The second assumption is justified because the rotor
leakage inductance is at least 10 times smaller than the mutual inductance. The
simplified estimator, shown in Fig. 2.10, is capable of providing partial but still very

good compensation of main flux saturation, as shown in [Levi, 1994a].
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Fi tgure 2.10 : Simplified version of improved rotor flux estimator of i@ bype, w1th
main flux saturation represented by im (Wm) non-linear function.
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2.5.2. Mathematical models with iron loss

One of the assumptions adopted in sub section 2.2.1 was that iron loss can be neglected.
Iron loss has magnetic nature and hence it cannot be described by means of electric
circuits in a completely exact way. Nevertheless, it is possible to include iron loss in the
induction machine model in an approximate manner, by adding a fictitious winding.
The fictitious winding is usually rhodelled b}; an equivalent iron loss resistance [Kubota
and Matsuse, 1992; Hintze and Schrdder, 1992; Vas, 1992], which represents the power
lost as iron loss. For more accurate répresentation, the value of the equivalent iron loss
resistance is changed with the stator frequency and with the flux level. Such an
approach will be used in this research. Some authors have proposed to represent iron
loss by both equivalent iron loss resistance and equivalent iron loss leakage inductance
[Boldea and Nasar, 1987b]. Equivalent iron loss leakage inductance tries to model the
rate of change of the eddy current iron loss. Such representation additionally increases
the complexity of the model while it does not substantially increase the accuracy, as
shown in [Sbkola et al., 1996]. Therefore the equivalent iron loss inductance is not

considered in models given in this section.

As discussed in sub-secﬁon 2.4.3, inclusion of iron loss in induction machine models
has been done by some authors. Studies presented in [Jaderko, 1992; Garcia et al,,
1994; Levi, 1995b] utilise improved d-g models with iron loss, in a reference frame
dictated by CPM-based controller. Iron loss compensation technique described in
[Hintze and Schroder, 1992] consist of approximate adjusting of the magnetising current
components. It appears that no substantial work on either iron loss modelling or
development of improved vector controllers has been published. Thus only two general
models, two equivalent circuits, a reduced-order model, a RFO model and an improved
feed-forward controller will be presented in this sub-section. - The rest of work
concerned with models with iron loss and impfoved eétimators with iron loss will be

presented in chapter 3, as an original contribution of this research project.

There are two possible placements for the equivalent iron loss resistance in the dynamic
equivalent circuit. It can be placed either in parallel with the magnetising branch or
immediately after the stator resistance. In the former case the equival.ent resistance
bears the index ‘Fe’ and in the latter case the equivalent resistance bears the index ‘ir’.

In accordance with this, two types of general model and mixed models are presénted.
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2.5.2.1. The g'eneral model with iron loss represented by a resistance
placed in parallel with the magnetising branch

The general model with i iron loss represented by a resistance placed in parallel with the

magnetising branch can be given as [Vas, 1992, Lev1 1994b] :

d(L,sgs) dy

X,:R,£J+———dt +__;;m +a)aL,,_G_g"+waQ£/_m : |
‘ s (2.23)
, d(Ll'ir) d-vlm L. Gi :
0=R,i + 7 + » +o, ,,_g,+magy_m—wg_z’
oy,
Reeire=— +to,Gy ; (2.66)
v =Llsis+£/_,,, . .
. s : (2.22)
v, =L, +y : _
ip*ip, =i, *i, » | (67
¥, =Ly, » _ (220
3 ,
I; = (Werqm Yo de) (2.17.0)
2" 1, .
3 Lﬂl . s |
of  T,==P(yyipn = Vo) » 2.17.)
2 L,
Jdo 1 : ,
L-T, =‘}—)-‘};'+Pka) R | a : (249

The model is of higher order than the previous two general models, since the additional
winding introduces two more differential equetions The value of the equivalent iron

loss resistance is in general dependent on the frequency and the flux level :

f(f, V) - (2.68)

2.5.2.2. The equivalent circuit with iron loss represented by a resistance
placed in parallel with the magnetising branch

Applying space vector representation, voltage equations (2.23) and (2.66) become :

= 3 dis : din 3
vs=R,is +LI;;"']waLls'S*'Lm_‘—it_"’jwaLml"' . R
a " ‘ , (2.25)

dim - —
0 R lr +Llr +ja, L[r"+L d +ja)aLmim_jwy,r
dt t .
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- d —
RFciF¢ =—g;m-_+jwa '/,m . (2.69)

The dynamic equivalent circuit of an induction machine, in an arbitrary reference frame,
based on (2.25) and (2.69), is shown in Fig. 2.11 [Vas, 1992; Levi, 1994b]. The circuit
is more complicated than the CPM-based circuit since there is the additional branch
with the equivalent iron loss resistance. It is depicted as a variable parameter, in

accordance with (2.68).

: : jac)ILIs?s Jaz’z l?r;r -
i X - M N i
+\/ S+

ir,

1

Figure 2.11 : Induction machine dynamic equivalent circuit in an arbitrary reference
frame, iron loss represented by a resistor placed in parallel with the
magnetising branch. ’

2.5.2.3. The i -in-w, reduced-order model with iron loss represented by
a resistance placed in parallel with the magnetising branch

This model is obtained from the general model of sub-section 2.5.2.1, eliminating i ,

and i r, and assuming that is is known input to the current-fed machine. In developed

form, the i s -i m -, reduced-order model consist of [Levi, 1994b] :

dy, 1 |
e — vy +—L iy +(@, - ©) Vor
dt T;r ir
a : ) R | (2.70)
qr ,
=-—vy, . +—Li -(0,-0)
at 7;’ qu 7.;’ 'm'qm ( a Yar
dig, 1 L, 1 1 1
=- iy, + +—i,t+w, i
at TFe Llr o TFe Llr Var TFe * o 2 71
dip 1L 11 1 o @70

- i+ Wyt ~ @, iy
qm qr qs a
dt TFe Llr TFe Llr TFe
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do P 1 S

—=—{T.-T, )-——ko , . : .

=1 -1,) -5 ko (2.33)
3 L, .

T, == P2y i = Vi) | (.17.9
2 L

where the time constant Tr, is defined as :

o | X))

TF =
‘ RFe

2.5.2.4. The is-i m-W, rotor-flux-oriented model with iron loss
represented by a resistance placed in parallel with the magnetising
branch and improved feed-forward vector controller

When the rotor flux orientation. constraints (2.35)-(2.36) are applied on the above
reduced-order model, the following RFO model is obtained [Levi, 1994b; Levi, 1995b] :

d
vt T;r _ZL = Lmidm > (273)
dt
@y T;r v, = Lmiqm ’ | (2.74)
L . dig, . 1 : .
Z:ldm-'.TFe_:iT:,d’ +Zwr+mrTFelqm ’ (2.75)
L di
—_r_iqm + TFe _dL"'. = iqs -, TFeidm » . (2'76)
Ir t ’

3 L, | | 5
L= Py Ve S | (2.38.)
do P 1
—=—\T,-T,)——ko . 2.33
dt J( .~ T1) J (233)

This model differs from all the previously introduced RFO models. Introduction of the
equivalent iron loss resistance has inﬂuenced the equations for the magnetising current
components, which have become differentiail and the cross-coupling between the d-axis
and the g-axis has been introduced. The cross-coupling terms are dependent on the
angular speed of the rotor flux. Additionally, the time constant Tr. is dependent on the
rotor flux angular speed, as iron loss changes with the frequency. All other parameters '

are assumed to be constant.

It should be stressed that the torque equation (2.38.c) should be used, since the
expression (2.38.2) is not valid for this model. If the torque is calculated in accordance

with (2.38.a), iron loss would be incorrectly included in the developed torque.
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On the basis of the above model, improved feed-forward vector controller that provides
iron loss compensation can be derived. As full compensation requires a significant
number of additional calculations, a simplified version of the improved feed-forward
vector controller has been prdposed in [Levi, 1994b]. It is obtained by assuming that
only operation in the base speed region is required, when the commanded rotor flux and
hence the d-axis magnetising current is to be kept constant. In this way, derivative
terms in (2.73) and (2.75) are neglected and the equations for the improved feed-forward

rotor flux controller are obtained as [Levi, 1994b; Levi 1995b] :

:,,,,,,=-L”’L , @.77)
2L, 1

| =T 2.78

TR @78
i |

wy = T,:f Iom > (2.79)

bge = 1im _erFeiqm ’ (280)

by = (4T i 40, T+ 2.81)

Ir
The simplified improved feed-forward RFO controller, based on the above equations, is
shown in Fig. 2.12 [Levi, 1994b]. The added complexity due to inclusion of iron loss is
highlighted by the dashed box. The derivative term § Tr igm in (2.81) can be omitted,

as indicated by dotted lines, simplifying the estimator even further.
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Figure 2.12: The simplified improved feed-forward rotor-flux-oriented controller with
iron loss compensation.
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2.5.2.5. The general model with iron loss represented by a resistance
placed after the stator resistance

The other possible placement of the equivalent iron loss resistance is immediately after

the stator resistance, i.e. between the stator resistance and the stator leakage inductance.

In this case the general model with iron loss becomes :

dy '
v=Ri+——+a,Gy ' o \ .
o - | (2.82)
dzr ? ‘ - .
0=R,i, +—dt—+(w" -0)G v,
R,,g‘r =y, - R, ’ ‘ (2.83.3)
dip o dy |
or Ry, =L, 71—+a’a1~u_.,' ’ (2.83.b)
Z,'= L,_'i"+£/""
. (2.84)
-'/—,r = Lh,l’ +Zm
i." l."—!'"' 2 85
im =£‘ +£’ ’ . : ‘ . i ( . )
v, Lyiy » : o (2.20)
3 Lm s .
7; == _(Wdrlqm - '/,qr’dm) ’ (2.17.f)
2 L,
Jdo 1 S | |
TL‘TL=F‘;+‘;’W . 2.4)

The value of the equivalent iron loss resistance is dependent on frequency and flux :

R, =f(f,¥,) - | | (2.86)

The above model has not been utilised for design of improved vector controllers. Hence
further processing of this model will be presented in chapter 3. The equivalent scheme

of an induction machine with R;, iron loss representation is given next. .

2.5.2.6. The equivalent circuit with iron loss represented by a resistance
placed aﬂer the stator resistance :

Application of space vectors on voltage equations (2.82) and (2.83.a) yields :
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dis —
=R,is+L,— y +jw,Liis'+ d"'+ja)ay/m
t t
- — s (2.87)
5 di’ , < dwm . .
0=Rr”+‘ILlr—d_t-+JwaLlr"‘+—_dt +jo, ¥, —joy,

;S = R:;’ + R‘-r;[r . (2.88)

Dynamic equivalent circuit of an induction machine, in an arbitrary reference frame,
based on (2.87) and (2.88), is shown in Fig. 2.13. Iron loss resistance in Fig. 2.13 is

given as variable parameter, since its value changes in different operating conditions.

<!

Figure 2.13 : Induction machine dynamic equivalent circuit in an arbitrary reference
frame, iron loss represented with a resrstor placed aﬁer the stator
resistance.

2.5.3. Rotor resistance and rotor time constant identifiers based on
model reference adaptive control theory

Temperature-related variation of the machine résistances is a slow process, in contrast to
fast-changmg electromagnetlc phenomena_ such as magnenc saturatlon and iron loss.
Therefore the approach to identification and compensatlon of rotor reswtance variations
differs from the approach used for compensation of main flux saturation and iron loss.
A number of various methods, discussed in 2.4.4, have been proposed in the literature.
As the compensation based on the MRAC theory appears to be the mainstream one, it is

elaborated next, using the reactive power as the reference and adaptive quantity.

Identification of 7,, R, or Ky is normally based on a steady-state model of the induction

machine. All the other parameters of the induction machine are assumed to be constant,

70



CHAPTER 2 : LITERATURE REVIEW

The input reactive power of an induction machine is given in terms of d-g axis

quantities with the following expressiori :
« 3 |
0 =;(vq,id‘-v¢‘iq,) . ~ (2.89)

The above expression is used for calculation of the reference reactive power. Asitis
based on the measured stator voltages and currents, no machine parameters are
involved. The calculation is independent of the chosen reference frame, and it is
convenient to perform the above calculation in the stationary reference frame, avoiding
any co-ordinate transforlnations. On the other hand, the stator voltage d-g axis

components in any steady state follow from (2.41) in the form :

Vg = Ry —@,0L i,

. . L, . (2.90)
Vg =R+ o,0L i, +o, -L—- v,

'y

When expressions (2.90) are substituted into (2.89), another expression for the reactive

power is obtained as :
o =2oraprfiral) - | @91)

ThlS expression is called adaptive reactive power. The adaptation mechamsm is
constructed using (2.89) and (2.91). The difference between the two reactive powers 1s
called the error signal (AQ). It is assumed that the error 51gnal stems purely from
discrepancy of R, value used in the controller and the actual R, value. The error signal
is processed through a controller (typieally PI or I), whose output repfesents the updatecl
R, (or T, or Ky) value, that is subsequently used in calculation of the slip commahd.
The MRAC adaptation scheme based on the reactive power method is illustrated in Fig.
2.14, together with the slip calculator for feed-forward RFO controller. The output of

the corrective PI controller is the slip gain (i.e. inverse of 7;).

The adaptation scheme based on reactive power is independent of R, , which is a good
feature of this method. It is however dependent on machine’s inductances, through both
inductance L, and coefficient o. This means that accurate operation of the adaptation

scheme relies on the accurate knowledge of the machine inductances.
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Figure 2.14 : Model reference adaptive control adaptation scheme for the slip gain in
feed- forward controller, using the reactive power method.

As variations in inductances and iron loss are fast, while thermally induced variations of
’R, are slow, it is possible to combine methods that compensate main flux saturation and
iron loss, discussed in previous sub-sections, with MRAC adaptation method discussed
in this sub-section. Such a combination results in identification scheme that
simultaneously provides compénsation for main flux saturation and iron loss as well.
Indeed, if any of the improved vector control schemes that compensate for main flux
saturation are used, (Figs. 2.8 and 2.10), information on the estimated L, is available
and can be fed into the adaptation scheme. If the vecfor control schemé compensates for
iron loss only (Fig. 2.12), then ihformation on the estimated Tr. is available and may be
provided to the adaptation scheme. In such a case the equatxons utilised for adaptatlon
need to be re-derived, using the same reasomng, from the modified equivalent circuit
that accounts for iron loss, shown in Fig. 2.11. Fmally, if the vector controller
compensates for both mam flux saturation and iron loss, then estimates of both L,, and
Tr. are available to be fed into the adaptation scheme. In all the cases the adaptanon
scheme would return to the vector controller information on estimated R, (or T, or Ky),
at a slow rate. The actual implementations of the R, adaptation scheme with
compensation of main flux saturation are described in [Sumner et al., 1993; Vukosavic
and Stojic, 1993; Sul, 1989; Sivakumar et al., 1986]. A scheme with simultaneous
compensatlon of both main flux saturation and iron loss in conjunctlon with R,

adaptation was proposed in [Hintze and Schréder, 1992].
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2.6. SUMMARY

Basics of mathematical modelling of induction machines were presentéd in the first
instance. Adoption of numerous assumptions and idealisations and subsequent change
of co-ordinate system have enabled representation of a complicated electromechanical
device by relatively simple mathematical models and equivalent circuits. Models can be
simplified further if current feeding, that is very often employed in vector controlled
induction machine drives, is analysed. Resultant models are called reduced-order

models.

The basics of vector control theory were reviewed and orientation along different flux
vectors were explained. Orientation along the rotor flux, in conjunction with current
feeding, being the simplest and hence the most common group of vector control
methods, was discussed in detail. On the basis of the RFO CPM, obtained when the
rotor flux constraints were applied to the reduced-order CPM, vector control principles
were discussed. The same RFO CPM was utilised for design of two vector controlled

schemes (feedback and feed-forward ones).

Since vector controllers are supposed to operate in the reference system attached to the
chosen flux, accurate information on the position of the chosen flux is essential for
proper operation. If there are any inaccuracies in obtaining this information,
performance of the vector controlled machine deteriorates and the controller is said to be
detuned. Sources and consequences of detuned operation were explained. Detuning
due to main flux saturation, iron loss and temperature effects, as well as compensation
techniques for these three phenomena, were discussed in detail. Two types of
compensation techniques were distinguished : open-loop compensation of either main
flux saturation and iron loss and closed-loop compensation of thermally induced

variations in the rotor resistance.

A detailed review of several improved mathematical models and improved rotor flux
estimators revealed that rotor flux estimators with compensation of either main flux
saturation or iron loss can be derived using the same procedure that was used for
derivation of the CPM-based estimator. Finally, a possible way of using the MRAC

theory for on-line adaptation of slip gain was explained for the reactive power method.
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3. NOVEL IMPROVED MATHEMATICAL
MODELS AND ROTOR FLUX ESTIMATORS

3.1. INTRODUCTION

In order to compensate the detuning in vector controlled drives, different improved
mathematical models of induction machines have been developed and proposed in
literature. Still, it is felt that there is much more to be done. This research project has
resulted in development of several novel improved mathematical models of induction
machines and several novel rotor flux estimators. They are presented in this chapter.
For each estimator, the step-by-step design procedure, analogous to the one utﬁised in
chapter 2 for design of the CPM-based estimator, is followed. Since most of the
proposed novel estimators are quite complex, means of simplifying them in a way which

will not compromise the performance improvement are investigated.

The improved models are consequently used for representation of induction machines
for quantitative analyses of detuning that occur when the CPM-based estimator is
employed in a RFO controller (chapter 4). The improved estimators are incorporated in

improved vector controllers, whose operation is analysed in chapter S.

Novel mathematical models that include main flux | saturation and corresponding
improved rotor flux estimators are prescntéd in section 3.2. Section 3.3 describes
improved models and rotor flux estimators with iron loss. Models and estimators that
account for both main flux saturation and iron loss are presented in section 3.4. Section

3.5. summarises the contributions of the chapter.

3.2. NOVEL IMPROVED MODELS AND ESTIMATORS WITH MAIN
"FLUX SATURATION |

3.2.1. The ¥, -y, rotor-flux-oriented model with main flux saturation
and improved estimator, L,, (i) representation

This model is essentially the same as the ¥, -, RFO model from sub-section 2.5.1.6.
However, main flux saturation is here represented by the Ly, (¥) non-linear relationship

(2.45.c). In order to use this representation, the expressions for the magnetising flux
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components (2.63)-(2.64) are reformulated in such a way that they do not contain the
magnetising current components. From (2.22), adopting (2.36), it can be obtained :

Lm . ) |

Votm =L—(W,+Lzrt¢,) , @3.1)
Lm . :

qu = T Llr 'qs ° (3 .2)

The following equations complete the model :
d o .
—W,L - 2.61)

(2.62)

V=Vt Vi 5 » '  (2.46)

3 1 ' :
=—P— s 2.38b
e=> LI,W'W"'" ( )
do P 1

—=—|T.-T,}-——ko . 2.33
dt J( e L) J @ ( )

The saturation-adaptive improved estimator is constructed on the basis of the above
model. The structure of the estimator is shown in Fig. 3.1 [Sokola and Levi, 1996]. In
this configuration, the estimator requires the non-linear Ly, () relationship (2.45.c) to

be known. The above RFO model and estimator of Fig. 3.1. are derived for this non-
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Figure 3.1: Improved rotor flux estimator of is-@ typé, with main flux saturation
" represented by L, (ym) non-linear relationship.

75



CHAPTER 3 : NOVEL IMPROVED MATHEMATICAL MODELS AND...

linear relationship. The amount of computation within the estimator can be reduced by

representing main flux saturation by either the non-linear function L, = fw), or the

non-linear function EL’!— = f(y/:) . The latter representation results if all the blocks within

r

dashed lines in Fig. 3.1. are substituted by a block that describes the non-linear function

In_ru?y .
L V) -

3.2.2. The i -y, models with main flux saturation and improved
estimator, L,(¥) representation

The i -y, reduced-order model, valid for current-fed induction machines, is presented

first. It is obtained from the is-w, mixed current-flux model described in the sub-

section 2.5.1.3, by omitting the first two rows in matrices 4 (2.50) and B (2.51). The

is-w, reduced-order model in developed form is given with :

W ! + ! Li, +(o,-o)
— == ™ e — D r
dy,, 1 1 ’ (2.34)
qr - ;o -
| d = —-7_,'_ Vor + T’ Lmlqs (wa w) Var
do P,y 1 : '
-f:-;(]‘e—TL)—}-kw , | (2.33)
3 Lm . .
T; = EP—L—( '/’driqs - V/qr'zis') . ‘ (2'17.b)
. ‘ .

The rotor flux equations for the above reduced-order model have the same appearance
as those of the is-w, reduced-order CPM. However, there is one important difference -
the rotor inductance (and hence L,, and T, ) in this case is a variable parameter, as given

by one of the following two non-linear relationship :

P

L=f¥) o L=f¥), C * | (3.3)
where the geheralised flux components under rotor flux orientation constraints and the .
amplitude of generalised flux are defined with :

Y=y, +L,iy=L,iy, .
¥, = Ly, = L,i,, , : ' ‘ (2.53)

v =92 92
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and then the mutual inductance is calculated as :
Ly = L-L, , . (3-4)
while the rotor time constant is calculated according to (2.32).

The next two stages in design of the saturation-adaptive improved rotor flux estimator
are application of the rotor flux orientation constraints (2.35)-(2.36) to the above
reduced-order model and consequent construction of the estimator. The i, i v, RFO
model and the saturation-adaptive estimator with L, () representation are proposed in
[Levi and Sokola, 1997] and they follow from the work presented in [Levi, 1995a; Levi
and Krzeminski, 1996].

The i -y, RFO model is derived from the above reduced-order model by applying the
rotor flux orientation constraints (2.35)-(2.36), so that the rotor flux and developed

torque under the rotor flux constraints are :

dy
T—~=Lji, , 2.39

'//r+ r at ‘m’ds' . ; ( )

ogy,T,=Lyis 5 (2.40)
3 1 :

T =—P— . 2.38.b

e 2 L erlqm . ( )

Ir

Equations (3.3), (2.53), (3.4) and (2.32) complete the is-y, RFO model. The rotor flux
equation (2.39) and the slip equation (2.40) are the same as in the CPM model, but the

differences are that L,, and T, are varied in accordance with changes in the rotor flux.

From this RFO model, the improved saturation-adaptive estimator, depicted in Fig. 3.2
[Levi and Sokola, 1997] is constructed. The relationship L, (¥?), which saves some

computing time, is shown.

3.3. NOVEL IMPROVED MODELS AND ESTIMATORS WITH IRON
LOSS ONLY

Although several models with iron loss have been proposed in literature, there was a lot
of scope for research and development to be done in this project. =~ Several mixed

current-flux models with iron loss will be presented at first, followed by reduced-order
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models and RFO models. The section will be concluded with derivation of novel

 estimators with iron loss, aimed for use in feedback RFO control schemes.

a

Figure 3.2 : Improved rotor flux estimator of is-o type, with main flux saturation
represented by L,(¥?) non-linear relationship.

3.3.1. Improved mixed current-flux models with iron loss

3.3.1.1. The is-i -, mixed current-flux model with iron loss
represented by a resistance placed in parallel with the magnetising
branch

Inclusion of iron loss has introduced an additional differential matrix equation (2.66) in
the general model, increasing the order of the model. Consequently, it is necessary to
increase the number of state variables. One of the possible combinations is to use d-q
components of the stator current, the magnetising current, and the rotor flux as state
variables. This model will be denoted as the i, -i m - m model. The model is again

given in state-space form of :
v=A—+Bx , (2.26)
where the vector of voltages is :
t .
v=[vg v, 00 0 o, (3.5)
and the state vector is :

t
=iy by i i Ve Va] - 3.6)
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The matrices 4 and B are:
L, 0 L, 0 0 0]
L, 0 L, 00
0 0 0 10 37
A= .
= o 0o o o 1}’ 3.7)
0o 0o L, 0 00
o0 0o o0 L, 0 O]
[ R, -o,L, 0 -olL, 0 0 ]
o,L, R, o,L, 0 0
L, 1
0 0 = 0 — (0, -0)
T, T,
B 0 0 0 L 1 (3.8)
= - w,~0 —_— .
= L, L, |
R 0 L L ! 0 |
’ Tch o TlFe
0 R L - L 0 !
— a} —
L Fe o TIFe TlFe J

where the time constant Tjr. is defined as :

. LI
T =—— . 3.9
IFe RFe . ( )
In this case the developed torque is:
T, =-£P—-—(u/d,tq,,, - l/lq,ldm) . (2.17.9)

3.3.1.2. Thei,-¥n-¥, mixed current-flux model with iron loss
represented by a resistance placed in parallel with the
magnetising branch

Another possible combination is to use d-g components of stator current, magnetising
flux and rotor flux as state variables. This model is denoted as i s -Wm -, mixed model.

In this case, the vector of voltages is again defined by (3.5) while the state vector is :

, |
2=l i Vi Ve Ve Vel - . (3.10)

The matrices 4 and B for this model are easily obtained from (3.7) and (3.8), by dividing
the third and the fourth columns by L., yielding :
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(L, 0 1
0 L, O
0 0 O
A=
- 0 0 0
0 0o 1
[0 o o
[ R, -,
maLLr R.r
0 0
B=| 0 0
-Re, 0
L 0 _RFe

0 0 0]
1 0 0
010
0 0 1}’
0 0 O
1.0 0]
0 -0,
a, 0
- 0
I,
1
0 — —
T,
L 1
—_— -
LmTlFe ’
L 1
@ —_—
";LmTIFe

T;Fe

(3.11)

(3.12)

For such a choice of state variables, the torque equation (2.17.c) should be used :

e

T,==P—
2 L,

3 1

(Wd,w.,,,. - '//q,'//d,,.) -

2.17.c)

3.3.1.3. Mixed current-flux models with iron loss represented by a

- resistance placed after the stator resistance

These models are derived from the general model with R, iron loss representation,

given in sub-section 2.5.2.5. When the machine is fed from a current source, it is

convenient to use (2.83.b) for derivation of mixed current-flux models, since the stator

voltage does not feature in this equation. As it was the case with Rp iron loss

representation, two mixed models can be formed, namely the is-i m-¥- model and the

is-Wm-¥, model. For the mixed is-i m-w, model, the vector of voltages is given by

(3.5) and the state vector is defined by (3.6). Then the matrices 4 and B are :

I
1

0 0 kL,

00
00 O
00
00

lem

_L
Llr
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[ | L, |
R, 0 0 -a,k\L, 0 w,—
. Llr
L,
0 R, wo,kL, 0 -0, = 0
Llr
0 0 Ly 0 1 ( )
-— — —(w, —w
B= L i T "1 : (3.14)
0 0 0 -— w,-o e
T;r I}f
L 1 L
-R 0 = o kL, -— C
i Tlrr anrm T;ir ¢ Llr
L 1
0 -R o,k L — o —= —_—
L " ! " TIir ‘ Llr Tllr J
where :
L. L L
k=140 and T, =L . (3.15)
Ir ~m Rir

The torque equation (2.17.f) and the equation of mechanical motion (2.4) complete the

model.

The is-Wm-¥, mixed cﬁrren;-ﬂux model with iron loss is easily derived from the above
ig-im-w, mixed model, by choosing (3.10) as the state vector, using the torque
expression (2.17.c) and dividing the third and the fourth column in matrices 4 (3.13)
and B (3.14) by L. | ' |

'Comparison of the presented four mixed currenf-ﬂu# models with different iron loss
representation reveals that Rr. iron loss representation (models in 3.3.1.1 and 3.3.1.2)
yield simpler models than the R, representation (models in this sub-section). The
additional cdmplexity in models with R, representation is essentially the appearance of

additional terms that contain the coefficient k; or the L/ L; ratio.

3.3.2. Improved reduced-order models with iron loss

3.3.2.1. The i -i -, reduced-order model with iron loss represented by
a resistance placed in parallel with the magnetising branch

This model is almost the same as the model presented in 2.5.2.3. It is repeated here with

a minor modification - instead of the equivalent iron loss time constant Tr, (2.72), the

equivalent leakage iron loss time constant Tip (3.9) is used. It will be shown later that

models and estimators using T, are more convenient in certain cases, especially if both
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Such manipulation results in the following expressions :

dV/dr 1 1
e — vy, +—L i, +(0, - 0)
dt 7;,. Yar A 'm'dm a qu
dy, 1 1 ’
=——y +—0Li —(0,-0)V,
dt 7;, '/,qr I;,- 'm’qm a . dr .
diy, 1 L, 11 R,
— == —idm+ Var +—ids+wa iqm
dt T;Fe Lm TIFe Lm m
di 1L 11 R ’
qm r Fe
q
ar I;Fe Lm " T;Fe Lm v Lm * ‘

t~

main flux saturation and iron loss are analysed. The i,-i -, reduced-order model is
derived from the mixed model of 3.3.1.1, by assuming that stator current components

are known and therefore omitting the first two rows in matrices 4 (3.7) and B (3.8).

(2.70)

(3.16)

(2.33)

2.17.)

3.3.2.2. The i -Wn-w, reduced-order model with iron loss represented by

a resistance placed in parallel with the magnetising branch

model consist of :
dy 1 1
e Y A Y (@~ D) Y
dt Ir Ir
dyy 1 1 ( | ’
— = — Y= (0, —®
PR RCAE Rl
dy, 1 L, 1
= +—y,, + R i, +0
dat T;Fg Lm Vim T;F¢ Var Fe'ds a '/,qm
dYew 1 L, ’
=- + +Rp i, —~w, ¥
at 7;):', L,,, V’qm 7;;:, V/qr Fe'gs | a ¥'dm
do P(T T,)-—*k
@ _r -1 )=k
R AR ’

3 1
T, =;P_£;(Wdrv/qm _quvldm) .
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3.3.2.3. The i,-Wn-w, reduced-order model with iron loss represented by
a resistance placed after the stator resistance

For this way of iron loss representation, the mixed model from 3.3.1.3. is used as a basis

for derivation. Elimination of the first two rows in (3.13) and (3.14) yields :

dy 1 1
ey Y+ (0, -0) ¥,
@ T, ", | -
, (2.60)
Wy o Lyt y=(@y-0) ¥,
PR AT T
dYum _ Lis Y . _ 1L 1 Ly
s A = Ry~ Vam + O Vm ¥ Var — PV :
' a L, at Ty Ly aran T ’ R ‘ L, " (3 18)
dw""'—ﬁ’—:d!f-: ") ! L’w -k, +l % +w—y/dm,
! at Llr dt e 7;” L " ¥ m 7;"' v Ll
do P 1
—=—|\T,~-T,)-—to 2.33
dt J( e L) J ’ ( )
3 1 ’
T, =—P_(Wdrv/qm—'/,qrvldm) . ‘ (217'0)
2 L,

Substitution of (2.60) into (3.18) results in the following expressions for the

magnetising flux components :

[ 11 L,S)W +[1 1 L,,) L, kg
=y ———E |y~ .
d Vim _ T;lr L I;r Llr M T;ir 7;, Ir Llr i i

dt k +a)aV/qm
C l (3.19)
1L 1 L,,) (1 1 L,_‘} L
T Y | T W 0 W + R
dV/qm _( T;ir Lm T;r Llr " 7;,-, T;r Llr a Llr r irqs oy
B ~®a¥ dm

The magnetising flux equations (3.19) are considerably more complex than the (3.17),
making this model significantly more complicated than the reduced-order model with
Rr. iron loss representation. Eventual utilisation of this model for design of improved
rotor flux estimators would result in a highly complex estimator structure. This is the

main reason why this model is not elaborated further.

3.3.3. Improved rotor flux-oriented models with iron loss

Improved RFO models with iron loss are derived from the reduced-order models,
applying the rotor flux orientation constraints (2.35)-(2.36). Two RFO models, both

with Rp. iron loss representation, will be presented.
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3.3.3.1. Thei,-i -y, rotor-flux-oriented model with iron loss represen- -
ted by a resistance placed in parallel with the magnetising branch
A RFO model of this type has been described already in sub-section 2.5.2.4, where the
equivalent iron loss time constant Tr, was used. On the other hand, the equivalent
leakage iron loss time constant Tire is used in the mixed current-flux model of sub-
section 3.3.1.1 and the reduced-order model of 3.3.2.1. Hence the is-im-¥~ RFO
model with iron loss presented here slightly differs from the i;-i m -, RFO inodel with
iron loss from 2.5.2.4. When the rotor flux orientation constraints (2.35)~(2.36) are
applied on the reduced-order model of 3.3.2.1, the following RFO model is obtained :

dy, . : S v
%+T,,—dt—’= Lyism » (2.73)
Lmiqm = wsIT;r Vr » (2'74) )

L, di, 1 ‘ ,
i+ Tipe = = —\V, + Ly + 0, T, Lyigm ) 5 : (3.20)

e Lr dt L,( r \ r riiFe™m qm)

Lydim 1 . s

'qm T;Fe-z— ;t =-2_(Llr'qs—wr7;FeLm'dm) ’ (3'21)
r T
3 Lm . | |

T, =;P—Ll—r'l//,lqm s \ (2.38.¢)
do P 1 | | -
—=—{T,-T,)-—ko . : : 2.33) -
d J (x 1) J ' (2.33)

Similarly to the model of 2.5.2.4, the cross-coupling terms are dependent on the ahgular
speed of the rotor flux, i.e. on the frequenéy of the supply. Additionally, the time
constant Tjz, is dependent on the rotor flux angular speed, as iron loss changes with the

frequency.
3.3.3.2. The is- -V, rotor-flux-oriented model with irbn loss represen-
ted by a resistance placed in parallel with the magnetising branch

This RFO model is obtained from the reduced-order model Qf sub-sect_ion 3.2.2.2. Itcan
also be derived from the i ,-i w-w, RFO model from the previous sub-section, by using

(2.20). The model consist of the following equations :

dy,
w,+'17,—d;—=wd,,, , (2.61)
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g Ty ¥, =Vem > | o ' ' ' (2.62)
Vo T 2 Lt 0T s ek
Vf.,,,,+77p,%d::" =%—(L,,zfq,-‘aé,T,F,wM) . BRI CE)
‘=EPLL,,'”"""'"' , | | (2.(38.b)
2 2(r,-1,)- . - o @3

The above model is similar to the RFO model introduced in the previous sub-section,

with cross-coupling between the two components of the magnetising flux.

3.34. 1mpr0ved estimators with iron loss

Since the three RFO models presented in 2.5.2.3, 3.3.3.1 and 3.3.3.2. are very similar,
the structure of the corresponding estimators would be very similar. The is-Wm-¥ .,
RFO model from sub-section 3.3.3.2, slightly less cdmplex than the other two RFO
models, is utilised here for the design of the improved estimator with iron loss, resulting
in more compact estimator than in the other two cases. The improved rotor flux
estimator with iron loss is shown in Fig. 3.3 [Levi et al,, 1996a]. The equivalent iron
loss leakage time constant is assumed to be dependent on the angular speed of the rotor
flux. The non-linear relat1onsh1p Tire = f (@) can be entered as a look-up table. The
estimator is more complex than the CPM-based estimator as there are several more

calculatlons to be performed

The complexity of this estimator can be critical for real-time apphcatlon This is the
reason for seeking a possible simpler version, which will feature less calculations while
still enabling i iron loss compensation. If the estimator parameters are analysed it can be

concluded that the time constant Tjr (and subsequently the equivalent time constant

L . . .
—L'”—T,F,) is always at least two orders (100 times) smaller than the rotor leakage time

r

constant 7). This means that the influence of the first-order delay elements containing
Tr. on the machine dynamics is negligible when compared with the influence of the

first-order delay element that contains 7). With such a justification, the equivalent time
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Figure 3.3 : Improved rotor flux estimator of is-o type, withiron loss.

L . . .
constant -Z'"—T;Fe can be neglected in the first-order delay elements. This results in

r

disappearance of the derivative terms in (3.22) and (3.23), which become :
Van =2V + Litas 40, TV n) (3.24)

'/,qm =

hlh hlh
-~

(1, o, Trava) - | (62)

Note that cross-coupling‘ terms containing 7} IpeV are not neglected. The simplified
version of the rotor flux estimator with iron loss is shown in Fig. 3.4 [Sokola et al.,
1996]. it is stiil more complex than the CPM-based estimator, requiring several
additional mathematical operations and the look-up table for Tir. , when compared with

the CPM-based estimator.

3.4. NOVEL IMPROVED MODELS AND ESTIMATORS WITH BOTH
IRON LOSS AND MAIN FLUX SATURATION

In section 3.3. it was shown that out of two possible placements for the equivaleht iron
loss resistance, the Rp, representation results in simpler models when the current-fed
machine is considered. This is the reason why only this iron loss representation will be

used in the models and estimators with both iron loss and main flux saturation.
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Figure 3.4 : Simplified improved rotor flux estimator of is-w type, with iron loss.

3.4.1. The general model with both iron loss and main flux saturation

The general model of the induction machine with iron loss represented by a resistance
placed in parallel with the magnetising branch and with main flux saturation is [Boldea

and Nasar, 1987b] :

d(Llsis)
v, =R, +—T+—;—'"-+coaL,sQ i+o,Gy
g d , (2.23)
=R+ Li) 4, LGi+0,G G
=R, + 0 + & +o, IrQE,"'”)a__V_’_,,,""_Z,
dy ‘ o

RFeiFe= dt +wa_G_ zm ’ (2.66)
Ws = L"i" +—y£m

o (2.22)
-'/—/-r = Llrlr +Zm
i +ig =i +i (2.67) -
¥, =Llnin » o (2.20)
im =f('/’m) or Lm =f(im) or Lm =f('//m) ’ (2'45) i
RFe =f(f, '/’;) ’ ) (268)
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T¢=; L (Wdrvlqm qude) ’ ' » ' (2.17.0)
Ir
3 Lﬂl . .‘ . ' ' ) .
or g:zp—(wd,,q,,-wq,,dm) , (2.17.5)
Ir
Jdo 1
=1 ';7;+;ka) . (2.4)

On the first sight, the above model is almost identical to the model given in 2.5.2.1.
This is because the model is not in the state-space form. The difference is that main

flux saturation is accounted for, by one of the (2.45) non-linear relationships.

3.4.2. “The equivalent circuit with both iron loss and main flux
saturation
The equivalent circuit with both iron loss and main flux saturation can be constructed

from :
- . di, - dim -
Vs = Rsi-“"Lls'd_"'ja’aLlsi-' +Lm7+jwaLmi,,,
“ @ , (2.25)
di, din
0=R t,+L,, T +jo, L,,x,+L T+_] Lml,,. j(oy/,
t

- dy/m -
| RF,I'F¢=—d;—+ja)ay/m . (2.69)

The corresponding equiValent circuit is shown in Fig. 3.5. Both equivalent iron loss

resistance and mutual inductance are variable parameters, as given by (2.45) and (2.68).

Rs lTs jac’zLIsls jac)zl’lrir LIr Rr

—

O

3
~

!

:
;
QLY

Figure 3.5 : Induction machine dynamic equivalent circuit in an arbitrary reference
frame, with both iron loss and main flux saturation.
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3.4.3. Improved mixed current-flux models with both iron loss and
main flux saturation

3.4.3.1. The i -in-w, mixed current-flux model with both iron loss and
main flux saturation

This model is an original contribution of the research. Like in the case without main

flux saturation (sub-section 3.3.1.1), the vector of voltages is:
t
ve[vg v 0 0 0 o, (3.5)
and the state vector is :
-I . I3 ’ . '
§=[zd_‘ i lim m Var y/q,] . (3.6)
Because of main flux saturation, some coefficients in the matrix 4 (3.7) change, so that

matrix 4 becomes :

L, 0 Ly L, 00
o L, L, L, 0 0
0o 0 0 0 10
- 3.26
4=l 0 o0 o 01 (3:26)
0 0 Ly L, 00
0 0 L, L, 0 0
Saturation dependent coefficients are defined as :
2
Ly=1L, 2+L,5
’m m
il
' Im
qu=Lm T+Lm7 ’ (3.27)
m m
i d
qu =(L,' -L,) d”TZq
'm

where dynamic mutual inductance is defined by (2.48). The matrix B remains :

[ R, -w,L, 0 -ol, 0 0
@,L; R, w,L, 0 0 0
0 0 m ! ( )
- - —(o,-@
7}' L TII‘ ?
1
B=| 0 0 0 - w,-0 — s (3.8)
T, T,
R 0 L L ! 0
-Ry, = e —
‘ TIFe o TlFe
0 R w L L 0 !
i Fe a~m T[p, T,F, ]
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while the developed torque is given with :

3 L,
T, == P Yyiom = Verim) - @179
2 L,

This model contains saturation dependent coefficients in both the first two and the last
two rows, which make it inconvenient for either detailed analysis of dynamics and
simulations. Because of this, the i s -wm -, mixed current-flux model is derived in the

next sub-section.

3.4.3.2. The i -wn-w, mixed current-flux model with both iron loss and
main flux saturation

Another possible combination is to use d-g components of stator current, magnetising
flux and rotor flux as the state variables. The idea of using the magnetising flux instead -
of the magnetising current relies on the earlier mentioned fact that in certain cases flux-
based models do not contain terms that explicitly describe cross-saturation. Thus the
is-Wm-w, mixed current-flux model should be simpler than the ig-i m-w, one. The
equations that constitute the i s -¥ m -y, mixed current-flux model with both iron loss
and main flux saturation are essentially identical to the equations of the i ; -¥m -y,
mixed current-flux model with iron loss only, presented in sub-section 3.3.1.2. The only
difference is that main flux saturation is included as well. Hence the model is given
with :

t
v=[vi v, 0 0 0 o , (3.5)
t
£=[id, iy VYam Yem Var y/q,] . (3.10)
(L, 0 1 0 0 0
0 L, 0 1 00
) 0 0 0010 | Gl
1o o 000 1}’ 1D
0 0 1000
[0 0 0 1 0 0]
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R: —a)a LIS 0 —wa 0 0
o, L, R, @, 0 0
1 1
0 0 -— 0 — —~(o,-)
T, T, :
B 0 0 0 1 . - (B.12
= -— o,-0 = : .
= L, T, |’ 12
R 0 L1 ") 1 0
— F ——— - —
) Lm T;Fe ? 7;Fe
6 < L 1 1
L ¢ ? Lm I;Fe 7;Fe E
3 1
T; = —P_(Wdr'/,qm - qude) . (2'17.(:)
2 Ll’ ) :

Main ﬂux saturation is described by one of thé (2.45) non-linear relationships.

3.4.4. Improved is=Wm-Yr reduced-order model machme w1th both
. iron loss and main flux saturation

Due to the existence of saturation-dependent coefficients, the i s-¥Wm-¥ mixed model
(given in 3.4.3.1) is more complex than the i, -y m-¥, mixed model (given in 3.4.3.2).

Thus the latter is used for derivation of the reduced-order model, which is obtained as :

dy, 1 1
—dti= Yyt W + (@, - 0) ¥,
[/ [/
’ " , (2.60)
dy, 1 1 '
= "'_qu +— '/,qm - (ma —w) Var
dt ’ ir Ir
v, 1 L 1 .
d == T Lr Vim + @y Yam + Var + RFe'ds
t IFe “m ; I;Fe .
| | : (3.28)
Y om 1 L, 1 R
== -, +—y, +Rpi
dt | T;Fe Lm qu a¥dm T;Fg '//qr Fe'gs
do P 1 -
—=—|\T.-T,|-—ka ' 2.33
dt J ( e L) J ’ ( )
3 .
T, = ; L, ( Var '//qm qu de) s (2' 1 7C)
r . . B .

Main flux saturation is described by one of the (2.54) non-linear relationships.
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3.4.5 Improved rotor flux-oriented models with both iron loss and
main flux saturation

Two RFO models with both iron loss and main flux saturation will be presented. They
are both i s -wm-w, RFO medels, derived from the above reduced-order model. The
difference between the two models is concerned with the representation of main flux
saturation. Models with L, (¥) and in (¥) representations are given. Although their
equations differ, both models produce the same simulation results. Iron loss in both

models i is represented by the equivalent iron loss resistance Rp. .

The first model that is elaborated here is the i ;- m -, RFO model with both iron loss
and main flux saturation, with main flux saturation represented by Ly, (¥) non-linear
function. This model is obtained from the reduced-order model of 3.4.4 when Ly (¥/m)
representation of main flux saturation (2.45.c) is utilised. The RFO constraints'(2.35)-

(2.36) are applied to the reduced-order model, resulting in the following model :

dy, ,
Y, +T;r_dw;_= Vim » (261)
'/,qm =0y T;r Yr » ‘ (262)
L, dy L, )
Vim + TlFe L d:m = L \Wr + Llr'ds +erlFe qu) ? : (320)
Lm dW m Lm .
Ve ,pe-L——‘};’—=-L—(L,,rq,—w,T,F,wdm)t , (3.21)
3 1 "
T,=—P— , 2.38b
e3P Y Ve (2.38.b)
do P 1
—=—\L-T,)-—ko , 2.33
dtJ ( ¢ L ) 7 (233)
L,=f(v,) » | (2.45.¢)

Vo= Vet VL, . (2.46)

The model is almost identical to the RFO model with iron loss only, presented in sub-
section 3.3.3.2. The differences are that magnetising inductance and hence the rotor
inductance will assume different values at different operating conditions. As it was
discussed for the model in sub-section 3.3.3.2, relationships L (¥in>) 0 Lm/L, (yi?) can

be used to reduce the number of mathematical operations.
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" The second elaborated model is the i s -w m -, RFO model of an induction machine
with both iron loss and main flux saturation, when saturation is represented by in (¥m)
non-linear function. This model is obtained from the reduced-order model presented in

the previous sub-section. The equations for the rotor flux components remain :

dy, ' o
'//r+7;r7=V/dm , | | (2.61)
qu =dy T;r Yr - k (262)

In order to utilise i, () representation, it is neceésary to modify the equations for the
magnetising flux components. Combining the rotor flux equation (2.22) with (2.67) and

(2.66), the equations for the magnetising flux components are obtained as :

AW am L

Van* Tire = =V 4 Lyl = )+ @ TV (3.29)
dy, ,

Yem + T;Fe d:m = Llr(iqs —iqm) -0, T;Fe Vim » ) (330)

where the components of the magnetising current are :

2.65)

Main flux saturation is described by the non-linear relationship :
i=fWn) » ’ (2.45.2)

and the developed torque and the equation of mechanical motion are :
31 |

T =—P— , . 2.38.b
=37 Ve Vim ( )

A I (2.33)

The model is similar to the RFO model with main flux saturation from sub-section
2.5.1.6. But, when the expressions for magnetising ﬂux components in these two
xﬁddels are coinpared, it can be seen that expressions (3.29)-(3.30) are more complicated
than (2.63)-(2.64). Due to inclusion of iron loss, they have become differential

equations and cross-coupling terms have appeared.

93



CHAPTER 3 : NOVEL IMPROVED MATHEMATICAL MODELS AND...

3.4.6. Improved estimators with both iron loss and main flux
saturation '

Four rotor flux estimators with both iron loss and main flux saturatibn will be presented

in this sub-section. The first two are with L,,. (Ym) répresentation of the main flux

saturation and they‘ are based on the first rhodel given in sub-section 3.4.5. The

structure of the full estimator is shown in Fig. 3.6 [Sokola and Levi, 1996). It is quite

complex, involving a number of calculations and two look-up tables, for the non-linear

relationships L () and Tir. (@;). Similarly to the improved estimator with main flux

. L ' s
saturation only, non-linear relationships, L, =f (vi’) or —Li= f(¥2) can be utilised, as

r

shown by the dashed lines in Fig. 3.6. Changes in iron loss are represented by the non-

linear relationship Tjr. (@,).

=[5 |

@

Figure 3.6 : Improved rotor flux estimator of is-w type, with both iron loss and main
flux saturation, L, (yin) representation.

As it was the case with the estimator wnh iron loss only (sub-section 3.3.4), the
influence of the equivalent time constant (L,,/L, ) Tjr. on the machine dynamics is small
and can be neglected in first-order delay elements [Sokola et al.,: 1996]. This
approximation dictates that éxpressions (3.24)-(3.25) are used for the magnétising flux

rather than (3.22)-(3.23). The simplified estimator is shown in Fig. 3.7.
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Tl

w

Figure 3.7 : Simplified improved rotor flux estimator of is-® type, with both iron loss
and main flux saturation, L,, () representation.

The other two improved estimators with both iron loss and main flux saturation are with
im (W) Tepresentation. They are based on the second RFO model from sub-section
3.4.5. The structure of the full estimator is shown in Fig. 3.8. When the first-order
delay blocks containing the time constant Tjr, are neglected, equations (3.29) and (3.30)

become :

|

-,
o

)

@

Figure 3.8 : Improved rotor flux estimator of is-e type, with both iron loss and main
Sflux saturation, im (Wm) representation .
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Van = Vo + Ly (ias= i) + 0. TipeVgm » | B € X 1))
qu=Llr(iqs—iqm)—erlFerm . | (332)

Utilisation of (3.31)-(3.32) results in the simplified estimator, shown in Fig. 3.9.

(0]

Figure 3.9 : Simplified improved rotor flux estimator of is-@ type, with both iron loss
and main flux saturation, i, (i) representation.

3.5. SUMMARY

A number of novel improved mathematical models of induction machines and novel
improved rotor flux estimators were proposed in this chapter. Main flux saturation, iron

loss and then both these phenomena were included in improved models.

Two novel models and estimators with main flux saturation were developed, using two
different non-linear relationships to represent main flux saturation. The first model,
using L, (W) representation, is obtained from the already known model with iy ()

representation, by merely changing equations for the magnetising flux components.

e e . . . L
However, utilisation of the non-linear relationship —Li= f(v2) reduces the number of
. r

calculation needed to execute the estimation process with respect to the estimator with

im (Wm) representation. The second representation of main flux saturation, L, (), uses
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the generalised flux and results in improved estimator of the similar complexity as the

estimator that uses L., (W) representation with 21'- = f(¥?2) non-linear function.

r

Improved mixed current-flux models and improved reduced-order models with R, iron
loss representation were shown to be simpler then the corresponding models with R;
iron loss representation, when the current feeding is considered. Out of the two
analysed sets of state variables, the is-Wm- v, combination resulted in more compact
rotor-flux-oriented model and simpler improved estimator than it was the case with the
ig-im-w, combination. As the improved estimator with iron loss compensation was
still quite complicated, a simplification that does not compromise the achieved iron loss

compensation was proposed.

Models that include both iron loss and main flux saturation were derived as well.
Following the suggestions about simplicity of the models from previous considerations,
Rr. iron loss representation and is-¥m-¥ - combination of the state variables was used
throughout the derivation. As both L, (Wm) and in (Ym) representations of the main flux
saturation were elabofated, two full improved estimators are designed. Both estimators
were simplified using the same approximation that was already used for improved

estimator with iron loss only.
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4. DETUNING IN ROTOR-FLUX-ORIENTED
INDUCTION MACHINE DRIVES

4.1. INTRODUCTION"

The aim of this chapter is to evaluate and compare detuning due to different phenomena
in both steady-state and transient operation of the vector-controlled induction machine
drive, when the controller is based on the CPM. First, parameters of the machines, that
are later used for quantitative analysis of detuning, are experimentally determined. The
identification procedure is presented in section 4.2. Methods and quantities by which
detuning will be assessed are explained in section 4.3.- Section 4.4 presents analyses of
steady-state detuning that occurs due to four detuning sources. In each analysis,
. detuning expressions are derived first, followed by a quantitative assessment of detuning
in different operating regimes for the particular machine. Comparison of steady-state
detuning that occurs due to different phenomena is performed in section 4.5. Detuning
in transient operation is investigated in section 4.6. Contributions of the chapter are

summarised in the section 4.7.

4.2. EXPERIMENTAL IDENTIFICATION OF MACHINE
PARAMETERS

In order to evaluate detuning in different operating regimes, it is necessary to have
knowledge on the magnetising curve and the equivalent iron loss resistance (how it
chaﬁges with frequency). For any machine, these relationships have to be identified

experimentally.

" Two induction machines Aar'e utilised in the following studies. Analyses are mostly
berformed for the induction machine with rating of 4 kW, that showed high sensitivity
td iron loss induced detuning [Levi et al., 1995b]. Additionally, some of the detuning
studies in transient operation are performed for’the 0.75 kW machine, utilised in [Lévi,
1994a; Levi et al., 1995a]. |

Parameters of the 4 kW induction machine are determined as follows. Aﬁer the DC test
for identification of the stator resistance and‘the biocked-rotor test for identification of

the leakage inductances, the machine is subjected to two’types of no-load tests. The first
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no-load test is a standard one, conducted with supply from a sine-wave variable-voltage
50 Hz source. The purpose of this test is to determine the magnetising curve of the
machine. The identified magnetising curve is then approximated using the least squares
fitting, as shown in Fig. 4.1. The same figure also depicts the change in the mutual
inductance (L) with the magnetising current and the rated saturated value of the mutual

inductance (Lmsat = Lmn)-

1 0.2
go.s- 0.16 g
5061 0.12 §
= B
a" K=
R R R i Oty 0.08 ¢
[ . .E

[ 4 O
0.2 1-orfemeeneees et 0.04 3
0 t 0

—
N

o 2 4 6 8 10
Magnetising current (A)

Figure 4.1 : Magnetising curve of the 4 kW machine and the mutual inductance
‘ (experimentally identified points denoted by crosses).

The induction machine in a vector-controlled drive is fed by a PWM power electronic
converter. Losses with the PWM supply are significantly higher than with a sinusoidal
supply. This is especially true for iron loss and this topic has been elaborated in [De -
Buck et al.,, 1984; Boglietti et al., 1996]. As a PWM voltage consist of a series of
pulses, it can be subjected to spectrum analysis and viewed as a combination of different
spectrum components. Beside the fundamental harmonic, the voltage spectrum contains
pronounced high-frequency harmonics, with frequency close to switching frequency and
its multiples. These high-frequency harmonics are responsible for the increase in iron
loss [Undeland and Mohan, 1988; Boglietti et al., 1996]. However, since vector
controllers control only the fundamental harmonic of currents, then only the

fundamental harmonic of iron loss has an influence on the accuracy [Levi, 1995b].

Hence the second group of no-load tests utilises supply from a PWM inverter [Levi et

al., 1996a,b] and the purpose of these tests is to determine the first harmonic of iron loss
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at different fundamental frequencies. At first, the machine is operated under no-load
conditions with PWM inverter feeding at rated 50 Hz fundamental frequency. The
employed PWM technique is the sinusoidal ramp comparison method with carrier
frequency of 1047 Hz. The DC link voltage is such that the rated fundamental voltage
at machine terminals is obtained with the modulation index of 0.63. l’i’he first harmonic
of input power and the total no-load power are measured by a power analyser.
Deduction of copper loss from these two powers give the sum of mechanical loss and
the first harmonic of iron loss and the sum of mechanical loss and the total iron loss,
respectively. These two sums, as well as the sum of mechanical and iron loss for no-
load test with sinusoidal supply, all for 50 Hz, are shown in Fig. 4.2.a. [Levi et al,
1996a,b]. The curves are plotted against the first harmonic of the stator e.m.f. (first
harmonic of stator voltage minus volt-drop across the stator resistance). It can be seen
that the first harmonic of the no-load losses obtained with PWM supply is essentially the
same as the no-load losses with sinusoidal supply. ’

The second set of no-load tests with PWM supply is performed at various fundamental
frequencies, using another PWM inverter. This inverter operates with switching
'frequency of 5 kHz. The modulation index is cohtrolled in such a way that the first
harmonic voltage rises linearly with the frequency up to the value of 0.95 at 50 Hz and
is kept at a constant value of 0.95 for frequencies higher than 50 Hz. Such test
conditions resemble the common vector control strategy that is met in normal operation
of a RFO induction machine. As the fundamental voltage in the field-weakening region
is kept constant, change of iron loss with change in flux density is automatically
accounted for. The fundamental frequency range encompassed by the tests was from 10
Hz to 100 Hz. In order to calculate the équivalent iron loss resistance, mechanical
losses at different frequencies have to be known. They are determined at each operating
frequency from a set of no-load tests with variable DC link voltage at that particular
frequency. For the 4 kW motor, change of mechanical loss with the frequency is
depicted in Fig. 4.2.b while the results of the experimental identification of iron loss are
shown in Fig. 4.2.c. The fundamental iron loss and the calculated equivalent iron loss
resistance Rr. are shown for discrete points obtained by measurement. The continuous
approximation of the function Rr. (f), that is consequently utilised in analytical studies,

is shown as well.
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Figure 4.2 : Results of no-load tests, 4 kW machine.
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It should be noted that the experimentally determined fundamental iron loss for the rated
first harmonic voltage and the rated frequency is not identical in the two experiments
(Figs. 4.2.a and 4.2.c). However, the discrepancy is below 10% and such accuracy is

believed to be satisfactory.

To enable calculation of detuning effects over a wider speed range, the equivalent iron
loss resistance is extrapolated in the region ranging from twice the rated frequency up to
five times the rated frequency. A precise extrapolation is possible as the results of Fig.
4.2.c enable an accurate subdivision of iron losses into hysteresis and eddy-current
losses. This is done by splitting iron loss into two parts - one proportional to the
frequency (hysteresis) and the other proportional to the square of the frequency (eddy

currents).

All parameter values for the analysed machines, as well as the analytical function for R,
approximation for the 4 kW machine and magnetising inductances for both machines,

are shown in the Appendix A.

4.3. CHARACTERISATION OF DETUNING

Several ways to characterise detuning can be found in the literature. The method used
here for analyses of steady-state detuning is to observe the following three quantities
1. The orientation angle error, defined as :

Aq’r = ¢,: _¢r ’ s ' (4‘1)

2. The torque ratio, defined as :

. ,
Torqueratio=-TL. , S “4.2).

e

3. The rotor flux ratio, defined as :

Rotor flux ratio = W: . . g 4.3)
Yr

The commanded values of the rotor flux and the torque assume different values for
different operation conditions. The commanded rotor flux is equal to the rated rotor

flux in the base speed region, while it is reduced in the field-weakening region. The
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commanded torque is dictated by the load conditions and also by the amount of

detuning, as it will be seen later in the chapter.
In analyses of transient detuning, the following three quantitiés are observed :
1. The orientation angle error, defined by 4.1.

2. The torque error, defined as :

T
Torque error =

—.T° x100 [%] , ' 4.4)

e

3. The rotor flux error, defined as :

*

Rotor flux error = Yr —.w' x100 [%] . 7 N 4.5)

Ve

4.4. DETUNING IN STEADY-STATE OPERATION WITH THE CPM-
BASED CONTROLLER

To quantitatively assess detuning in steady-state operation, the following investigation
approach is utilised. Behéviour on a CPM-based RFO vector controller in steady-state
operation is analysed and described by mathematical expressions that constitute steady-
state controller model. On the other hand, an appropriate improved steady-state
induction machine model, that includes some of the detuning sources, is derived from a
corresponding improved reduced-order machine model. These two steady-state models
are then combined, yfelding detuning expressions for the orientation angle error, the
torque ratio and the rotor flux ratio. These three expressions suffice when the vector-
controlled drive operates in the torque mode. An additional equation (usually a
polynomial of third or fourth order), necessary for detuning analyses in the speed mode
of operatlon is then derived. The full set of equations is solved for a particular machine
using the numerical Newton-Raphson method and detuning characteristics are obtained.
The procedure for solving the detuning expressions is iterative and the solutions are

found using custom-made FORTRAN programs.

Analyses of steady-state detuning are performed in the reference frame determined by
the control system (d" -q" axis commanded reference frame). Because of that, steady-

state models have to be valid for this reference frame. The steady-state model of the
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CPM-based vector controller is in the d'-¢" axis commanded reference frame by the
nature of things. The steady-state model of the induction machine is valid in the d-q"
commanded reference frame when the commanded speed of the rotor flux is chosen for
the arbitrary speed (@, =®,). Due to detuning, the actual d-q axes are not ideally
aligned with the commanded d-q" axes (@, # @, ). This is the reason why RFO models

cannot be used for machine representation in the following analyses.

The steady-state model of the vector controller is presented next. The model is valid for
both feedback and feed-forward RFOC schemes from sub-sections 2.3.2.2 and 2.3.2.3.
In the all cases discussed in this section, the control system encompasses the CPM-
based estimator of i ; - type, described in 2.3.2.2. In any sfeady-state, PI controllers
ensure that the commanded values of torque and rotor flux are equal to the
corresponding estimated values (used as feedback signals for control loops). This

results in the following expressions ::
Wi =y, = Luige » | (4.6)

T =Py, | | @.7)

Nlw
S

where superscript ‘e’ stands for estimated values, while superscript ‘** denotes both the
commanded quantities and the machine parameters used in the estimator. The
commanded speed and the actual speed of the induction machine are equal, so that the

actual, the commanded and the estimated slip angular speeds are equal :

L‘ i‘
. ‘m'qs
Oy =0y =05="s7v . o 4.8)

Combining (4.6) and (4.8), the relationship between the commanded value of g-axis

current and the commanded value of d-axis current is obtained as :
ins =Ty iy - 4.9)

Since the current-regulated PWM inverter is assumed to be ideal, the actual and the

commanded values of current components are equal :
i =l 5 g =ig . 4.10)

In the following sub-sections the above steady-state controller model is utilised for

derivation of detuning expressions and for analyses of steady-state detuning due to four
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different phenomena. The analysed phenomena include rotor resistance variations, rotor

leakage inductance variations, mutual inductance variations and iron loss.

4.4.1. Steady-state detuning due to rotor resistance variations

The actual value of the rotor resistance (R,) changes during operation, due to thermal
effects. On the other hand, a CPM-based RFO controller is designed to use always thé
same rotor resistance value (R,"). Additionally, the value’ used in the controller might be
initially wrong, as a consequence of inaccurate commissioning procedure. Whatever the
reason, a diScre;;ancy between the above two values leads to detuned operation. Hence
the amplitude and the position of the rotor flux, as well as the developed torque,.are
wrongly estimated. The commanded currents assume non-optimal values. As a
consequence, the actual rotor flux and the developed torque differ from their

commanded values.

Significant research efforts, discussed m section 2.4.3., have been devoted to
compensation of detuning caused by R, variations. To properly evaluate detuning due
to R, variations, it is necessary to recognise that changes in the flux level cause different
levels of main flux saturation. Thus the saturated machine model has to be utilised for a

correct analysis, as suggested by [Nordin et al., 1985; Ojo et al., 1994].

First, it is necessary to derive the appropriate induction machine model. Itis the is-w,
reduced-order steady-state model, in the d’-q" axis reference frame determined by the
RFO controller. In order to use the L,, () representation of main flux saturation, the
reduced-order model from sub-section 3.2.2 is combined with (2.22), acknowledging

that all the derivatives are zeroes in steady states. This yields the following model :

Yar = Vim tay T;r '/’qr

, (4.11)

'//qr = qu - a)sl 7;’ '//df
r .
, 4.12)
‘2

3 1 .
T, =—P—L—(w,,,wq,, Vo Van) - 2.17.0)
Ir : ’
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Main flux saturation is represented by the L, (¥) non-linear function :

L=1(v) (2.45.c)

V= Vot V2 - | (2.46)

In order to derive the relationship between the rotor flux d-¢ components and the stator

current d-q cdmponents, 4.11) and (4.12) are combined, yielding :

"/’qr = Lmiqs - wslTrWd(
From (4.13), the rotor flux components are obtained as :

. ¢« __ .
ljs + Dy Tr'qs

2.2
l+o, T,

Var = Ln

NP (4.14)

—0y iy +i,

Detuning éxpressions are derived by combining the above model with the estimator
model (4.6)-(4.10). As discussed in 2.4.1, the vector controller assumes that the perfect
orientation is achieved and that the estimated position of the rotor flux (¢,°) determines
the instantaneous .position of the rotor flux, i.e. the position of the commanded d-q
reference frame. On the other hand, the position of the actual rotor flux (¢) is
detenﬁined by the stator current components and by the actual motor parameters. If

parameter variations take place, the actual flux is not aligned along the d -axis and the

W, component exists. The error in the orientation angle is :

* L _ T
Ag, = arctan 22 = mmf’—iz———) : | » (4.15)

Yar 1+, T.T,

Si r

Another consequence of detuning is that the amplitude of the actual rotor flux differs
from the commanded (estimated) value of rotor flux amplitude. The ratio of these two
amplitudes is the rotor ﬂux ratio, expressed as :

ZL \j Wdzr + W:r

A A | | 419

v, Lm’ds

Substitution of (4.14) and (4.9) into (4.16) yields :
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Z‘. £”L l+w;127;'.2 . ' (4 17)

s« 22

v, L,\1+0, T
There is also a difference between the developed torque and the commanded torque.
The torque ratio in the case of R, variations is :

r By} R(L,) 141" |
_e,=_r[.*.@] =£(-.ﬂ} LLLVR .18)

I; R" y/" R" LM

Expressions (4.15), (4.17) and (4.18) describe detuning due to R, variations for steady-
state operation in the torque mode, when the speed control loop is open and when the
reference torque (or the reference g-axis current component) is imposed to the control

system as an input. -

When the speed control loop is closed, the actual speed is equal to the reference speed
and the developed torque is equal to the load torque. The commanded torque becomes
an unknown variable and an additional equation is needed. Substituting 7, with T in
(4.18) and then combining (4.18) with (4.6)-(4.8), the expression for the commanded

torque in the speed mode of operation is obtained as :

T e 2 ' . 2
3 R Lm 2 2 . RIL
T g’—L[—.) L-T g’TJfﬂ-’(—?—) “L=0, (4.19)
R\L, R AL,
where :
L S T ' ' : 4.20
g 1P Wrz T | | ( )

Detuning as given by (4.15), (4.17)-(4.19) appears to be speed-independent and this is
true in the base speed region. However, for operation in the field-weakening region,

dependence on speed exists in an indirect manner, as it will be seen shortly.

On the basis of the above detuning expressions, a quantitative study of steady-state
detuning due to R, variations is performed for the 4 kW machine. The results are
shown in Figs. 4.3 and 4.4." Figure 4.3 shows operation with different load torque at the
rated speed, while Fig. 4.4 shows operation at different speeds with the rated load
torque. The torque ratio, the rotor flux ratio and the orientation angle error are shown,
all versus the ratio of actual to estimated rotor resistance (R/R,). If the value of the

R,/R,' ratio is smaller than unity, the rotor resistance is over-estimated (R, is smaller
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than R,’), while the value bigger than unity means that the rotor resistance is under-
estimated (R, is bigger than R).

From Fig. 4.3.a. it can be seen that the torque ratio significantly deviates from the
desired value for over-estimated values of R, . The actual torque is either higher or
smaller than the commanded torque, depending on whether the load is light or hea\)y,
respectively. When R, is under-estimated, the actual torque is always smaller than the
commanded torque. The torque error decreases with loading and is generally smaller
than for over-estimated R,. It should be noted that characteristics are valid for the
constant load torque, which means that the developed torque and the load torque along a
characteristic remain constant, while the commanded torque changes. The rotor flux
. ratio, depicted in Fig. 4.3.b, exhibits different behaviour when compared with the torque
ratio. If R, is over-estimated, the actual rotor flux is smaller than the commanded flux,
and vice versa. In both cases errors increase with the load, but if R, is under-estimated,
errors are relatively smaller. This is a consequence of main flux saturation and it can be
stated that main flux saturation has a damping effect on detuning. The orientation angle‘
error is illustrated in Fig. 4.3.c. When R, is over-estimated, the orientation angle error
is always negative, relatively smaller for light loads, bigger for moderate loads and again
smaller for heavy loads. In the case of R, under-estimation, the orientation angle error

is always positive, increasing with load and with the level of R, under-estimation.

Figure 4.4 presents detuning characteristics for operation with the rated load torque, for
different speeds. The studied speed region is from the rated speed to twice the rated
speed. As expected, detuning in the ﬁeld-weakening fegion differs from detuning in the
base speed region. Torque errors and rotor flux errors in the ﬁeid-weakening region
(Figs. 4.4.a and 4.4.b) are bigger than in the base speed region. Additionally, there is
some detuning even when R, is e;(actly equal to R,” , because the estimated and the
actual values of the mutual inductance differ due to lower level of main flux saturation.
This means that the actual values of L, , L, and 7, also differ from the values used in
the estimator. At twice the rated speed (200% characteristics) the commanded flux is
half of the rated and the machine operates in unsaturated region of the magnetising
curve, even when the rotor flux ratio reaches 1.5. This is the reason why torque ratio
and flux ratio detuning characteristic for 200% speed are straight lines. The orientation

angle error for operation in the ﬁeld-weakening region (Fig. 4.4.c) is gene'rally smaller
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than in the base speed region if over-estimation and under-estimation of R, is

significant, but it is bigger for small over-estimation.
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4.4.2. Steady-state detuning due to rotor leakage inductance variations

Leakage indlictances in the machine change due to saturation of the leakage flux paths,
which can occur when the current is high, i.e. when the machine develops high torque.
In such a case the actual values of leakage inductances decrease with an increase in
saturation. Another cause for uncertainties in leakage inductances is that distribution of
the total leakage inductance (calculated from the blocked-rotor test) into stator leakage
inductance and rotor leakage inductance might not be accurate since it involves some
idealisations based on empirical knowledge. In this case the value used in the controller
(LI,‘) differs from the nominal value of L, . Both above sources of L; variations are
elaborated here. The assumed approximation of L;. variations due to saturation is given

in Appendix A for the 4 kW machine, as a L, (i,) relationship.

Two analyses of detuning due to L variafions have been performed. The difference
between them is whether main flux saturation in the machine is neglected or not. In
both studies it is assumed that both estimated and actual rotor resistances are of rated
value (R, =R, =R.,), and the commanded mutual inductance is of rated value (L,,,'=L,,,,;).
Meanwhile, the commanded and the actual value of the rotor leakage inductance Ly
and L, , respectively) can assume values different than the rated one (Lj,). In the first
study, the actual value of the mutual inductance is considered constant and equal to the
rated value (Ln =Lm), i.e. main flux saturation in the machine is neglected. In the
second study, main flux saturation is included and the mutual inductance in the machine

is adapted in accordance with the magnetising curve.

Derivation of the detuning expressioris for L, variations, with main flux saturation
included, is bresented here, as such a case is more general. Detuning expressions for the
~ case when main flux saturation is neglected are easily derived from them, by setting
Ln=Lmn . As in the previous sub-section, derivation procedure is based on combining
steady-state models »of the induction machine and the CPM-based estimator. Therefore
the derivation procedure closely parallels the one from sub-section 4.4.1. The

expressions that describe detuning due to L. variations are :

S, (4.15)
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*2_1»2 . .
Y e 200 @.17)
'/Ir Lm l+wsl r ) | .

2 2 2 a2 :
Tl . = s .2 s .
T, \v, L,) 1+a, T .
L 2 : L 2
3 2 2 »
T, gz[f] I, -1, g’TLT3+T.[L."’] -1, =0, (4.22)
m ;

where g is given with (4.20).

As in the previous case, detuning expressions are independent of speed in the base speed

region while an indirect dependence exists in the ﬁeld?weakening region.

4.4.2.1. Study with main flux saturation neglected

A quantitative study of detuning due to L, variations, based on the above detuning
expressions, is performed for the 4 kW machine. Both sources of L, uncertainties are
simultaneously elaborated. The commanded value of the rotor leakage inductance €s)
is varied from 50% to 150% of the nominal leakage inductance (L;»). The actual value
of the rotor leakage inductance is varied in accordance with the assumed L, (i)
relatibnship. Detuning characteristics for closed-speed-loop operation at : the rated

speed, with different loads, are shown in Fig. 4.5.

Figure 4.5 indicates that detuning due to the L, variations is significantly smaller than
detuning due to R, variations. The reason for this is that L, represents only about 5%
of the total rotor inductance (L,). Errors in L, therefore yield quite small discrepancies
between L,” and L, (and thus 7, and 7, as well). As it can be seen in Figs. 4.5,
detuning characteristics have a linear shape. For loads up to the rated, all detuning
parameters increase with load and with the errors in the xatio L; /Lys. Detuning is quite
small, since it is assumed that leakage flux saturation does not occur at such levels of
rotor current. For loads above the rated, detuning becomes more pronounced due to
leakage flux saturation in the machine. Errors in torque and rotor flux reach 9% and
4.5%, respectively, for operation with twice the rated load. Orientation angle error is

very small, staying within + 1 degree.
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Analysis of detuning when the machine operates in the field-weakening region was also
performed. Due to omission of main flux saturation in the machine model, the results

are exactly the same as in the base speed region (Fig. 4.5) and therefore not repeated.
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4422, .Stﬁdy with main flux saturation included

The second study of steady-state detuning due to L; variations is performed with main
flux saturation included in the machine model. The results are shown‘ in Fig. 4.6, for
operation in the base speed region [Sokola et al., 1997] and in Fig. 4.7 for operation in
both base speed and field-weakening regions. Detuning characteristics for the base
speed regibn (Fig. 4.6) are very similar to the ones obtained with main flux saturation
neglected (Fig. 4.5). However, values differ.  Errors in the torque and the rotor flux are
smaller than in the previous case, reaching 6.5% and 3%, respe»ctively.’ On the other
hand, the orientation angle error is bigger than in the previous case as it ranges from -1°
to 2.5° It can be concluded that main flux saturation has a damping effect on the torque

error and the rotor flux error, while it increases the orientation angle error.
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In the field-weakening region (Figs. 4.7), detuning characteristics become different and
detuning becomes more pronounced. The actual torque and the actual flux are always
bigger than the commanded values, with deviations increasing with Lj, /Ly, ratio and
reaching about 15% and 7%, respectively. The orientation angle error is always
negative, smaller for 200% speed than for 125% and 150% speeds. The main reason for
an increase in detuning can be found in the fact that as the rotor ﬂux is decreased, higher
level of torque-producing current is necessary to produce the required torque and

leakage flux saturation in rotor occurs even at rated torque.

4.4.3. Steady-state detuning due to mutual inductance variations

Variations in the value of the mutual inductance are amongst major causes for detuned
operation of a vector-controlled drive. Detuning may occur because of three reasons.
First of all, the commanded (estimated) value of the mutual inductance (L,,,' =L, °) may
be not equal to the rated (nominal) value of the mutual inductance (Lmn). Secondly, the
actual value of L,, can change because of variations in the stator g-axis current, due to
the cross-saturation effect. Finally, the actual value of L,, changes when the machine

operates with reduced flux command in the ﬁeld—Weakemng region.

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 steady-

state detuning is described by :

: o)1 -1,)
Ap, =arctan—— = arctan 2. (4.15)
Var l+wsl T Tr
2 42 -
v, L l+a)s T,
Lo oy T . @
v, Lm l+wsl Tr )
2 2 2 2
-‘7=[ ’.] =(‘TMJ a5 (4.21)
T; v, Lm l+wsl 7; ) v
LY L) |
T;ng['L—:l') T:Z_ ;2g2TL7;2+7;‘[_L_:n_] _TL=0 , (4.22)
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where g is given with (4.20). As in previous analyses, the speed does not appear in the
detuning expressions, but detuning is dependent on speed in the field-weakening region

in an indirect manner, due to reduced flux level.

In this part of study, leakage flux saturation and temperature effects are neglected. This
means that both the actual value of the rotor leakage inductance and the value uséd in
the estimator are equal to the rated value (L, =L, =Lpn). The same stands for the rotor
resistance (R, =R, =R,,,). 'I'hes¢ assumptions are adopted in order to investigate the sole
influence of L, variations and inaccuracies. In the analysis, the value used in the
estimator (L, ) is varied from 0.8xLn, (deep saturation) to 1.4xL,, (unsaturated
region). The actual value of L, is varied in accordance with the magnetising curve of

the analysed machine.

Detuning characteristics caused by L, variations are shown in Figs. 4.8 and 4.9, for
closed-speed-loop operation in the base speed region and in a wide speed region,
respectively. In the base speed region the torque ratio (Fig. 4.8.a) and the rotor flux
ratio (Fig. 4.8.b) are basically linear functions, with errors increasing with load torque
and with deviations of Ly 7 Ly, ratio from unity. The orientation angle error (Fig. 4.8.c)
increases with the load level if deep saturation (L /Lmn < 1) is assumed in the controller.
If aless saturated value is used in the controller (Ly /Lmn> 1), the orientation angle error
increases proportionally to Ln/Lnm ratio for any given load. Dependence of the
orientation angle error on the load level is more COmplicated. The angle error is

relatively smaller for light loads and heavy loads, while it is bigger for medium (50%
and 75%) loads. |

Figure; 4.9 represents operation with rated load torque, but for various speeds. In the
field-weakening regioh (125% speed, 150% speed and 200% speed), the torque ratio
and the rotor flux ratio are considerably greater than unity when deep saturation is
assumed in the controller (Lm /Lmn < 1). The errors are almost independent of speed
when unsaturated value i§ used in the estimator (L,,,'/L,,,,, > 1). The orientation angle
errors in the field weakening region are relatively small for both low and high values of
L, /Lnn atio; however in the regions of L7/ Lun close to ﬁnity, errof in orientation

angle takes place.
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4.4.4. Steady-state detuning due to iron loss

This sub-section mostly deals with novel research. Majority of the work presented in
this sub-section has been published in several papers during the last three years [Sokola
et al., 1995; Sokola and Levi, 1996; Sokola et al., 1996; Levi et al., 1996a, 1996b,
Sokola et al., 1997].

4.4.4.1. Detuning with iron loss represented by a resistance placed in
parallel with the magnetising branch, main flux saturation
‘neglected
In this part of study, all other phenomena (thermal effects, leakage flux saturation, main
flux saturation) are neglected, in order to investigate the sole influence of iron loss. The
is-Wm-y, reduced-order model with iron loss, given in sub-section 3.3.2.2, is used as
the basis for the modelling of the induction machine. In a steady state the induction

machine model in the d'-¢" reference frame (where @, =, ) becomes :

Var = Vam +ws.lTer’qr

. , 4.11)
Vo = Vgm — Dy T Var
Lm . .
Vim = T(V/dr + Llr'dr to, T;Fewqm) :
' , (4.23)
L, o e
Yom = _L_(qu + Llr'qs -, T;Fe de)
3 1
T==P—(VaVem~VoVun) - C@179)
2 Llr
Substitution of (4.23) and (4.9) into (4.11) yields:
Aiy + B,
Var=Ln— 2
4+5 (4.24)
-Bi; + Ai
Vo=
where A=1-0joyTy,T, and B=a)T, +o.Ty, . | (4.25)

Combining the above machine model with the controller model (4.6)-(4.10), the
expressions that describe detuning due to iron loss are obtained as [Levi, 1995b; Levi et
al., 1996a] :
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] *
v -B+w, T A '
Ap, = arctan—— = arctan ———L— (4.26)
Var A+ T B
. 02 2
v, l+o, T,
=5, | 4.27)
v, A" +B , ‘
T (v} 14017
! ,.
—T‘7=(—%) =t (4.28)
. v, A°+B
4 4., .22 -3 2 2,2 .02
e 4 1 (2ememi -1 )+
772" ) +oT2 12 4.29
+ e g TL (Tr+TFe) to TFez;r_ZTFenr + ’ ( ¢ )

+ 1, (28T, 075 (Tr + T, - 7,) -1)+ 7,(1+0’7%) =0
where g is given with (4.20).

As iron loss is dependenf on the frequency, Rr. and T, are dependent on the operating
frequency as well. Hence detuning will exhibit dependence on speed not only in the

field-weakening region, but also in the base speed region.

A number of quantitative detuning studies are performed for the 4 kW induction
machine ahd some of the results are presented in Figs. 4.10 to 4.12. Figure 4.10
represents dependence of detuning on speed, with the load torque as parameter, for
operation in the base speed region. It can be seen that detuning due to iron loss is quite
small at low speeds, non-linearly increasing with the speed. Dependence of detuning on
load level is more complicated. The errors in the torque and in the rotor flux are smaller
for both light and heavy loads than for medium loads. The orientation angle error is

greatest for light loads and decreases as the load torque increases.

Figure 4.1i. depicts dependence of detuning on load, with speed as parameter. " Both
motoring (positive torque) and braking (negative torque) operation in the base speed
region are encompassed. As expected, detuning is most severe ét the rated speed.
Figure 4.11 also reveals that maximum deviations in the torque and in the rotor flux
occur when the load torque is about 60% and about 70% of the rated torque, for
motoring and braking, respectively. As the study presented in [Levi et al., 1996a] has
shown, load torque at which maximum errors in the torque and in the rotor flux occur is
an individual feature of the particular machine, while maximurﬁ error in the orientation

angle always occurs at no-load operation.
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The torque ratio and the rotor flux ratio in Fig. 4.11 are close to be odd functions with

respect to the zero torque, while the orientation angle error is close to be an even

function.

The explanation is that iron loss in motoring operation appears as an

unrecognised power that has to be covered by the inverter. In this way the commanded
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torque (power) has to be higher than the actual torque (power). In contrast to this, iron
loss is covered from the converted mechanical power during braking operation. In this

case the actual torque (power) is greater than the commanded torque (power) [Levi et
al., 1996a].

Figure 4.12 depicts detuning characteristics for motoring operation only, for a wide
speed range [Sokola et al., 1995]. Parameters for these characteristics are load torque
~ (output torque) in the base speed region and output power in the field-weakening region.
More specifically, 100% curve denotes that the load torque is of rated level until the
rated speed is reached é.nd then the output power is of rated level beyond the rated
speed. For instance, 100% curve means that at speed of say 3 p.u. the load torque is one
third of the rated torque and the output power is rated. Figure 4.12 reveals that detuning
due to iron loss in the field-weakening region is smaller than detuning at the rated speed
for medium and heavy loads. The opposite is true for light load operation. The

orientation angle error is always smaller in field-weakening than at the rated speed. |
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4.4.42. Detuning with iron loss represented by a resistance placed in
parallel with the magnetising branch, main flux saturation .
included

In this part of study, both iron loss and main flux saturation are included in the machine

model, while thermal effects and leakage flux saturation are neglected. Therefore the

is-Wm-¥, reduced-order model with both iron loss and main flux saturation, presented
in sub-section 3.4.4, is utilised as the starting point for derivation. The steady-state
model consists of (4.11), (4.23), (2.17.c), (2.46) and one of (2.45). The difference
between this model and model from 4.4.4.1 is that the actual values of the mutual

inductance, the rotor inductance and the rotor time constant are variable parameters, as ‘a

consequence of main flux saturation. Recognising these facts and following the same

procedure as in the previous sub-section, the expressions that describe detuning due to

iron loss are obtained as [Sokola and Levi, 1996] :

, Vo -B+a,T A
Agp, =arctan z =arctan—w.’-'—.'—— . (4.26)
0 Yar A+w:lTr
2 o2
Yo Ly [Itog T | (4.30)
y/: L:,, A+ :
2 2 2 2
_Q:(V’r] =[£m_) oy T (431)
T \y.) \L,) 4+8 ° B |

2
4 2,2 3 > o2 L
Te g4TLTFe7;r+Te g {2gTLmTI~%eT;3_T; Lom2)+

m

2 2 2 ) .
() v R 2L e (4.32)

L

) ,
. L
+T, [ZSTL“’TFe(TFe +T,- T;r) -=3 ]*‘ TL(1+w2Tl§e) =0

where 4 and B are defined by (4.25) while g is given with (4.20).

The above detuning expressions are dependent on speed, as a consequence of two
phenomena. The first one is that iron loss (and thus Rr) is dependent on the operating
frequency, while the second one is that the mutual inductance will change its value in

different operating conditions, particularly in the field-weakening region.
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The results of quantitative detuning study for this case are shown in Fig. 4.13 for the

base speed region and in Fig. 4.14 for a wide speed region [Sokola and Levi, 1996].
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Motoring operation of the 4 kW machine is analysed. In the base speed region, errors in
the torque and in the rotor flux increase with the speed and with the load. Maximum
errors occur roughly at the rated load. Comparison of Figs. 4.10 and 4.13 iﬁdicates that
main flux saturation has a damping effect on detuning in the base speed region, reducing
the errors in the torque and the rotor flux. The orientation angle error becomes slightly

bigger when the main flux saturation is included.

However, main flux saturation has a major detuning role in the field-weakening region.
Figure 4.14 suggest that detuning in the field-weakening region is severe, especially at
light loads. Errors in the torque and in the rotor flux reach about 58% and 26%,
respectively, while the orientation angle error exceeds 12 degrees. For each output
power curve, maximum errors in the torciue and in the rotor flux occur at speeds
between 1.3 p.u. (for 200% output power) and 2 p.u. (for 25% output power).
Maximum in the orientation angle error occur at roughly same speeds, exception being
light load operation, when the maximum error occurs at somewhat higher speed of 2.6
p.u. When detuning characteristics from Fig. 4.14 are compared with the detuning
characteristics solely due to iron loss, Fig. 4.12, it can be concluded that main flux

saturation has dominant influence in the field-weakening region.

4.4.4.3. Detuning with iron loss represented by a resistance placed after
the stator resistance, main flux saturation neglected

Iron loss can also be represented by a resistance placed immediately after the stator

resistance. Detuning expressions for R;, iron loss representation can be derived from

the corresponding i ;- m - W, reduced-order model, described in sub-section 3.3.2.3, by

adopting @, =w, . In asteady state, the rotor flux equations are :

Vir = Vim + ws.l 7;r qu

. ’ (4.11)
V-,qr = Vam — Dy L,va

while the expressions for the magnetising flux in steady states are obtaineci from (3.21)

as:

1L L 1
0= Ryigs = =7 ~Vam*@ap Vom* 7 "Var
ir m

. L'" I 1" . , 4.33)

0= Ririqs —ﬁl_’:’- Vam =Dy TLj Vim +i Yar

Combining (4.11) and (4.33), the rotor flux components are obtained as :
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. .
Ci, + Di
v, = L," ds qs

f:f D;__ . (4.34)
Coefficients C and D in (4.34) are :
C-1-0olT,T, ad D=oiT+oT, , @)
twherc the time constant Ty;, is defined as :
T, = :‘ : | | (4.36)

Combining the above steady-state model with the steady-state estimator model, given by

(4.6) - (4.10), the expressions that describe detuning due to iron loss are obtained as :

«2 o2
v 1+, T,
R e
r .

v, -D+w,T.C
A, = arctan—2- = arctan—— 2L~ (4.38)
Vi C+a,T,D
T TR T | :
e _ .V'_: =t (4.39)
T, \v, C°+D
4 4 2.2 0302 202 2 2 2 2 212 02
T T, TL T+ T, g (28T0T 1t - T2)+ T g TL((T,+TS,-,) +o T,,-,I;,—2T,,,T,,)+

, , (4.40)
+7.2¢1,07, (T, +7,-7,)-1)+ (140713 ) =0

where g is given with (4.20).

The values of the equivalent iron loss resistance R, at different operating frequencies
are re-calculated from values of Rr, shown in Fig. 4.2.c. As R, is dependent on
frequency, the above detuning expressions will be speed-dependent in any operating

region.

The quantitative study of steady-state detuning due to iron. loss when R;, representation
is utilised is performed for the 4 kW machine. The results are shown in F igs. 4.15 and
4.16, for operation in the base speed region and in a wide speed region, respectively. It
can be seen that these detuning characteristics are practically identical to the ones
obtained with R, iron loss representation (Figs'. 4.10 and 4.1‘2). It can be concluded

that the way of iron loss representation does not influence the results of detuning
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studies. This justifies lack of more detailed treatment of R, method of iron loss
representation in Chapters 3 and 5. ‘
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4.5. COMPARATIVE ANALYSIS OF STEADY-STATE DETUNING
WITH THE CPM-BASED CONTROLLER

Studies of detuning due to different phenomena were presented in the previous section.
Although these phenomena very often occur simultaneously, previous studies analysed
influence of only one or at most two phenomena at a time. In this way it is attempted to
extract the detuning effects of each phenomenon, in order to enable the following

comparative analysis.

Figure 4.17 [Sokola et al., 1997] shows an extract of results presented in the section 4.4
(Figs. 4.3 - 4.16). Eight cases altogether are displayéd. Although studies presented in
previous sections encompassed very wide ranges of ‘parameter variations, moderate
errors in parameters are chosen for these eight cases, because extreme values of
parameter variations would not enable a fair comparison. The first two cases represent
detuning due to R, variations, when the actual value is 80% of the estimated value (case
1.a) and when the actual value is 120% of the estimated value (case 1.b). The next two
cases represent detuning due to L, variations, when the actual vahie is 80% of the
estimated value (case 2.a) and when the actual value is 120% of the estimated value
(case 2.b). The fifth and the sixth case represent detuning due to Ly inaccuracies, when
the estimated value of the mutual inductance is 80% of nominal value Ly, (case 3.a) and
when the estimated value is 120% of L., (case 3.b). Finally, the last two cases represent
detuning due to iron loss, with main flux saturation neglected (case 4) and with main

flux saturation included (case 5); both with Rp. iron loss representation.

Figure 4.17 depicts results for operation at the rated speed with the load torque levels of
25% and 100% of the rated torque. The torque ratio is shown in Fig. 4.17.a., the rotor
flux ratio in Fig. 4.17.b. and the orientation angle error in Fig. 4.17.c. First of all, it can
be concluded that L, variations produce negligible detuning for these loads. As far as
the torque ratio is concerned, L,, variation at both loads and R, variation at light loads
cause significant errors. At the rated load, both L, and R, variations result in
significant errors in the rotor flux, while iron loss has smaller influence. At the light
load, the rotor flux error due. L, variations is the greatest, whilé iron loss and R,
variation have much smaller influence. As far as bthe orientation angle error is

concerned, at the rated load, R, variations are most influential, followed by L
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variations and iron loss. However, at 25% load the errors in the orientation angle are

comparable for these three phenomena.
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4.6. DETUNING IN TRANSIENT OPERATION WITH THE CPM-
BASED CONTROLLER

As controlled transition between two steady-states is one of the key features of a vector
controlled drive, it is important to analyse the influence of detuning phenomena on the
transient performance. To predict the performance of a drive in detuned transient
conditions, an investigation approach different to the one used for analyses of steady-
state detuning has to be utilised. Analyses of deturﬁng in transients are based on
simulation of the whole drive, l}sing a software package for digital simulation.
Feedback vector control system of Figs. 2.2. and 2.3. is simulated and the induction
machine is represented by an appropriate dynamic model. As current feeding is
assumed, improved dynamic reduced-order models in the d'-q° reference frame are
utilised. Current-regulated PWM inverter is assumed to be an ideal current source and
is modelled by a first-order delay element with the time constant of 200 ps. In certain
cases only torque mode of operation (speed control loop' open) is elaborated, while in
other cases the full closed-speed-loop vector control is analysed. As L, variations are
the least important source of detuning, having only a ininor inﬂuence when compared
with the other three detuning sources,( they érc omitted from analysis of trarisient

detuning.

4.6.1. Transient detuning due to rotor resistance variations

For simulation studiesvof transient detuning due to R, variations, the induction machine
is represented by the ¥, -w, reduced-order model with main flux saturation, given in
2.5.1.4. Main flux saturation is represented by the im () non-linear relationship.
Operation with accurately identified R, is analysed first, followed by simuiation of the
drive responses with wronng' identified R, . The véctor controller operates in the speed
mode. This differs from the usual approach in which detuning due to R, variations is
analysed in the torque mode of operation, where a'stepwise torqixe command is applied
and the speed response is obsgrved. As most vector-controlled drives normally operate
with closed-loop speed control, the approach used here is more realistic for majority of
~ vector-controlled induction machine drives. The simulated transients are sudden

application and removal of the rated load torque. The initial and the final steady state
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correspond to operation w1th the rated rotor flux command, 80% of the rated speed and
zero load torque. The application of the load initiates a transient which brings the
machine into the operation with the rated rotor flux command, 80% of the rated speed
and rated load torque. The removal of the load initiates the other transient, which

returns the machine into the no-load operation.

Simulation results for the 4 kW machine are shown in Fig. 4. 18 for three cases. In all
cases the estimated rotor resistance (the value used in the controller) is of rated value
(R, =R). The actual rotor résistance assumes different values. In the case a. the actual
rotor resistance is equal to the rated, in the case b. it is 20% greater than the rated and in
the case c. it is 20% smaller than the rated. As these variations in R, are not known to
the estimator, detuned operation occurs in cases b. and c. Due to actions of the PI speed
controller, speed is maintained at the commanded level of 80% of the rated and the
developed torque equals the load torque, apart of short-term spikes at the beginnings of
both transients. However, the estimated (and the commanded) torque differs from the
rated value in detuned cases. In the case b. it is bigger and in the caSe ¢. it is smaller
than the actual torque. Moreover, the response in the case c. is oscillatory, althougl‘l
well damped. Similar behaviour can be observed for the rotor flux. The flux level is in
all cases estimated to be constant and equal to the commanded flux, while the actual
flux experiences s1gmﬁcant swing in both detuned cases. Bigger swing in the rotor flux
can be noticed in the case c. , since main flux saturation dampens the flux i increase in the
case b. When transients are finished, the amount of detuning corresponds to the values

predicted by the steady-state analysis, Fig. 4.4.

Similar analysis of transient detuning is perfdrmed for the 0.75 KW machine (clata given
in the Appendix A), but for two greater errors in the rotor resistance than it was the case
for the 4 kW machine. The results are shown in Fig. 4.19. In the case a. the actual rotor
resistance is eqﬁal to the rated resistance, in the case b. it ‘is 50% greater than the rated
and in the case c. it is 34% smaller than the rated. Trends of detuning are the same as
for the 4 kW machine, but, as expected, detuning is more pronounced. In the case c.
responses are oscillatory and this is an indication that proper rotor-flux-oriented control

is lost.
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4.6.2. Transient detuning due to main flux saturation

In order to simulate the behaviour of a RFO induction machine drive in the presence of
main flux saturation, a convenient dynamic model of an induction machine is required.
The reduced-order model from sub-section 2.5.1.4., with any representation of main
flux saturation can be utilised for a simulation study. The feedback vector control
system of Figs. 2.2 and 2.3 is analysed again, for two transients during which main flux
saturation is typically pronounced. The first transient is a very fast speed reversal in the
base speed region. In such a case, very high torque is required, so that the g-axis current
is very high and the cross-saturation effect is pronounced. The second analysed
transient is acceleration into the field-weakening region, where the flux is reduced and
machine becomes less saturated than with the rated flux, affecting the actual value of the
mutual inductance. In both cases it is assumed that transients occur without load. This
study can be found in [Levi, 1994a] for the 0.75 kW machine and it is repeated here in
order to be compared later on with the drive performance when novel saturation-
adaptive estimators are employed. Additionally, the same transients are simulated for
the 4 kW machine.

Reversing transient for the 0.75 kW machine is shown in Fig. 4.20. The commanded
speed is rapidly changed in a ramp-wise manner from -40% to + 40% of the rated speed.
The rotor flux command is kept at the rated level. Change in the commanded speed
leads to extremely fast rise in the stator g-axis current, which reaches seven times the
rated g-axis current. High current in turn produces very high torque (almost seven times
rated torque), that is needed for harsh acceleration. The magnetising g-axis current
becomes significant and the machine becomes more saturated, yielding a drop in the
actual value of the mutual inductance. As this change of magnetic conditions is not
recognised by the CPM-based rotor flux estimator, decrease in the rotor flux is not
detected and the commanded d-axis stator current is unchanged. Therefore a decrease in
the rotor flux is not compensated Consequently, the developed torque is smaller than
the estimated (commanded). After the reversal is performed, the g-axis stator current is
returned to its low no-load valﬁe, the cross-saturation effect diminishes and the rotor

flux slowly returns to the commanded level.
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Simulation results for acceleration into the field-weakening region for the 0.75 kW
machine are shown in Fig. 4.21. The commanded speed is increased from 80% to 160%
of the rated speed in a relatively slow manner, so that torque of about 180% is required
for the acceleration. In this way the influence of cross-saturaﬁon is suppressed as the
intention is to analyse detuning due to the reduced flux command during operatisn
above the rated speed. When the rated speed is surpassed detuning starts to occur. As
the commanded flux is lowered, magnetic saturation becomes less pronounced the
mutual inductance increases, the rotor flux is greater than the commanded and the
developed torque is greater than estimated (commanded) torque. After the final speed is
reached, the actual value of the rotor flux deviates even more from the commanded

value.

The results of 420 and 4.21 indicate that some detuning occurs in the analysed
transients even when the mutual inductance in the CPM estimator (Lw) is correctly set
to the rated value. If L,, was incorrectly set, as analysed in sub-section 4.4.1 for steady-

state operation, the transient performance of the drive would deteriorate further.

The same transient analyses are repeated for the 4 kW machine and the results are
shown in Figs. 4.22 and 4.23. Due to much higher inertia, acceleration lasts for longer
time than for the 0.75 kW machine. During the reversing transient, Fig. 4.22, the
developed torque is almost 5 times rated and the g-axis stator current is about 5 times
rated. The cross-saturation effect is less pronounced than in the previous case. Thus the
increase in the magnetising current and the drop in the mutual inductance are smaller in
relative terms. As far as acceleration into the field-weakening region is concerned, Fig.
4.23, the rate of change in the commanded speed is such that torque level of about 190%
is required. Differences between the commanded torque and the actual torque are quite
small, but the actual rotor flux significantly deviates from the commanded value after

the final speed is reached and no acceleration is required any more.
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4.6.3. Transient detuning due to iron loss only

This is the topic that represents one of the ehtirely original contributions of this thesis.
In order to 1nvest1gate transient detuning due to iron loss, the feedback vector controller
with the CPM-based estimator is simulated along with an appropnate reduced-order
model with iron loss. Both torque mode of operation (speed loop open) and speed mode
of operation are analysed. Two models with different iron loss representation (Rr. and

R;,) are elaborated.

4.6.3.1. Torque mode of operation, Rp, iron loss representation

The machine is represented by the is-Wm-¥ redueed-order model in the d’-q" reference
frame, which is derived from the model of 3.3.2.2 by adopting @, =@, . Inthe torque'
mode of operation the speed controller in the control system of Fig. 2.2 is disabled and
the torque command is applied as the control input. No-load acceleration of the 4 kW
machine from standstill is simulated. The rotor flux in the machine is already
established by the stator d-axis current and then a torque pulse of certain amplitude and
certain duration is applied. Two situations that are simulated are the torque pulse of
100% amplitude and 0.6 seconds duration and the torque pulse of 60% amplitude and 1
second duration. The second value of 60% of the rated torque corresponds to the load
torque et which maximum iron loss induced detuning occurs in steady-state operation in
the base speed region. In perfectly tuned conditions, these two torque pulses force the
machine to accelerate up to the nominal no-load speed, which is 4% higher than the
rated speed. All the parameters of the machine are taken as equal to those in the vector

controller.

Figure 4.24 [Levi et al.,, 1995b; Sokola et al., 1996] shows responses of the angular
speed and detuning parameters for this transient. Due to fast action of the torque
controller, the estimated and the commanded torque are basically equal. Meanwhile,
due to iron loss, the actual torque has a smaller value during acceleration. Hence the |
torque error is positive and it increases with the speed, as iron loss increases with the
frequency. Due to such detuning, the final speed is slightly lower than expected. It
appears that the torque error is roughly identical for the two levels of the commanded
torque, but this is only in relative terms, as defined by (4.4). The absolute difference

between the commanded and the actual torque is greater for the 100% torque command
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than for the 60% one. The rotor flux error is similar for the two analysed cases, while
the angle error for 60% torque command is slightly bigger than for the 100% torque
command. Such behaviour is expected from the analysis of steady-state detuning,
performed in sub-section 4.4.4.1. The orientation angle error increases with the speed in

a roughly linear manner and then it settles to the no-load value after the acceleration is
finished.
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Figure 4.24 : Transient detuning due to iron loss (Rs. representation) during no-load
acceleration, torque mode of operation, 4 kW machine. .

4.6.3.2. Torque mode of operation, R; iron loss representation

The same no-load acceleration transients are simulated again, but this time with R;, iron
loss répresentation. The machine is represented by the i ;- m -y, reduced-order model
of 3.3.2.3. and the results are shown in Fig. 4.25 [Sokola et al., 1996]. The responses
are very similar to the responses obtained with Rp, iron loss representation, Fig. 4.24.

The speed responses are identical, as well as the behaviour of the orientation angle error.
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The torque error and the rotor flux error have slightly smaller values than those they had

with Rp, iron loss representation.
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4.6.3.3. Speed mode of operation, Rr. iron loss representation

When the speed controller is enabled and the speed command is\imposed as the input,
the drive operates in the speed mode. The transients simulated in this case are stepwise
application and removal of the load. Two levels of the applied load torque are analysed
- 100% of the rated load and 60% of the rated load (at which maximum detuning occurs,
as seen in steady state-characteristic from Fig. 4.11). The commanded speed and the

actual sf)eed are of the rated level, as maximum detuning due to iron loss occurs at the
rated speed. ' |
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The results are shown in Fig. 4.26 [Levi et al., 1995b]. Due to fast action of the control
system, change in the speed caused by the application or the removal of the load is
negligibly small and hence the speed resp‘onse is not shown. Figure 4.26.a. presents the
responses of the torque error while Fig. 4.26.b presents the responses of the rotor flux
error. The developed torque equals the applied load torque, but the values of the
commanded and the estimated torque are higher. As far as the rotor flux is concerned,
commanded and estimated values are rated (and thus the flux controller is inactive),
while the actual flux experiences decrease due to loading of the machine. For loading
with the rated load, the responses are oscillatory, with the torque error peak at almost
7% and the rotor flux error peak at more than 4 %. When the load is 60% of rated, the
peaks in errors are smaller, while the errors after the loading transient has settled are
greater. The orientation angle error is shown in Fig. 4.26.c. As expected, it decreases
with loading. After settling, all values of detuning quantitiés corfespohd to the steady-
state values from Fig. 4.10 to 4.12.
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The next simulated transient is acceleration into the field-weakening region. The CPM-
based feedback vector control system, operating in the speed mode is simulated. The 4
kW induction machine is represented by the i -wn -y, reduced-order model with iron

loss, while main flux saturation is neglected. The responses are shown in Fig. 4.27, for
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Figure 4.27 : Transient detuning due to iron loss (R representation) for acceleration
into the ﬁeldfweakening region, speed mode of operation, 4 kW machine.
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two ramps of the commanded speed that result in acceleration with 100% or 60% of the
rated torque. The developed torque assumes value needed to achieve such an
~ acceleration so that speed exactly follows the commanded speed. The commanded
torque has a higher value in order to cover for iron loss, that is not recognised by the
CPM-based estimator. Estimated flux follows the commanded ﬂux, but the actual flux

is smaller. Therefore errors in torque and rotor flux are positive.

4.6.3.4. Speed mode of operation, R;, iron loss representation

Simulation of the loading and unloading transients at the rated speed are répeated, but
now utilising the reduced-order model with R;, iron loss representation of sub-section
3.3.2.3. The results are shown in Fig. 4.28 [Sokola et al., 1996]. No significant changes
exist between responses of Fig. 4.28 and Fig. 426. As expected, the torque error and
the rotor flux error are slightly smaller (both peak values and values after settling) for
both loads than for Rr, iron loss representation. Responses of the orientation angle

error are almost identical to the ones from Fig. 4.26.c.
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Figure 4.28 : Transient detuning due to
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This identity of responses in transient operation again confirms the hypothesis that Rr,
and R;, representations of iron loss yield practically the same results. Therefore only
Rre representation is used further on in the study of combined detuning effects of iron

loss and main flux saturation.

4.6.4. Transient detuning due to both iron loss and main flux
saturation, Rp, iron loss representation

Transient detuning due to combined influence of iron loss and main flux saturation is
analysed. The feedback vector control system again includes the CPM-based estimator.
Induction machine is now represented by the i ,-wm-¥, reduced-order model with both
iron loss and main ﬂﬁx saturation., presented in sub-section 3’.4.4. Since the way of iron
loss representation has negligible influence on simulation results, Rr iron loss
representation, that yieids simpler model, is analysed. Three transients are elaborated -
acceleration from standstill to the rated speed in the torque mode of operation, loading
and unloading at rated speed in the speed mode of operation and acceleration into the

field weakening region. In all the cases simulations are done for two load torque levels.

4.6.4.1. Torque mode of operation

The same acceleration transients as in sub-section 4.6.3.1. are simulated, but the main
flux saturation is now included in the machine model. The responses are shown in Fig.
4.29. As predicted by steady-state analysis of detuning for such a case (Fig. 4.13), érrors
in torque and rotor flux are generally smaller than for the case without main flux
saturation and errors for 100% torque command are bigger than for the 60% torque
command. The shape of responses is also altered and errors do not rise in a linear
manner with speed. Torque error for 60% torqué command is higher at low speeds

(beginning of the acceleration transient) than at higher speeds.

4.6.4.2. Speed mode of operation

Simulation of loading and unloading at rated speed is simulated again, ‘with both iron
loss and main flux saturation incorporated in the machine model. The responses are
shown in Fig. 4.30. The shape of the responses remains quite similar to the ones
obtained with main flux saturation neglected (Fig. 4.26) but values arerdifferent. Errors

in torque and rotor flux are smaller while the orientation angle error is bigger.

OL JOHN MOQRES UNIVERSITY
LIVERPO LEARNING SERVICES
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Responses are less oscillatory, especially for 60% torque. Values obtained after loading

transient has settled are reversed - detuning at full load is now greater than at 60% load.

" This is in accordance with the steady-state characteristics of Fig. 4.13.
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Figure 4.29 : Transient detuning due to
combined influence of iron loss and
main flux saturation during no-load
acceleration, torque mode of operation,
4 kW machine.
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The final transient elaborated in conjunction with the CPM-based controllers is the

acceleration into the field-weakening region. The responses, shown in Fig. 4.31, are a

combination of responses obtained for analyses of detuning due to main flux saturation

(Fig. 4.23) and of detuning due to iron loss only (Fig. 4.28). The responses of the

commanded torque are oscillatory. The actual flux deviates from the commanded flux

during acceleration and even more after the transient is finished, while the orientation

angle error reaches almost 10 degrees.
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4.7. SUMMARY

Detailed analyses of detuning in the rotor-ﬂﬁx-oriented induction machine drives, when
the CPM-based estimator is utilised, were performed. Quantitative analyses of steady-
state deﬁirﬁng due to four different phenomena were presented. Expressions that
describe detuning were derived for each of these phenomena. It was shown that two
ways of iron loss representation, although described by different detuning expressions,
resulted in almost identical detuning characteristics. Comparative analysis revealed the

following :

e detuning due to rotor leakage inductance variations and uncertainties is much

smaller than detuning triggered by other phenomena,
e detuning due to iron loss can become significant at light loads,

e variations and uncertainties in rotor resistance and mutual inductance cause

significant detuning at medium and higher loads,

e in the field-weakening region, main flux saturation (variations in mutual inductance)

plays major detuning role.

| Several transients were simulated. It was shown that inaccurate knowledge of the rotor
resistance can seriously endanger the proper orientation. It was also shown that main
flux saturation had a major detuning role in the field-weakening region, while it is
actually damping the detuning influence of iron loss in the base speed region. The fact
that it does not matter which of the two iron loss representation is employed is

confirmed to be true in transients as well. .
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5. COMPENSATION OF DETUNING USING
IMPROVED VECTOR CONTROLLERS

5.1. INTRODUCTION

Detuning effects that occur due to main flux saturation and due to iron ldss can be
compensated by using improved vector controllers. The feedback type of improved
RFO controllers incorporate the improved rotor flux estimators of Chapter 3. This type
of compensation can be classified as an open-loop technique, since the influence of
main flux saturation and/or iron loss is compensated on the basis of the measured

signals and pre-determined non-linear functions that describe these two phenomena.

On the other hand, detuning due to temperature effects (i.e. thermally induced rotor
resistance variations) is possible to be compensated only by some additional auxiliary
circuit for R, or T, on-line identification. Since temperature effects are generally
difficult to predict, the auxiliary circuit should be of closed-loop type. This will be

elaborated in detail in chapter 6.

The two investigation approaches used in chapter 4 are used here again. Steady-state
analyses in section 5.2 are performed on the basi§ of detuning expressions, which in turn
are obtained by combining a steady-state machine model and a steady-state model of an
improved estimator. Analyses' of detuning in transient operation, presented in section

5.3, are performed by simulation of the whole improved vector-controlled drive.

5.2. DETUNING IN STEADY-STATE OPERATION USING IMPROVED
CONTROLLERS

5.2.1 Analyses of steady-state detuning using improved vector
controllers with main flux saturation

For analyses performed in this sub-section, any of the three improved estimators with
main flux saturation (using different representations) can be utilised. The Ly (¥m)
representation, with improved model from sub-section 3.2.1 and improved estimator of

Fig. 3.1, is elaborated in detail, but the results obtained are valid for the other two
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representations of main flux saturation. In any steady state, the improved estimator with

main flux saturation using L,, (W) representation becomes:

W=V, = Vom=Lalas > (5.1)
. Li, 2 R .
wsl _wsl =(0:, = e qi = R:z Te ] (5.2)
I;. v, | 3P v, -
Wim =0aT, ¥, ‘ | (5.3)
31 ., |
T: = I; =;PT;:WF qu H4 ) * (5.4)
2 2 ' ‘
V= J Win *Von . (5.5)
L=10f) - .6)

As the improved estimator compensates for main flux saturation, it requires knowledge
about non-linear function L,, (), which is obtained from no-load tests. Combining

(5.1) and (5.2) the following relationship can be obtained :

* * L
i = 0gT iy ‘ : 5.7

Since the cﬁrrent-regulated PWM inverter is assumed to bevideal, the actual and the

commanded values of the stator current components are equal :

i

gs =1

e =il - | (4.10)
Steady-state detuning due to two phehomena is elaborated in the following sub-sections.

They include rotor resistance variations and iron loss.

5.2.1.1. Steady-state detuning due to rotor resistancé variations using
improved estimator with main flux saturation

For this analysis, induction machine is represented by the Wm-¥- reduced-order steady-

state model with main flux saturation, in the d'-¢" reference frame determined by the

RFO controller, presented in the sub-section 4.4.1. by (4.11)-(4.14). Following the same

procedure as in 4.4.1, this model is now combined with the improved estimator steady-

state model (5.1)-(5.7) and the following detuning expressions are obtained :
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o \T-T
Ap, = arctan—2- = arctan——— ) , (5.8)
Var l1+o, T'T, ; ;
r Lm 1+a):12Tr¢2 .
— =T, e : 5.9
v, L,\l+ay T,
. 2 . 2 . .
2-&(&} 5_(5] 140,77 510
T R\y;) R\L) 1+0)'T} . '
RIL ‘(Y
7’ ’—’[—f’-} ,z-r,"gzm,%r:&[—r—] ~1,=0, BN CATY
R AL, R\L,
where g is still
2 R o,
g=——.’—2-=—i.’- . : (4.20)
3Py,” 1,

These detuning expressions are véry similar to the detuning expressions obtained with
the CPM-based estimator (4.15)-(4.20). The only difference is that in the CPM—based
estimator the mutual inductance and the rotor time constant were assumed to be constant
(L and T,") while in the improved estimator their values are estimated on the basis of
(5.6) and these éstimates L and Tf V) are used for estimation of rotor flux, torqlie, slip

angular speed and rotor flux position.

The results of the quantitative study of detuning due to rotor resistance variations, for
the 4 kW machine, based on the above expressions, are shown in Figs. 5.1 and 5.2.'
When they are compared with detuning characteristics obtained with the CPM-based
estimator (Figs. 4.3 and 4.4), it can be seen that inclusion of main flux saturation has ho
effect on operation in the base speed region, while it has a small influence in the field-
weakening region. Indeed, the orientation angle error in the field-weakening (Fig. 5.2;c)

is reduced if the ratio R, /R, is close to unity.

52.1.2. Steady-state detuning due to iron loss using improved estimator
with main flux saturation :

It was shown in sub-section 4.4.4.2 that main flux saturation actually reduces detuning

due to iron loss in the base speed region. At the same time, main flux saturation has a
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major detuning role in the field-weakening region (Fig. 4.14) especially at light loads.

Main flux saturation is compensated by using the improved estimator of Fig. 3.1.
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Steady-state machine model with both iron loss and main flux saturation from sub-
section 4.4.4.2 is combmed with the steady-state model of improved estimator (5. 1)

(5.7), resulting in the following detuning expressions:

-B+w,T" A
Ag, = arctan—2- = ar Do (5.12)
‘ Va A+o,T'B
v, Lm 1+(0:127:.¢2 |
| S I (5.13)
v, L,\ A" +B :

‘\2 2 LYY : . )
L_|¥ _(__"'.) Lrog T ' (5.14)
T LD B 2 2 0 ‘

T, \v, L,) A +B :
4 | 2 I
P
e TLTF¢7;r + T g 2gT wTFcT;r T: L,m
. ’ 2 :
+ TengTL((T;""TFe) +02TF2 r 2TF¢ ) s (5'15)

+T{2gTLwTFe(TF¢+T T,)- 2]+TL(1+m TF,)=0

where A and B are defined by (4.25) and g is given with (4.20).

The above detuning expressions differ from those given in sub-section 4.4.4.2 in two
details - instead of constant values for magnetising inductance and rotor time constant

(L and T,' , respectively) the estimated values (L»° and T;,°) are used.

Steady-state detuning characteristics for this case are shown in Figs. 5.3. and 5.4
[Sokola and Levi, 1996], for operation in the base speed region and in a wide speed
region, respectively. Comparison with Figs. 4.13 and 4.14 leads to the conclusion that
the improved estimator with main flux saturation greatly reduces detuning in the field
weakening region (note that scales in Fig. 5.4 differ from scales in Fig. 4.14) and
confirms that at speeds above rated the influence of main flux Satﬁration is much greater

than the influence of iron loss.
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S.2.2. Analyses of steady-state detuning using improved vector
controllers with iron loss only ‘

For these analyses, improved vector controllers that incorporate either of the two

estimators presented in sub-section 3.3.4. (full, Fig. 3.3. or simplified, Fig 3.4) can be

used, since their performance in steady-state operation is identical. Both estimators are

in steady-states described by the following equations :

Ve =, =V = Loy +0, TV (5.16)
* L;'i._g 2 R: »

Og=ay=0)=—g="—"—1T |, (5.17)

I;'Wr 3p v,

Uom=yToy, 5 (5.3)

e e 3.1 .,

L =T, =PV, Vo » N R

2 L,
where :

Te=—e 5 Ri=f(a]) . (5.18)

RFe

As the improved estimators compensate for iron loss, they require knowledge about

non-linear function Rr, (@,). Combining (5.16) and (5.17), the following relationships

can be obtained :
i;yéA‘L.; S (5.19)
. W.
j =B°—L . ) 5.20
=B (5.20)
where :
A =1-wo, T, T, and B°=o,T +o,Tf, . (5.21)

The current-regulated PWM inverter is assumed to be ideal, so that the actual and the

commanded values of the stator current components are equal :

=l ;3 iy=iy . ' . (4.10)
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5.2.2.1. Steady-state detuning due to main flux saturation using improved
estimator with iron loss

In order to derive expressions for detuning due to main flux saturation, the above

steady-state model of improved estimator with iron loss is combined with the steady-

state reduced-order model with both iron loss and main flux saturation, given in sub-

section 4.4.4.2. The resulting detuning expressions are :

AB* - A°B

Ap, =arctanﬁ=arctan——;——e— s (5.22)

Var AA" + BB

e2 €2
v, L, |A4"+B
ve L\ A4+ -23)

r m
2 2 e2 e2

_7;_:(_”& | In| A +B (5.24)
T \y, L) 4+’

where A° and B are defined by (5.21).

In the speed mode of operation, the additional detuning equation for commanded torque

is now of the fifth order :

2 2
S 462,20 L 4 4 2 2 3 L 2.2
g T;e I;r Lomz +Te I:g TLTFeTIr —_2g L.mz wT;e Tlr +

m

~T

e
m

2
Lm
.2
m

3 3 2 2 2
28 TLwTFcT;r_g

. 2
((T, +Tf,) +w2T;,’z3—2T;,7;,)]+
, (5.25)

2
2 2 2,22 L *
g TL((Tr'.'TFc) to TFeT;r —ZTFeﬂr)_gL.mz sz;e(T;e+T;' -T;r)}"

m

L

2
. L
+T, [ZgTLwTFe(TFe +T. -—7},)——L.'"2 (1+wzr;,2)]+ TL(1+w2T,3¢) =0

where g is given with (4.20).

Detuning characteristics for such a case are shown in Fig. 5.5. Utilisation of the
improved estimator with iron loss enables compensation of detuning in the base speed
region only. Because main flux saturation is not compensated, it stillbhas a major
detuning influence in the field-weakening region, in which chéracteristics are similar to

the ones from Fig. 4.14, with just slightly different values.
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Figure 5.5 : Steady-state detuning due
to main flux saturation, improved
estimator with iron loss compensation,
operation in a wide speed region, load
torque in % and output power in % as
parameters, 4 kW machine.

Rotor flux ratio

0 l 2 3 4 s
Speed (p.u)

b. rotor flux ratio

5.2.2.2. Steady-state detuning in the base speed region due to main flux
saturation using improved estimator with iron loss with constant
Rr. value '
In order to further simplify the estimator and to reduce the number of calculations
needed for real-time execution of the estimation process, it is possible to use a constant
value of the equivalent iron loss resistance instead of a look-up table describing non-
linear relationship R (@;). Results of the previous sub-section have indicated that only
detuning in the base speed region can be reduced with improved estimator with iron loss
only and the idea here is to investigaté operation with the simplest form of the improved.
estimator. The same detuning expression (5.21)-(5.24) can be used, but the values of

Rg and Tr° are now considered to be constant.

Detuning characteristics shown in Fig. 5.6 are obtained utilising improved estimator in
which iron loss is represented by a constant value of R, that corresponds to operation at
rated speed and rated flux. It can be seen that this estimator does not provide full

compensation even in the base speed region. Nevertheless, partial compensation is
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achieved, as detuning of Fig. 5.6. is smaller than detuning with the CPM-based

estimator (Fig. 4.13). This is especially'true for operation at speeds closer to the rated
speed.
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Figure 5.6 : Steady-state detuning due
to main flux saturation, improved ‘
estimator with iron loss represented by a
constant value of Rr., operation in the
base speed region, load torque in % as

0 02 04 06 08 1 - parameter, 4 kW machine.
Speed (p.u.)

b. rotor flux ratio

5.2.3. Analyses of steady-state detuning using improved vector
controllers with both iron loss and main flux saturation

This section investigates steady-state detuning obtained when improved estimators of
Figs. 3.6-3.9 are employed. The procedure for derivation of detuning expressions is the
same as the one described in 5.2.2, with a difference that estimated values of the mutual
inductance and the rotor time constant (L, and T,* ) are used instead of constant values
(L. and T,") in equations (5.16)-(5.25). Three cases are been elaborated - the case
when both equivalent iron loss resistance and mutual inductance are correctly estimated,
the case when the iron loss resistance is inaccurately estimated and the case when the

mutual inductance is inaccurately estimated.

154



CHAPTER 5 : COMPENSATION OF DETUNING...

5.2.3.1. Steady state detuning using improved estimator with both iron
loss and main flux saturation, Rr, and L,, correctly estimated
Detuning characteristics with improved estimator with both iron loss and main flux
saturation when the value of Rr. is correctly estimated are not shown. The torque ratio
and the rotor flux ratio are always equal to unity, while the orientation angle errors are

zero, showing that full compensation is achieved.’

5.2.3.2. Steady state detuning using improved estimator with both iron
loss and main flux saturation, Ry, incorrectly estimated

Accurate identification of the equivalent iron loss resistance is not an easy task and
some errors during commissioning procedure might occur. Hence the performance of
the drive for the’ case when the non-linear function Rr. (@), used in the improved
estimator, is incorrectly estimated, is investigated. Improved ‘estimator with both iron
loss and main flux saturation is analysed. Detuning characteristics when the non-linear
function Rr. (@) is estimated with errors of +20% and -20% are shown in Figs. 5.7 and
5.8, respectively. It can be seen that detuning is quite small, especially in the base speed
region. Torque errors amount to several percent, errors in the rotor flux are up to 1.5%,
while the orientation angle deviates for less than one degree. It can be concluded that
moderate uncertainties in Rp, estimation ha&e very small impact on the compensation

capabilities of the improved estimator in steady states.

52.3.3. Steady state detuning using improved estimator with both iron
loss and main flux saturation, L,, incorrectly estimated

Identification of the magnetising curve and non-linear function L, (¥) can also be
performed with some uncertainties. Detuning characteristics for the 4 kW machine
when the noﬁ-linear function L, () is estimated with errors of +20% and -20% are
shown in Figs. 5.9 and 5.10, respectively. They reveal that under-estimation of L, (Fig.
5.10) leads to increased rotor flux and more pronounced saturation, while over-
estimation of L, (Fig. 5.9) reduces the rotor flux. Under-estimation of L, results in
bigger detuning than over-estimation of L, . It can be concluded that | accurate
determination of the magnetising curve is more significant than accurate determination

of iron loss.
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5.3. DETUNING IN TRANSIENT OPERATION USING IMPROVED
VECTOR CONTROLLERS

5.3.1. Transient detuning using estimators with main flux saturation

Transient operation of the drive that utilises improved estimator with main flux
saturation will be investigated in this sub-section. The first group of simulations
incorporates analyses of transient performance of different improved estimators with
various representations of main flux saturation. For this purpose, only saturation is
mcluded in the machine model, while iron loss is neglected. The analysed transients are
_reversing in the base speed region and acceleration into ﬁeld-weakemng The second
group of simulations mvolves only improved estimator with Ly (¥m) representation, but
now both main flux saturation and iron loss are included in the machine model. The
analysed transients are acceleration within the base speed region in the tofque mode of
operation, loading and unloading at the rated speed in the speed mode of operation and

acceleration into the field-weakening region in the speed mode of operation.

5.3.1.1. Transient detuning due to main flux saturation usmg 1mproved
estimators with main flux saturation :

Smce improved estimators of Figs. 2.9, 3.1 and 3.2 are derived usmg the same model as

the startmg point, it is expected that they will behave in an identical manner. This

hypothesis is confirmed by simulations in this sub-section. The three improved

estimators are employed for simulations of reversing in the base speed region and of

acceleration into the field-weakening region.

The responses of the 0.75 kW machine are shown in Figures 5.1 1-5.12 [Levi, 1994a] for
the improved estimator with im (wm) representation and in Figures 5.13-5.14 [Levi and
Sokola, 1997] for the improved estimator with L, (¥') repreéentation. Responses to the
same transients obtained employing the improved estimator with L, () representation
are identical and therefore not repeated. Responses of Figs. 5.11-5.14 reveal that
improved estimators yield practically identical response and that detuning influence of
main flux saturation is fully eompensated, as shown in [Levi, 1994a; Levi and Sokola,
1997]. During reversing (Figs. 5.11 and 5.13), reductions in the mutual inductance and

in the rotor flux are recognised and the control system reacts by increasing the stator d-
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axis current command. During acceleration into the field-weakening region (Figs. 5.12

and 5.14), the control system significantly reduces the stator d-axis current command in
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Figure 5.12 : Transient responses
during no-load acceleration into the
field-weakening region, improved
estimator with in (Wm) representation,
0.75 kW machine.
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improved estimator With im (Ym)
representation, 0.75 kW machine.
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order to bring down the rotor flux to the commanded level. After the acceleration is

finished, the stator d-axis current command is returned to the appropriate steady-state

value.
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The same simulation studies are repeated for the 4 kW machine, with results shown in
Figs. 5.15-5.16 for the improved estimator with im (¥m) representation. Responses
exhibit the same trends as in the case with the 0.75 kW machine. Responses obtained

with the other two representations of main flux saturation are identical.
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5.3.1.2. Transient detuning due to iron loss using estimators with main
flux saturation

This sub-section presents an analysis of transient détuning due to combined influence of
main flux saturation and iron loss, when the improved estimator with main flux
saturation only is employed. Therefore the machine model includes both iron loss and
main flux saturation, while the estimator incorporates main flux saturation only. The
first simulated transient is no-load acceleration in the base speed region, with controi
system operating in the torque mode (speed control loop open). Torque commands of
100% and 60% are analysed and responses are shown in Fig. 5.17. Speed responsés are
practically identical to the ones from Fig. 4.24.a and therefore not repeated. Torque
error during the transient with 100% torque command is similar to the case of CPM-
based estimator (Fig. 4.29.a). The torque error for 60% torque command is smaller at
low speeds and greater at higher speed than the one obtained with the CPM-based

estimator. Errors in the rotor flux amplitude and in the orientation angle are reduced.

The second simulation represents sudden application and sudden removal of the load
. while the machine operates at the rated speed. The speed control loop is closed. The
responses are shown in Fig. 5.18. They are very similar to the ones obtained with the

CPM-based estimator, shown in Fig. 4.30.

The results of Figs. 5.17 and 5.18, as well as steady-state results of Fig. 5.3, suggest that
compensation of main flux saturation cannot yield a significant improvement as far as
operation in the base speed region is concerned. One of the reasons for such a
behaviour is that the commanded flux is kept at rated value and cross-saturation is not
pronounced for considered loads, so that the influence of the main flux saturation is
generally small. On the other hand, the other source of detuning (iron loss), being

ignored in these improved estimators, remains uncompensated.

Acceleration into the field-weakening region, transient equivalent to the one analysed in
sub-section 4.6.4.2. is simulated next, with speed control loop closed. The responses aré
shown in Fig. 5.19 [Sokola and Levi, 1996]. When responses are compared with the
ones obtained with the CPM-based estimator (Fig. 4.31), it can be seen that detunihg in
the field-weakening region is significantly reduced by using the improved estimator with |
main flux saturation. Errors in the torque and in the orientation angle are slightly

smaller, while deviations of rotor flux from commanded are significantly reduced.
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Additionally, responses of commanded torque are less oscillatory. It can be concluded

that utilisation of the improved estimator with main flux saturation results in much

better performance of the drive in the field-weakening region.
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5.3.2. Transient detuning using improved estimators with iron loss
only - '
Operation of the drive when imprdved estimators with compensation of iron loss only
are utilised will be analysed. Performance of the full estimator of Fig. 3.3 and the
simplified estimator of Fig. 3.4 is simulated. Both main flux saturation and iron loss are

included in the machine model. The analysed transients are acceleration in the base
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speed region in the torque mode of operation and loading and unloading at rated speed

in the speed mode of operation.

5.3.2.1. Transient detuning during acceleration in the base speed region,
torque mode of operation \
Results of the simulation study for the no-load acceleration in the base speed region
when the full improved estimator of Fig. 3.3 is employed are shown in Fig. 5.20. Again,
two torque commands of 100% and 60% are analysed. Speed responses are practically
identical to the ones from Fig. 4.25.a and therefore are not repeated. Results of Fig.
5.20 reveal that practically full compensation of detuning is achieved. Errors in torque
and rotor flux are just a fraction of percent and errors in the orientation angle are less

‘than 0.1 degree.

‘The same transient of no-load acceleration in the base speed region is simulated again,
but this time the simplified improved estimator of Fig. 3.4. is employed. The results are
shown in Fig. 5.21. It can be seen that performance is very similar to the performance

obtained with the full estimator, Fig. 5.20. This confirms the hypothesis from sub-

. . . L . er s
section 3.3.4 that the equivalent time constant -Lﬁz;pe has a negligible influence on the

r

estimator dynamics.

5.3.2.2. Transient detuning during loading and unloading at the rated
speed, speed mode of operation

Responses to loading and unloading while the machine operates at the rated speed in the

speed mode, when the full improved estimator with iron loss is employed, are shown in

Fig. 5.22. Detuning is again very small, proving that almost full compensation can be

achieved in the base speed region by employing the improved estimator with iron loss.

Responses to loading and unloading while the machine operates at the rated speed in the
speed mode, when the simplified improved estimator with iron loss is employed, are
shown in Fig. 5.23. All responses are very similar to responses obtained with the full

estimator (Fig. 5.22), again confirming the effectiveness of the simplified estimator.
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e

5.3.3. Transient detuning using improved vector controllers with b9th'
iron loss and main flux saturation e
Analysis of the drive operation using improved vector controllers with both iron loss
and main flux saturation is presented. Vector controllers that incorporate either full
estimators of Figs. 3.6 and 3.8 or simplified estimator of Figs. 3.7 and 3.9 are simulated.
Both main flux saturation and iron loss are included in the machine model. In the
previous section it was shown that inclusion of iron loss has significantly reduced
detuning in the base speed region. Therefore improved estimators with both iron loss
and main flux saturation are necessary to be employed only if the drive is to be operated
at speeds above rated. Hence the only transient analysed here is acceleration into the

field-weakening region.

Results of the simulation study for the no-load acceleration from 80% speed to 160%
speed, utilising the improved estimator of in Fig. 3.6, are shown in Fig.b 5.24. The
estimator includes both iron loss and main flux saturation (L., () representation). Two
commanded speed profiles, that correspond to torque commands of 100% and 60%, are
analysed. Speed responses are identical to the ones from Fig. 4.25.a. Errors in torque
and in orientation angle are very small, indicating(that almost perfect orientation is
achieved. Hence results of Fig. 5.24 reveal that the improved estimator with both iron
loss and main flux saturation enables vpractically full compensation of detuning. Errors
in rotor flux are negative when the rated speed is surpassed, indicating that decrease in

the actual rotor flux is delayed with reépect to change in the reference flux.

The same no-load acceleration transient is simulated in conjunction with the improved
estimator of Fig. 3.8, where i, () representation of main flux saturation is utilised.
The results are identical to the results of Fig. 5.24, again confirming that the way how

main flux is represented does not influence the performance of an estimator.

The same transient of no-load acceleration into the field-weakening region, but when the
simpliﬁedv improved estimator of Fig. 3.7 'is employed, is simulated again. The results
are shown in Fig. 525. It can be seen that performance is very similar to the
performance obtained with the full estimator, Fig. 5.24. Responses of the torque error
“and rotor flux error are identical to the ones obtained with the full estimator, whiie the

orientation angle is bigger, but still very small (note that the scales in Figs. 5.24.c and
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5.25.c differ). This again confirms the hypothesis from sub-section 3.3.4 that the
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5.4. SUMMARY

The chapter discussed coinpensation of detuning due to iron loss and/or main flux
saturation by using improved vector controllers. Novel detuning expressions that
describe steady-state detuning with improved controllers were derived for each type of

controller and consequently utilised for quantitative analyses of steady-state detuning.

Improved controllers with main flux saturation were elaborated first. It was shbwn that
they cannot compensate detuning due to rotor resistance variations, apart of reducing the
orientation angle error in the field-weakening region. On the other hand; they provide
partial reduction of detuning due to iron loss in the base speed region and significant
reduction of detuning in the field-weakening region. Improved controllers with iron loss
were studied next. They can quite successfully compensate detuning in the base speed
region, even if their simplest possible form, with a constant value of the equivalent iron
loss resistance, is employed. However, as detuning in the field-weakening stems chiefly
from main flux saturation, it cannot be compensated by improved controllers with iron
loss. Finally, improved controllers with both iron loss and main flux saturation were
studied. Steady-state analyses showed that full compensation of detuning was achieved
if both non-linear relationships Rr. (@,) and L, (m) were accurately determined.
Furthermore, steady-state operation with inaccurately determined equivalent iron loss
resistance or mutual inductance was studied. If R, was estimated with 20% error, the
remaining detuning was quite small. If, however, L, was estimated with 20% error,

detuning was not negligible.

Analyses of detuning in transients were presented nekt. They conﬁrmed that detuning
can be significantly reduced by using improved estimators with main flux saturation.
The adopted hypothesis that the choice of non-linear function that describes saturation
does not influence the performance was verified. .Trané,ient‘ simulations of improved
controllers with iron loss validated the compensation obtainable in the base speed
region. Furthermore, it was shown that simplified estimator with iron loss performs as
good as the full one. As far as utilisation of estimators with both iron loss and main flux
saturation is concerned, only acceleration into the field-weakening region was
elaborated. It was shown that both full and simplified estimators enable almost perfect

compensation of detuning.
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6. ON-LINE IDENTIFICATION OF THE ROTOR
RESISTANCE N

6.1. INTRODUCTION

Detuning that occurs due to temperature effects is difficult to predict and it is not viable
to use some pre-determined functions in order to try to compensate for it. Therefore,
methods for on-line identification of either rotor resistance or rotor time constant have
been developed. ' Methods of identification and compensation of rotor resistance
variations were reviewed in sub-section 2.4.4. and the particular one that is to be

elaborated in detail in this chaptef was explained in sub-section 2.5.3.

Performance of the R, identification scheme, based on the CPM machine model and the
MRAC theory is investigated in section 6.2. The whole vector controlled drive,
including the R, identification scheme, is simulated. The influence of iron loss and
main flux saturation on the operation of the identification scheme is analysed for
different operating conditions. Therefore both iron loss and main flux saturation are
included in the machine model throughout the chapter. It is shown that these two
phenomena spoil the accuracy of identification and that their influence varies with
operating conditions. Possible remedy for this situation is to employ novel schemes for
R, on-line identification, that include one or both these phenomena. Novel R,
identifiers, based on improved models of chapter 3, are then proposed in section 6.3.
Their performance is again evaluated by sirﬂulation. It is shown that they can improve
the identification when they are employed alongside novel vector controllers, propoSed

in chapter 3.

6.2. IDENTIFICATION SCHEME BASED ON THE CONSTANT
PARAMETER MODEL '

The CPM-based R, identification scheme, that uses reactive power method, is shown in

Figure 6.1. Being based on equations 2.89 and 2.91, the scheme is very similar to the

one shown ‘inkFig. 2.14. The difference is that R, is identified instead of T, . The scheme

is to be used in conjunction with the feedback vector control scheme.
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Figure 6.1 : The R, identification scheme, using the reactive power method.

The performance of the CPM-based R, identification scheme is analysed by means of
simulations. The CPM-based estimator, identical to the one from Fig. 2.3, has a
variable value of the rotor resistance R, (and hence T,® as well). The information on R,
is supplied from the CPM-based R, identification scheme. Both iron loss and main flux
saturation are included in the machine model. The speed control loop is closed and the
commanded speed is conétant. Three values of the actual R, are used in simulations -
~ 100%, 120% and 80%. For each of them, three levels of the load torque are considered
- 100%, 60 % and 25%. The value of R,® is set to the rated level at the beginning of the

simulation and the identification is enabled after 0.1 seconds.

Due to different levels of the commanded flux and hence different influence of main
flux saturation, results for the base speed region and for the field-weakening region are

presented separately.

6.2.1 Operation in the base speed region

Performance of the CPM-based R, identification scheme at rated speed is analysed. The
drive operation at rated speed is simulated and the simulation results for the three values

of actual R, are shown in figures 6.2 to 6.4.

Figure 6.2 presents the operation of the drive at the rated speed when the actual R, is of
rated value (R, = R,»). Figure 6.2.a shows the actual and the identified R, , while Figs.
6.2.band 6.2.c represent the rotor flux error and the orientation angle error, respectively.

In the beginning of the simulation the identification algorithm is disabled, the identified
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R, is of rated value and some detuning is present, due to main flux saturation and iron
loss. The amount of initial detuning is determined by the load and the values
correspond to those from Fig. 4.13. After the identification is enabled, the identifier
drives R,® to a smaller value so that detuning is reduced and both the rotor flux error and
the orientation angle error are slowly driven to zero. The final value of RS, as well as
the speed of convergence depend on load. At higher loads, the final value of R, is
closer to the actual R, (difference of about 4% and 6% for 100% and 60% loads,
respectively) and the identification prdcess is completéd after 1 to 1.5 seconds. At light
load the identification converges slower and takes even longer than the shown
simulation time. The final R, is identified with an error of about 15% . This confirms
the well-known fact that this type of R, identification schemes operate poorly at light

load and do not work at zero load.

Figures 6.3 and 6.4 present the operation of the drive at the rated speed when the actual
R, is 20% bigger and‘ smaller than rated, respectively. In these cases detuning is a
combination of three detuning sources: R, variations, iron loss and main flux saturation.
When R, = 1.2 R (Fig. 6.3.) and the load is light, the initial detuning is very small as
the three phenomena almost cancel each others’ influence. The increase in R, tends to
increase the ﬂux, the existence of iron loss decreases the flux, while main flux
saturation has quite small influence in the base speed region'. For higher loads, detuning
due to R, variations prevails and the total detuning increases. When enabled, the
identifier increases R," and hence reduces detuning. The final values of R, are still
smaller than the actual R,. Errors in R, estimation are about 6% and 8% for 100% and
60% loads, respectively. For light load operation, the increase in R, is very small as the
initial detuning is quite small and therefore R," is identified with error of about 18% .
Nevertheless, R, adaptation greatly reduces detuning as the errors in the rotor flux and

in the orientation angle are driven to a very small values.

Simulation results for the R, =0.8 R,, case are shown in the Fig. 6.4. The initial
detuning is bigger than in the previous case, becauSe both R, variation and iron loss tend
to reduce the flux. The rotor resistance is again identified with errors, especially at
operatlon with light load, when it amounts to 20%. This cannot be seen in Fig. 6.4, as

the identification process is slower than in the previous two cases and takes about 5

seconds with 25% load.
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It can be concluded that the CPM-based R, identifier delivers a wrong information
about R, due to unmodelled iron loss. Such wrong RS values compensate for the iron-
loss-induced détuning in the amplitude and orientation of tﬁe rotor flux and appears that
R, identifier is a good solution for elimination of detuning. HoWever, this is not true.
The identified R, is useful only in that particular operating condition. When the load
and/or speed are changed, detuning will reappear in the new steady-state operation and
the identification process has to be performed again. As the identification lasts for more
than one Second, high-performance servo-like operation of the drive, “with continuously
changing speed and torque, is impossible. r

Reappearing of detuning when the load is changed is confirmed by simulations. Figure
6.5. shows the responses of the rotor flux error and the orientation angle error after a
change in load. Two values of the actual rotor resmtance are shown : R, = I 2 R
‘(Flgs 6.5a. and 6.5.b.) and R, = 0.8 R,, (Figs. 6.5.c. and 6.5.d.). For both cases, tWo
changes in load torque are shown - the reduction in the load from 100% down to 25%

and the increase in the load from 25% to 100% load. The R, identifier is dlsabled and
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the previously identified values of R, are used. The commanded speed is constant and

equal to rated.

From Figure 6.5. it can be seen that responses are similar for the two levels of the actual

- there is only small difference in the amounts of the final detuning values. The
reduction in load torque results in a small detuning, but the reappearing of detuning after
the increase in load is not negligible. To eliminate that detuning, identification process

has to be performed again.
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Figure 6.5 : Responses to the changes in load, operatton at the rated speed, R,
identification disabled.

6.2.2. Operation in the field-weakening region

Operation in the base speed region, with the rated level of the commanded rotor flux,
means that the actual values of the machine inductances are very close to their rated
values, which are used in the CPM-based control system. When the commanded flux is

reduced in the field-weakening region, main flux saturation now plays a major detuning
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role, so that the actual values of the machine inductances differ from the rated values.

This is expected to cause problems in the operation of the R, identifier.

Simulations of the CPM-based R, identification scheme and performance analyses for -
operation in the field-weakening region are performed for several speeds. The drive
operation at 125% speed is shown in Figure 6.6 while the operation at 150% speed is
shown in Figure 6.7. |

Figure 6.6 presents the operation of the drive at 125% speed, for three cases of R, and
for two load levels. The total detuning is a combination of three detuning sources: R,
variations, iron loss and main flux saturation. The initial values of detuning for the
R, =R, case correspond to those from Fig. 4.14. After the identification is started, the
identifier drives R,° to a value that makes the reactive pbwer of the adaptive part of the
R, identifier equal to the measured reactive power. In all cases, RS is wrongly
identified. It is again under-estimated by about 5 to 10 %, depending on the operating
conditions. This error occurs due to the neglection of both iron loss and main flux
saturation ih both R, identifier and rotor flux estimator. The rotor flux is driven to a
vaiue about 8% higher than commanded, while the responses of the orientation angle
error depend on load, the final values being approximately - 2.S°, -4.5° and - 11° for
load torque levels of 100%, 60% and 25%, respectively (the case with 25% load is not
shown in Fig. 6. 6) '

Figure 6.7 presents the operation of the drive at 150% speed. Trends observed at 125%
speed are repeated and even more pronounced. The rotor resistance is under-estimated
by about 10-15%. The final value of the rotor flux is about 10% higher than
commanded, while the orientation angle error is driven to values of approximately - 3°,

-5°and - 12° for 100%, 60% and 25% loads, respectively.

It can be concluded that the CPM-based R, identifier is not able to compensate detuning
in the field-weakening region. Decreased level of main flux saturation and subsequent

increase in L,,, as well as iron loss, are responsible for this.
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6.2.3. Sensitivity of the CPM-based identifier

As discussed in chapter 2, accuracy of any R, identification scheme dépends on precise
information about some of the induction machine parameters. Influences of the mutual

inductance L,, and leakage inductances L, and L;. are analysed here.

Figures 6.8 and 6.9 present simulated responses of the CPM-based R, identifier in the
base speed region when the L,, value used in both estimator and identifier (Lm ) is 20%
smaller and 20% bigger than rated, respectively. The actual L,, is varied in accordance

with the magnetising curve of the 4 kW machine.

When L,,.‘_ is smaller than rated (Fig. 6.8), the machine becomes more saturated due to
an increased level of the commanded id,' current. This greatly affects the identification
process. The overall result is that R, identification is very accurate for 60% load, while
there are errors in other cases - R, is under-estimated at full load and greatly over-
estimated for 25% load. The convergence is slower than in the Figs. 6.1-6.3, the slowest
being the case shown in Fig. 6.8.b. Responses of the flux error and the orientation angle
error, omitted here, exhibit the following trends : in all cases, the rotor flux is dri;/en toa
value about 5-6% higher than commanded; the orientation angle error is forced to values

of about -3°, -5°, and -9°, for load levels of 100%, 60% and 25% , respectively.

When L, is bigger than rated (Fig. 6.9), the commanded iz current decreases and the
machine becomes less saturated. The identification at full load becomes reasonably
accurate, while the R,® is under-estimated at lower loads. Trends of the flux error and
the orientation angle error are diffefent than in the previous case. The final value of the
rotor flux is about 5% lower than commanded, while the final values of orientation

angle error are 1.5°,2.5°, and 5° , for load levels of 100%, 60% and 25% , respectively.

The influence of the leakage inductances on R, identification accuracy is investigated as
well and results for the rated speed are shown in Figures 6.10 and 6.11. Figure 6.10
shows responses of the CPM-based R, identifier at different loads when both L;; and L;,
values in the identifier are 20% smaller than the actual leakage inductances. Figure 6.11
presents responses when both L;; and L;, values in the identifier are 20% bigger than the
actual leakage inductances. It can be seen that behaviour of the identifier is very similar
to the cases with correctly set leakage inductances (section 69.2.1); The final values of

RS with wrong leakage inductances differ from the final values of R,° with correct
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leakage inductances (Figs. 6.2 to 6.4) by approximately 2%. The rotor flux amplitude

and orientation angle error (neither shown here) are reduced to within 2% and 2°,

respectively.
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It can be concluded that the accuracy of CPM-based R, identifier is quite dependent on

the accurate knowledge about the mutual inductance while it is reasonably robust to the

inaccuracies in the leakage inductances.
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6.2.4. Operation with the CPM-based R, identifier and saturation-
adaptive rotor flux estimator

The improved rotor flux estimator with L. (ym) representation (Fig. 3.1) is in the

following simulations used for processing the feedback signals. At this stage,

information about the estimated mutual inductance L, is not passed from the estimator

to the R, identifier, so that the CPM-based R, identifier is still used.

As main flux saturation effects are not pronounced in the base speed region, this change
in controller configuration has no effect on operation up to rated speed. On the other
hand, main flux saturation has a dominant detuning influence in the field-weakening
region. Hence the performance of this vector control scheme is investigated in the field-
weakening region only. The simulated responses during operation at 125% speed are
shown in Figure 6.12, for two levels of load torque and three values of the actual R,..
They reveal that in all the cases identification gives greatly over-estimated values of R,,
with the errors between 8 and 15%. The final values of detuning in rotor flux error and

orientation angle error are identical to the ones obtained in sub-section 6.2.2. for 125%
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speed. It can be seen that the final detuning in the for R, =R., case is even greater than
the initial detuning that existed before the identification was enabled.

The above discussion shows that a combination of CPM-based R, identifier and a
saturation-adaptive rotor flux estimator is not a viable solution for on-line R,
identification in the field-weakening region. This is due to the fact that the estimated
mutual inductance L, , obtained by the improved estimator, is used for control

purposes, but not for R, identification purposes..

6.3. IDENTIFICATION SCHEMES BASED ON THE IMPROVED
MODELS ’

Successful improvements in the process of R, identification can be achieved when the
induction machine model, on which identification scheme is based, is adapted to include

some of the neglected phenomena, such as main flux saturation and iron loss.

6.3.1. Identification scheme based on the improved model with main
flux saturation

The ‘simplest possible improvement of the already analysed CPM-based R, identifier of
Fig. 6.1. is to use the estimated values of machine mutual inductance instead of the rated
value. This information is available when a saturation-adaptive rotor flux estimator is
used to process the feedback signals. The major benefit is expected to take place in the
field-weakening region, when the saturation level is reduced due to reduced flux |
command. The operation of such vector controlled drive is simulated in both base speed
region and field-weakening region. As expecfed, the responses at the rated speed are

practically identical to the ones from Figs. 6.2-6.4 and therefore not repeated.

Improvements in drive performance in the ﬁeld-weakening‘are illustrated in Fig. 6.13;
for 125% speed. Responses are generally similar to the ones obtained at the rated speed
with the CPM-based identifier. The final values of the identified R, are wrong, about 4
to 8% smaller than the actual rotor resistance. However, this is an improvement over
the responses obtained at 125% speed with the CPM-based identifier (Figs 6.6 and
6.12), since detuning in final steady-state is practically eliminated. Both amplitude and
orientation of the rotor flux convérge towards their commanded values and the

orientation becomes almost perfect.
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6.3.2. Identification scheme based on the improved model with iron
loss

In chapter 5 it was shown that utilisation of an improved estimator with iron loss can
improve the performance of the drive in the base speed region. From those results stems
 the idea of using an improved R, identiﬁer with iron loss. The inclusion of iron loss in
the R, identifier can be performed in a number of ways. A possible procedure is to
design the identifier on the basis of the improved model of sub-section 3.3.1.2. In the
RFO reference frame, the steady-state voltage equations of the i s W m -¥ , mixed
current-flux model with iron loss (sub-section 3.3.1.2) are obtained as:

Vas = Ry - erls'qs =0 Yo

6.1

Ve =Riig v, Lyjiy + 0,94,

Substitution of (6.1) into (2.89) yields the expression for the reactive power of the
adaptive part of the improved identifier : '
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a_ 3 2 . ) ,
o= —2-(a1+ws,)(L,s(ti + z:s) + Yomlgs + l//dmld‘) . (6.2)

The improved identification scheme is constructed using (2.89) and (6.2) and the
strqcthre of the identifier is shown in Fig. 6.14. Information on ¥y and ygm is
obfained from an improved rotor flux estimator with iron loss. Either full estimator of
Fig. 3.3 or simplified one of Fig. 3.4. can be utilised, since their behaviour in a steady-

state is identical. For the following simulations, the simplified estimator is utilised.

e Iron-loss-adaptive
Vam We Rr identifier based on
. qm egs. (2.89) and (6.2)
I, — Iron-loss-adaptive | R :
e .
o e i
¢: — Motor signals

Figure 6.14 : Rotor resistance identification with inclusion of iron loss.

The responses of the drive obtained with the improved R,‘ identifier with iron loss are
shown in Figures 6.15. and 6.16, for operation at 100% speed and 125% speed,
respectively. Figure 6.15. presents only the operation with the actual R, values of 120%
and 80% , since there is no initial detuning for the case R, =R, in the base speed region.
Figure 6.15 suggests that utilisation of the iron-loss-adaptive identifier yields very
accurate identified values and, at the same time, elimination detuning in the base speed
region. However, as seen in Fig. 6.16,’the above identification system still operates
erroneously in the field weakening region. Since this improved R, identifier does not
include main flux saturation, it cannot compensate detuning in the field-weakening

region.

6.3.3. Identification scheme based on the improved model with both
main flux saturation and iron loss

An identification system with both main flux saturation and iron loss is obtained when

R, identification scheme based on equation (2.89) and (6.2) is combined with an

improved estimator with both main flux saturation and iron loss. Any of the four

estimators presented in sub-section 3.4.6 (Figs. 3.6-3.9) can be utilised. Hence the

overall structure remains identical to the one of Fig. 6.14.
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Operation of the drive in the base speed region is shown in Fig. 6.17, for two values of
the actual R, and three levels of load torque. The simplified estimator of Fig. 3.7, with
a variable value of R, (and hence T}, ) is considered. As the R,=R., case results in no
initial detuning, it is omitted from the Fig. 6.17. It can be seen that R, identification
works very well for 100% and 60% torque levels, with accurate identification of R, and
final detuning lower than 1% for the rotor flux error and less than 1° for the orientation
angle error. The convergence of the identification proéess is, as expected, quite slow for
the 25% load.

Figure 6.18 presents the responses for operation in the ﬁeld-weakening region, for 100%
and 60% load torque. There is no initial detuning in the case R, =R and therefore the
identifier remains inactive. For the other two values of the actual R, , identification is
accurate and it is performed with a satisfactory speed of convergence. The initial

detuning is fully compensated after the identification is initiated.

The above discussion suggests that full compensation of detuning can be achieved in
both base speed and field-weakening regions by utilising the combination of the R,
identification scheme based on equations (2.89) and (6.2) and an improved estimator

with both main flux saturation and iron loss.

6.4. SUMMARY

The chapter investigated the identification of the rotor resistance using ‘model reference

adaptive control” method based on the reactive power.

The performance of the CPM-based identification scheme was inyestigated first. It was
shown that R, identification at light load is performed slowly and with big errors,
indicating that identification Would not work at zero load at all. The CPM-based
identifier exhibited poor performance in certain cases, due to néglection of main flux
saturation and/or iron loss. It was able to compensate detuning due to iron loss in the
base speed region, although at the expense of the R, identification accuracy. The
identified values of R, were 5% to 20% smaller than the actual onés, depending on the
load. Although the 1mt1al detuning was compensated, these wrong values of R, 1mposed
the problem that detuning reappeared in the new steady-state operation, when the load
was changed. It was concluded that iron loss was the main contributor to the erroneous

R, identification in the base speed region. On the other hand, main flux saturation had a
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dominant detuning influence in the field-weakening region. It was shown that not only
R, was wrongly identified, but the errors in R, were greater than in the base speed
region, amounting to about 10% and 15% for 125% and 150% speed, respectively.
Furthermore, the final detuning still existed. The final values of the rotor flux error
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Figure 6.17 : Identificatioh' of R, at the F igicre 6.18 : Identification of R, in the

rated speed, both main flux saturation field-weakening region, 123% speed,
and iron loss included in both rotor flux both main flux saturation and iron loss
estimator and R, identifier, 4 kW included in both rotor flux estimator and
machine. R, identifier, 4 kW machine.
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depend on speed only, while the final values of the orientation angle error depend on

both speed and load torque.

Sensitivity of the CPM-based R, identification scheme to inaccurate knowledge about
machine inductances was elaborated next. It was confirmed that both the accuracy of
the identifier and the speéd of convergence are dependent on the accurate knowledge
about the mutual inductance. Moderate changes in leakage inductances did not have a
51gmﬁcant effect on the performance of the CPM-based R, identifier. ’

Analyses of dnve operation when the CPM-based R, identifier was used in conjunction
with a saturation-adaptive estimator suggested that this is not a good solution in the field
weakening. It was shown that in certain cases the final detuning was even greater than

the initial detuning, suggesting that the drive operates better with no identifier at all, ,

Two improved R, identifiers were proposed. The first one has the structure identical to
CPM-based R, identifier, but it incorporates main flux saturation. It is intended to be
used in conjunction with a saturation-adaptive rotor flux estimator, from which it
obtains information on the estimated mutual inductance. The simulation analysis
revealed that this improved R, identifier was fully capable of eliminating detuning in the

steady-state operation, but the problem of wrongly identified R, still remained.

The second improved R, identifier includes iron loss. The iron loss can be included in
the identifier in several different ways. As the improved identifier should be used
together with an imprbved rotor flux estimator that includes iron loss, the desigri which
results in a simple improved R, 1dent1ﬁer was proposed. The improved identifier
acquires information on magnetising flux components from an 1mproved estlmator At
the same time it provides the information on identified R, to the estimator. The
improved R, identifier vperformed véi'y well in the base speed region for medium loads
and full load. |

Finally, the second improved R, idéntiﬁer was combined with an improved rotor flux
estimator that includes both main flux saturation and iron loss. Again, the information
on magnetising ﬂux‘cbmpon.ents is prdvided from an improved estimator. Simulation
analysis showed that this combination provided full compenéation of detuning in both

base speed region and field-weakening region.
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7. EXPERIMENTAL INVESTIGATION

7.1. INTRODUCTION

This chapter presents an extract of the experiments conducted within the research
project. The vector-controlled drive and the measuring equipment aré described in
section 7.2, while section 7.3. deals with idéntiﬁcat‘i’on of the machine pérameters from
standard tests. A novel rriethod for identification of the inverse Vmagvnetising curve, that
 utilises both PWM inverter and the vector-controlled drive that are later used for normal
operation, is‘ proposed and verified in section 7.4. Section 7.5. presents the experiments
concerned with determination of the slin gain. Finally, experiménts concerned with
detuning in the RFO drive due to parameter variation are described and results presented
in sections 7.6 for steady-state operation and in section 7.7 for transient operation.

Section 7.8. summarises the chapter.

.7.2. DESCRIPTION OF THE DRIVE AND OF THE MEASURING
EQUIPMENT | ~

7.2.1. The vector-controlled drive

The eXperiments are conducted using the drive produced by the Vickers company. The
‘three-phase 50 Hz four-pole induction motor of 2.3 kW rating is supplied by the DBS 04
type controller that incorporates 8/22 inverter (8 A rms is the nominal current, while 22
A is the peak current of the inverter). The control circuitry is based around 8051
microcontroller and TMS30C14 digital signal processor. While the speed control and
field lorientation are digital, the current control loop is analoglie, resulting in the hybrid

realisation.

The induction motor incorporates a resolver as a position sensor. An interesting feature
of the motor is that it does not have a cooling fan. 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 braking is suppressed by an internal braking resistor.
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Certain drive parameters can be set and changed digitally, either via special Vickers
keyboard or via 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 of £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 nthe 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 Although
several papers suggested that there are certain laws that enable achieving higher
torque/ampere ratio, [Kim and Sul, 1997; Seibel et al., 1997; Biinte et al., 1996], 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] :

V= | . | (1.1)
Operation with reduced rotor flux leads to an increase in the magnetiéing inductance in
the machine. If sfator d-axis current command is to be correctly set, it is nécessary to
compensate for the variation of main flux saturation in the machine, by including the
inverse of the magnetising curve in the control system. As shown in [Levi et al., 1990],
an indirect feed-forward rotor flux oriented controller with partial compensation of main
ﬂﬁx saturation can be described with the following equations :

.

. dW
V=¥, +T, dt’
PRI (7.2)
. 7;r v,
b=l (W) +—
ds m\¥'m L[, a&
R4 .
i
a):, = Kl-q—s. K, =—73-= const.
. 1T 3 L
g = K, =—=P—"= const.
. KZ 43 2 'm

. Indirect vector controller described with the above relationships neglects cross-

saturation (i.e., impact of variation of g-axis magnetising current on the value of the
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magnetising inductance) and variation in the ratio of magnetising inductance to rotor
inductance in (7.3), [Levi et al., 1990]. If rotor speed is a;sumed to vary much slower
than the electromagnetic transients, then rate of change of rotor flux reference in (7.2) is
slow. Itis therefore possible to neglect the rate of change of rotor flux reference, so that

egs. (7.2) reduce to :
V= V;  =iv) . 19

The rated value of the rotor flux is in general not kﬁown. However, rated magnetising
current can be estimated from the rated stator current énd the rated;power factor. It
should be noted that the magnetising curve identification method, that is to be described
in the Section 7.3, does not depend on accuracy with which rated magnetising current is
determined. If the rated magnetising current is taken as an independent input into the
system, it is possible to introduce normalised rotor flux value and normalised inverse
magnetising curve. Indirect feed-forward rotor flux oriented controller then takes the
form shown in Fig. 7.1. Thé output of the PI speed controller in Fig. 7.1. is the stator q-
axis current comrhand. | This is slightly different than the law giveh by (7.3), and the
explanation is that the division by both constant K; and the bommanded rotor flux value
are taken care of by the speed controller and its internal scaling systeni. Stator d-axis
. current command is generated as the product of the rated value and a per unit vélue,
which is obtained at the output of the inverse magnetising curve as function of the per
unit rotor flux command (which is function of speed). All the per unit values in Fig. 7.1
are identified with the index p.u.. Slip gain (SG) is a constant parafnetef, given'fror'n
(7.3) with : N |

SG=—"— . . o 7.5
v (7.5)

Parameters that can be changed by the user a\lre gains of the PI controller (called KP and
KI), cut-off frequency of the speed error filter (DF), rated statér d-axis cufrexit (ID), base
speed at which ﬁeld-weakening‘stérts (MN), two parameters of the magnetising curve
(FB and FS) and the slip gain Ky (SG). Such a variety of user-adjustable parameters
enables pairing of an inverter to any motor that has rated power up to the inverter
capability. Additionaily, this enébles great versatility of the drive and results in a vefy
good performance in various applications, pending appropriate setting of these

parameters.

192



CHAPTER 7 : EXPERIMENTAL INVESTIGATION

P+ I speed controller . i

'] *

Dper * with anti-wind-up Los N RNy
and filters . t « o current
"o (XP, KI, DF) ies |2 > controller

ield- - :
. . o
weakening . inverse magn. curve r i:

@ Y Vou | @B,Fs) /| 1dpu
(measured) W
’ ‘ MN { N

Id rated . ><

i
Yo K 135 I i
]

(0]

Figure 7.1: The indirect RFO scheme imple}nerited in the Vickers drive.

7.2.2. Measuring equipment

For experiments utilising the sinusoidal supply, three Tektronix CDM250 digital
multimeters are used as Am-meters, while two Metrix MX545 digital multimeters are
used as Volt-meters. Additionally, two Feedback EW604 electronic Watt-meters are
utilised for measurements of input active power. A stroboscope is employed for

checking that slip is negligible during no-load test.

When the motor is operated as the vector-controlled drive, the motor phase current is
recorded using the Tektronix AM6203 Hall-effect probe and Tektronix AMSO03
arnpliﬁér. This system can accurately record currents of up to 25 A with frequencies
ﬁom 0 Hz to 20 MHz. The amplifier is designed to be connected to an oscilloscope to
which it provides analogue signal of up to £50 mV. The Hewlett-Packard HP35665A

dynamic signal analyser is used for recording the current waveforms and/or spectra.

For recording the PWM voltages, a potential divider is used in conjunction with
oscilloscope probes with attenuation of 10. Additionally, a low-pass filter has been
desxgned in order to reduce the hlgh-frequency components smce only the fundamental
harmonic of the voltage will be of interest in the tests that are to be described. Line
voltage is recorded by connecting two osc1lloscope probes to two attenuated and filtered
phase voltage signals. Using such an arrangement the influence of the EMC noise is

suppressed. The two signals are recorded by the HP35665A analyser and consequently
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processed, in order to obtain the voltage spectra and information on fundamental voltage
harmonic.

Information on the speed is obtained from the controller as an analogue +10 V signal,
with resolution of 800 rpm/V. The signal is also recorded using HP35665A analyser.

7.2.3. Load characteristics

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, as shown in Fig. 7.2. The field cuné;lt of the DC machine is adjusted
in such a way that 100%, 70%, éO% and 20% of the rated torque is obtained at 1500
rpm (1 p.u) with the switch on the resistor bank positioned to 10, 7, 5 and 2,
respectively. The power and torque profiles of the Fig. 7.2 are obtained using the
assumption that efficiency of the DC machine is 0.87 throughout the considered speed

range.
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Figure 7.2 : Variations of output power and output torque with speed for several
positions of the resistor bank switch.

7.3. IDENTIFICATION OF THE MACHINE PARAMETERS BY
STANDARD TESTS

The standard set of identification expérimgnts was perfomvled, The DC test for

identification of the stator resistance included the power cable and the identified per-
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phase value was 0.7 Q . The blocked-rotor test with reduced voltage was performed
next. The current and input power recorded during blocked rotor test perfohned with 50

Hz sinusoidal supply are shown in Figure 7.3.
{
Consequent processing of these data has resulted in the following values :
R,=0926Q ; L+ L,=7.723mH.

As the next step, two series of no-load tests with sine-wave 50 Hz supply were
performed. The voltage was changed by an autotransformer. Variations of no-load

current and input power with no-load line-to-line voltage are shown in Fig. 7.4.
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Figure 7.3 : Current and input power during locked rotor test of the 2.3 kW motor.

} ) X 350
101 x o
X 300 X
;. S :
< 8y 5 250
z N 3 %
E 6 ol 2200 S
3 X H %
oy X 2 x
) S 100 >
Zz x 'S ®
21 x %
x X Z 50 =x X
x < X
0 ' ' + ' ' + . 0+—x= ' ' + + +
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Line-to-line voltage (V) ‘ ) Line-to-line voltage (V)
a. current in no-load experiments b. input power in no-load experiments

Figure 7.4 :  Results of no-load experiments with sinusoidal supply - 2.3 kW motor.

The recorded data are processed and the resulting inverse magnetising curve is shown in
Figure 7.5. Figure 7.5.a shows the whole inverse magnetising curve while Fig. 7.5.b

shows only the operating region that is later used for vector-controlled operation.
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Figure 7.5 : The inverse magnetising curve obtained from no-load experiments with
sinusoidal supply - 2.3 kW motor.

From the results of the no-load tests, the mechanical losses of the motor are estimated
by the extrapolation method. They are found to be about 12 W at 1500 rpm, which is
negligible 0.5% of the motor’s rated power. The reason for so untypical value is the

absence of the cooling fan. Rated iron loss is estimated to be 60 W.

7.4. NOVEL METHOD FOR MAGNETISING CURVE
IDENTIFICATION

7.4.1. Overview of the existing methods

Numerous applications of rotor flux oriented induction machines require operation in
wide field weakening region [Kim and Sul, 1997]. As the available voltage is limited in
this region, it is necessary to reduce the rotor flux reference as the speed increases. The
issue of optimal rotor flux reference variation in the field weakening region has been
extensively investigated in recent times [Kim and Sul, 1997; Seibel et al., 1997;
Grotstollen and Wiesing, 1995; Biinte et al., 1996]. The oldest‘ and the simplest method
is to vary rotor flux reference above base speed in an open-loop manner, in inverse
proportion to the speed of rotation [Joetten et al., 1983]. Such a variation was found to
be far from optimal [Kim and Sul, 1997, Seibel et al., 1997; Biinte et al., 1996] and a
number of control schemes have been proposed for improving the operation of induction
machine drives at high épe;eds. Their good feature is that, as stator d-axis currént
reference is obtained by means of a voltage controller, information on the magnetising

inductance is not required. Control is therefore insensitive to variation of the
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magnetising inductance, caused by variation in flux setting. Improved operation in the
field-weakening region is however achieved at the expense of substantially increased
complexity of the control scheme, in which some form of a voltage controller is

required.

From the point of view of a drive manufacturer, control system shduld be as simple as
possible [Vickers, 1996]. The standard solution in drives available on the market is to
provide operation in the field-weakening region without additional voltage controllers.
The rotor flux reference is changed in inverse proportion to the speed, by the law given
with (7.1). Such an approach, although not optimal, continues to treat the machine as
current-fed even in the field-weakening region. Simple structure of the control systems
is therefore retained in the whole speed range. The drawback of this approach is that
variation of the actual magnetising inductance significantly affects operation of the
drive. It is therefore necessary to compensate for this variation, by either embeddmg the
magnetising curve in the control system [Levi et al., 1990; Wieser, 1997] or by
providing on-line identification of the magnetising inductance [Choi et al., 1997]. The
former method is actually an open-loop (feed-forward) compensation of magnetic
saturation, achiéved by a suitably modified control system. This approach requires
knbwledge of the magnetising curve, which has to be identified off-line, during‘

comm1sswmng of the dnve

Several 1dent1ﬁcat10n methods that utilise special supply and specxal measurement
equipment have been proposed. The method proposed in [Boldea and 'Nasar, 1987b]
identifies the stator inductance but requires infegration of the current. A simple method
for 1dent1ﬁcat10n of the magnetlsmg inductance, proposed by [Stankov1c et al., 1997],
utilises a switched DC exc1tat10n and, in conjunction with standard no-load tests,
enables accurate determination of the stator leakage inductance. Drawbacks of these
methods are that voltage intégration is vrequired_ and the neutral of the machi;le has to be

accessible.

Identification of the magnetising curve, using vector control system and PWM inverter,
has been extensively investigated as well. An ideal method should enable identification
at standstill with single-phase AC or DC supply, should require measurement of
currents only, should be simple to implement and should be accurate; Unfortunately,

such a method is not available at present.
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If identification is performed on the basis of only current measurements at standstill, it is
in general necessary to apply statistical methods in data processing, such as recursive
least squares [Ruff and Grotstollen, 1994, 1996]. Accuracy of the methoel significantly
deteriorates below certain megnetising current value, therefore this approach is neither

simple nor accurate enough.

If measurement of stator \‘/oltages is allowed, it is possible to avoid use of statistical
methods. The use of reference voltages instead of measured volteges, [Rasmussen et al.,
1996], is in general unsatisfactory due to inverter non-linearity which is very
pronounced at low voltage levels. - Therefore identification is performed from measured
data. - Methods of this group [Klaes, 1991; Kwon et al., 1994], that are purely
experimental in nature, are good enough for commissioning but are not applicable for

self-commissioning as drives are usué.lly not equipped with voltage sensors.

A rather different approach is descnbed in [Lev1 1992] Although identification is
performed at standstill, all the three-phases of the machine are energised and standstill
condition is achieved by means of closed loop speed control. Only current measurement
is needed, but the method reQuifes that the vector controlled induction motor is coupled
mechamcally to a controllable load It is therefore not suitable for either self-

commissioning or commissioning of the drive.

This section describes a simple and accurate experimental method for the magnetising
curve identification in rotor flux oriented induction machines. The method is developed
for indirect feed-forward control scheme and is applicable when inverse magnetising
curve is included in the controller as a suitably chosen analytical function with unknown
coefficients. Identification is performed on the basis of measurement of stator voltage
fundamentai component in steady-state (this is the only required measurement) under
no-load conditions at various operating speeds in the field weakening region. As the
machine rotates and as voltage measgrement is required, the method is not suitable for
self-commissioning. However, its simplicity and accuracy make it a good choice for
commissioning, provided that the machine is not coupled to the load and that the voltage

measuring equipment is available on-site.

Implementation of the method requires that rated magnetising current of the machine is
known and that stator leakage inductance has already been identified. Rated

magnetising current of the machine can be estimated from nameplate data (rated stator
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current and power factor), while stator leakage inductance can be obtained from
numerous already available procedures 4for induction motor parameter identification
during commissioning stage. If an accurate value is not available, an estimate is
sufficient - as will be shown later, sensitivity of the method to inaccurate value of stator

leakage inductance is small.

7.4.2. Approximation of the inverse magnetising curve

Implementation of the scheme of Fig. 7.1 requires analytical representation of the
inverse magnetising curve. In the drive dealt with here the curve is given in terms of per

unit values, so it is represented with a simple two-parameter function [Vickers, 1996] :

: b
Im(pu) = GYm(pu) +(1-a) Ym(pu) * | (7.6)

The connection between coefficients a and b and the user-adjustable parameters FS and
FB of the drive are : FS=b , while FB = (1-a)x255 [Vickers, 1996]. Coefficients a and
b (i.e. FB and FS) are unknown and will be determined by the process of the inverse
magnetising curve identification. It should be noted that the region of interest is only |
from the rated flux value downwards. 'Figures 7.6 and 7.7. illustrate the approximation
given with (7.7). Figure 7.6. results from varying the coefficient b while the coefficient
a is fixed, while figure 7.7. results‘from varying the coefficient a while the coefficient b

is fixed. As can be seen from Fig. 7.7, influence of the coefficient b on the inverse |
magnetising curve approximation is very small for flux values from zero up to 1 p.u..
Higher the value of the coefficient a is (i.e. less saturated a machine is), lower the

influence of coefficient b is.

Therefore, identification process can be reduced to determination of the coefficient a
only, by fixing the coefficient b in advance (adopted here as 5=7). Such a simplification
can be advantageous for on-site commissioning. However, it should be pointed out that
this simplification is only a further possibility and that the developed identification
method does not rely on this simplification. As that reduction of the problem to the
identification of the coefficient a is not mandatory, it is possible to perform fitting of
both coefficient @ and b from experimentally obtained data. The only constraint in such

case is that coefficient b should be integer.
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7.4.3. Theoretical background of the novel procedure

In steady-state no-load conditions (iq; =0, wy =0), the model of 2.2.5. (iron losses

neglected) reduces to :

L ]
Vi = Ry

7.7
v, =0,Liy . (7.8)

The amplitude of the no-load voltage is :
v= Jvi V2 = i;JR,Z +@,L) . (7.9)

As R, is much smaller than the product @, L, (provided that e, is sufficiently large) the

stator resistance can be neglected, yielding :
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vav,=oLiy . : | \ - (7.10)

In order to confirm the validity of this approximation, calculations of no-load voltage
for both 50 Hz and 20 Hz operation of the three induction machines have been
performed and the results are shown in the Table 7.1. The flux and the magnetising
current are of rated value and the errors that result using approximate expression (7.10)
are negligibly small. At lower speed the errors increase but are still quite small, at least
for the 2.3 kW and 4 kW motors. On the other hahd, there is the benefit of smaller
mechaniéal band iron losses at lower speeds [Levi et al., 1996a,b], that are neglected in
the consideration. This loss reduction actually balances the smaller accuracy due to
neglection of the stator resistance. Therefore it is recommended to perform experiments

at lower frequencies, i.e. to start field-weakening at a lower speed than rated.

Table 7.1:
no-load operation at 50 Hz no-load operation at 20 Hz
param. R Ls Vexact Vapprox error Vexact Vapprox error '
Machin (7.6) (7.7 (7.6) (71.7)

23kW 0.64Q [0.08H }104.30 V| 104.34 V| 0.036%] 41.82V | 41.736 V| 0.2%

4 kW 1.37Q | 0.146 H] 218.72 V| 218.82 V| 0.05% | 87.813 V| 87.569 V} 0.278 %

0.75 kW 10Q |046H | 215.1V|214.59V 0.239%| 87.111 V| 85.836 V| 1.486 %

As the next step, the change of voltage in the field-weakening region is considered.
When the machine operates in the field weakening region, with rotor flux reference
value determined with the traditional law (7.1), stator d-axis current reference is :
0 = Ym 25 v _ (7.11)
[ o .

where wp is the base speed at which field weakening is initiated. The commanded
magnetising inductance L., is a variable parameter, whose value for each spéed setﬁng '
depends on the actual val'ue's of coefficients @ and b of the inverse magnetising curve
approximation (7.6) that is implemented in the controller. On the other ‘hand, value of
the slip gain parameter (SG) is irrelevant in no-load operation, as stator g-axis current

command is zero. Existence of mechanical and fundamental harmonic iron losses is
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neglected, and rotor electrical speed of rotation @ is regarded as equal to the stator

fundamental angular frequency a.

Combining (7.10) and (7.11), the ﬁmdamental stator voltage can be given with :
L.+L ‘
vey, o —'L"—'"— . (7.12)

Taking the product of rated rotor flux and base speed as 1 p.u'.,’ équation (7.12) can be

re-written as :
vV, =" +% . . : 7.13
T , (7.13)

If the inverse magnetising curve approximation in the controller exactly matches the
actual magnetising curve, then at all speeds L, = L:,,. Variation of voltage in (7.12) and
(7.13) with increase in speed then occurs only due to variation in term L,/ L:,,, as
magnetising inductance in the controller changes from rated towards unsaturated value.

This variation is negligibly small for most machines - it only becomes important for

very small machines, with relatively high leakage inductance.

If, however, the inverse magnetising curve approximation in the controller is incorrect,

variation in voltage (7.12) can be substantial, as it will be shown in the next section.

7.4.4. Measurement of the currents and voltages

When the ﬁxachine is supplied from a PWM inverter, problems associated with current
and voltage measurements arise. They stem from the existence of the higher harmonics
in both current and, especially, voltage waveforms. As only fundamental harmonic of
the voltage is of the interest here, there are two possible approaches to extract this
information from the PWM voltage: utilisation of a good (like 4% or 6™ order
Butterworth) low-pass filter [Healéy, 1995] or utilisation of a spectrum analyser with
some simple low-pass filtering. The second approach, using a voltage divider and a
simple first-order passive filter, is utilised here. Figure 7.8 shows the waveforms of
unfiltered and filtered voltages. It can be seen that just a simple first-order filter
significantly reduces the PWM harmonics.
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Figure 7.8 :  Voltage waveforms during PWM no-load operation at 2100 rpm.

As mentioned earlier, the waveforms of the current are recorded using Tektronix current

probe and HP35665A dynamic signal analyser. The current waveform for operation at

2100 rpm (70 Hz) is shown in Fig. 7.9.a.

For both current and voltage waveforms, the HP signal analyser is able to process the

recorded data and produce a spectra. The spectra of the current are shown in Fig. 7.9.
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The wider fréquency range (Fig. 7.9.b) reveals pronounced high-order harmonics around
1‘0 kHz, which is the inverter switching frequency. From the narrow fange spectfa (F 1g
7.9.c) it is possible to extract the information on the frequency and amplitude of the
fundamental cdmponént for a given speed and ‘use those inforrhation fof the

identification procedure.

The procedure for conducting the experiments is as follows. At first, it is necessary to
set parameters a and b (i.e. FB and FS) and base speed (MN) and then run the machine
at certain speed, without any load. At the moment the choice for these values is
irrelevant, as long as they are in some reasonable ranges. Next, line-to-line voltage and
phase current are measured in steady-state no-load operation and information on
fundamental harmonics of these two is noted. Measurement of the current is not
‘necessary, as it will be shown later. After this, the running speed is changed to obtain
another operating point and the new values of current and voltage are noted. The

process is repeated until the whole speed region of interest is covered.

The results of the no-load experiments with coefficient settings =0.9 , 5=7 and the base
speed 1500 rpm are given in Fig. 7.10. It shows variation of the no-load current and the
‘no-load voltage fuhdamental harmonics versus speed. It can be seen that there is an
increase in the no-load current towards the end of the base speed region and then
significant reduction after the field-weakening is entered. Meanwhile, the voltage rises
with the frequency in the base speed region and is relatively constant in the field-

weakening region.
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Figure 7.10 : No-load experiments with im;erter supply, 1500 rpm base speed.
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The increase in the no-load current is caused by increases in both mechanical and iron
losses as the frequency rises. Therefore the no-load experiments are repeated but with
the field-weakening starting at lower speeds. As fundamental iron loss is of the highest
value at rated frequency [Levi et al., 1996a], and as mechanical loss increases with
speed, base speed is taken lower than 1500 rpm in an éttempt to reduce effects of the
neglected losses on accuracy of the subsequent magnetising curve identification. There
is another benefit of starting the field-weakening at lower speeds - lower flux values (i.e.
deeper field-weakening) can be achieved with reasonable speeds. No-load current for
base speed of 1150 rpm is shown in Fig. 7.11.a, for two settings of the coefficient a.
The increase of the no-load current in the base speed region is now much smaller and
the measured current closely corresponds to the commanded d-axis current, also
includes in the Fig. 7.11.a. This confirms the fact that measurement of the stator current

is not necessary - the stator d-axis current command can be used instead.

Figure 7.11.b depicts measured fundamental component of the stator line-to-line voltage
for two incorrect settings of the coefficient a , with coefficient b set to 7. This figure
confirms that variation in voltage (7.12) can be substantial when the inverse
magnetising curve approximation in the controller is incorrect. If main flux saturation is
neglected in the controller (a=1), stator voltage increases in the field weakening region,
so that voltage margin available for current control reduces. On the other hand, if
saturation is over-compensated (@=0.7), voltage in the field weakening decreases. In
such a case the stator d-axis current is reduced too much (Fig. 7.11.a), leading to an

unnecessary decrease in the motor’s transient torque capability.
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Figure 7.11: No-load current and voltage for two incorrect values of coefficient a ,

1150 rpm base speed.
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7.4.5. Determination of the magnetising curve

Equations (7.10) and (7.11) can be used for calculation of the magnetising inductance as
function of the magnetising current (i.e., stator d-axis current reference). If the
influence of the stator resistance is neglected, the magnetising inductance can be

obtained as :

Ly=Ya-1, . | - (7.14)
(0N FA '
It is therefore necessary to measure only the fundamental component of the stator
voltage. Speedvof rotation equals commanded speed and stator d-axis current reference
is used instead of the measured stator no-load current; Knowledge of the stator leakage
inductance is required. As mentioned previously, it was determined using standard

locked rotor test with sinusoidal supply and the value of L;=3.86 mH was obtained. -

Figure 7.12 illustrates set of measurement results. Field weakening is initiated at 1150
rpm. Fundamental components of the stator current and the stator voltage are measured
for different speeds. Measurements are repeated for several values of the coefficient a
in the control system. The same experiments are repeated for the base speed of 650

rpm, and the results are given in Fig. 7.13.

For each set of points, that corresponds to one value of the coefficient @, magnetising
inductance is calculated using (7.14) at all speed settings. As the no-load current was
measured anyway, measured values rather than commanded values of the d-axis stator

current are used. Every setting of the coefficient a and every speed correlate to a speci-
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Figure 7.12 : No-load currents and voltages for different settings of coefficient a,
1150 rpm base speed.
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Figure 7.13 : No-load currents and voltages for different settings .of coefficient a,
650 rpm base speed.

fic point on the inverse magnetising cu1;ve. Aggregation of different points produces the
identified inverse magnetising curve of the machine, shown in Fig. 7.14. Figure 7.14.a
represents the data obtained for the base speed of 1150 rpm (Fig. 7.12), while Fig.
7.14.b shows the inverse magnetising cufve obtained for the base speed of 650 rpm (Fig.

7.13). In the Figure 7.14.b., the points identified by the standard procedure using |
sinusoidal 50 Hz voltage are shown as well. Agreement between the identified curves

using two different procedures is very good.

Figure 7.14 shows that, regardless of the setting of either parameter a or base speed in
the indirect vector controller, identified points will always belong to the same curve.
This fact proves the accuracy of the procedure and indicates that it is sufficient to
execute the described no-load test in the ﬁeld weakening region with a single pair of
value of the coefﬁc1ents a and b. From F1g 7.14, the rated magnetising inductance is
obtained as 78 mH. Rated rotor flux is therefore 0.33 Wb (or 0.458 Wb peak) for the
rated magnetising current of 4.15 A rms. Using these values, fitting of the curves of

Fig. 7.14 yields the required values of coefﬁc1ents as a=0.9 and b=7.

Each of the set of measured stator voltages and currents in Figs. 7. 12 and 7.13
encompasses base speed region. Thus large number of measurements are performed
with rated rotor flux reference and all these points are supposed to yield the single, rated
operating poi‘nt on the maghetis.ing curve. Some errors in measurements are fnevitable
and this explains existence of a number of flux values in Fig. 7.14 in vicinity of rated

magnetising current.
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Figure 7.14 : The inverse magnetising curve identified by the novel method, comparison
with standard no-load test results included in (b).

7.4.6. Accuracy of the proposed identification method

The proposed procedure requires that inverse magnetising curve is implemented in the
controller by means of (7.6), that the machine can run under no-load condmons that
fundamental harmonic of the stator voltage can be measured, that rated magnetlslng

current is known and that stator leakage inductance is determined in advance.

Accuracy with which rated magnetising current is known has no impact on the
identification process itself. This is so because the identified portion of the curve is
from zero up to the rated value, whatever the rated values is. The rated value of the
magnetising current merely sets the rated value of rotor flux, which is subsequently used
for operation in the base speed region. However, correct setting of the rated magnetising

current (i.e. rated flux) is obviously important for correct operation of the RFO drive.

Selection of the base speed at which field weakening is started appears to be rather
arbitrary, but some guidc;lines are as follows. In order to reduce the influence of
neglected losses on the accuracy, it should‘be lower than rated speed. On the other
hand, reduction of base'speed compromises the accuracy due to the influence of the
stator resistance. The base speed should therefore not be too low; Practically identical
results were obtained with base speeds of 1150 rprﬁ and 650 rpm. However, for the
base speed of 650 rpm a greater section of the inverse magnetising curve is covered
because experiments wentvdeeper into the field weakening region (up to several times

the base speed) while still operating at speed lower than twice the machine rated speed.
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As mentioned earlier, this particular machine does not have a cooling fan and the
mechanical losses are very low. Therefore their contribution to the no-load losses is
very small, even for speeds above 2000 rpm. For the standard motor construction, the
author advises to (if possible) detach the fan and thus reduce the mechanical losses and

their influence on the identification procedure.

Sensitivity of the procedure to an incorrect value of the stator leakage indﬁctanée is
examined by reconstructing magnetising curve, by means of (7.14), from data obtained
fora=0.9, b =7 and base speed of 1150 rpm. Three traces are shown in Fig. 7.15. The
first one corresponds to the correct value of the stator leakage inductance (Lis= Lisn ).
This trace at the same time verifies that a single set of voltage measurements in the field
weakening region, for any pair of values of the parameters @ and b, is sufficient for
reconstruction of the magnetising curve. The other two traces are obtained with an
underestimate (50% of Ly, ) and an overestimate (200% of Ly ) of the stator leakage
inductance, respectively. Error in magnetising curve reconstruction appears to be very
small if error in stator leakage inductance is up to 50%. It only becomes significant if
the error approaches 100%. Figure 7.15 confirms that exact knowledge of the stator
leakage inductance is not necessary and that reasonable accuracy is obtained with a

moderately correct estimate of the stator leakage inductance.

It should be pointed out that the developed identification method has limited accuracy in
the very low flux region, if the magnetising curve of the particular machine has a point
of inflexion [Ruff and Grotstollen, 1994, 1996]. The adopted inverse magnetising curve
approximation treats the initial part of the curve as a straight line through the origin.
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Figure 7.15 : Sensitivity of the proposed identification procedure to incorrect value of
the stator leakage inductance.
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7.5. DETERMINATION OF THE SLIP GAIN

Accurate determipation of the slip gain i§ essential for proper opefation of a vector-
controlled drive throughout the whole operating region. Calculation of the slip gain
using (7.5) is feasible only if all three parameters on the right-hand side of (7.5) are
accurately determined. Hence some other ways of slip gain determination have been
devised. The manufacturer of the drive under consideration suggest that the following

expression is used :

1
5G =145 0y pom —2 (7.15)

gsnom

where 1.475 is internal DSP constant, Ipeak is the peak current of the inverter and Igs nom
is the rated torque-producing current of the motor. In this way‘ the matching of motor
and inverter is provided. Using this expr'ession,‘a value of 39 is obtained. However, the
matching of the 2.3 kW motor and 8/22A inverter is not perfect. The rated motor
current is 10 A while the rated inverter current is 8 A. 'The maximum commanded d-
axis current depends on the inverter rating and the maximum value obtained with this
8/22A inverter is still sAmallerb than the rated magnetising current of the 2.3 kW motor.
Therefc;ré the machine is less saturated and the actual rated value of the rotor flux in
(7.5) is lower than the manufacturer predicted. The lower level of saturation means that
the nominal value of the magnetising inductance is higher than the manufacturer

expected it to be. Therefore the value obtained using (7.15) should be increased.

In order to determine the correct value of the slip gain, a simple experimental method,
described in [Levi, 1992] and aimed at magnetising curve identification, is used here for

slip gain identification.

7.5.1. Procedure‘

The basic idea of the method of [Levi, 1992] stems from the vector control theory.
When the flux command is constant (base speed region, for instance) and the slip gain is
correctly set, the actual rotor flux is kept at constant value. In such a case the developed

torque is directly proportional to the torque-producing current :

- ]

I =T, =kil, , o | - (1.16)
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and the relationship T, = f( I;,) is a straight line. If, however, the slip gain is incorrectly

set, detuned operation occurs and one of the consequences is that actual rotor flux

changes. In such a case the relationship T, = f(I,,) becomes a non-linear curve.

Hence the method requires'to perform measurements with different values of the load
torque (which is equal to the developed torque in steady-states) with several settings of
the slip gain and then obtain and analyse the function 7, = f( I;,) . The slip gain setting

that results in a linear relationship is the correct one.

7.5.2. Measurements

In the following experiments, the system comprising the vector-controlled induction
machine and the DC machine (running as a generator) is operated in steady-states. Load
levels depend on the operating speed and the resistance of the resistor bank, as the field
current is kept constant. Two load profiles of Fig. 7.2 (100% and 50%) are analysed.
Phase current of the induction machine is measured using the current probe andAthe
information on the fundamental harmonic is extracted using dynamic signal analyser.
The recordéd phase currents are shown in Figs. 7.16 and 7.17, for base speed set to 1500
rpm and 1150 rpm, respectively. Four settings of the slip gain have been analysed: 31,
39, 47 and 59, denoted as 66%, 83%, 100% and 125%, respectively. |

7
50% load o 104 [100%10ad *
A6 ~~
) <l
- -
& =
2 2
51 61
4 + + + + + + 4 + + + t + +
0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500
- Speed (rpm) Speed (rpm)
[0 66%SG & 83%SG -0 100%5G x 125%5G | [o66%5SG & 83%SG_< 100%SG x 125%5G |
a 50% load profile b. 100% load profile

Figure 7.16 : Phase currents (rms fundamental component) with various values of slip -
gain, operation in the base speed region, 1500 rpm base speed.
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0,
a. 50% load profile : b. 100% load profile

Figure 7.17 : Phase currents (rms fundamental component) with various values of slip
gain, operation in the base speed region, 1150 rpm base speed.

7.5.3. Evaluation of the slip gain

In order to make measurements as simple as possible, two simplifications are adopted.
Firstly, since the load torqﬁe for the given resistance of the resistor bank is proportional
to the speed (see Fig. 7.2.b), the requirement for linearity of the function T, = (1,,) is

translated into requirement for linearity of the function I;, = f(n). Secondly, since the

information on I, is not available from the drive, it is calculated using :

1={IP-12 . | BAY)

The value of Iy is already known from the no-load experiments described in the
previous section. Meanwhile, as discussed in section 2.4, the commanded stator current
is equal to the actual (i.e. measured) stator current (I, = I,), regardless of detuning.
Hence the recorded data from Figs. 7.16. and 7.17 are processed using the expression

(7.17) and the obtained functions I, = f(») are shown in Figs. 7.18 and 7.19.

It can be seen that slip gain setting of 100% (SG=47) is the correct one, since it results

in a linear relationship I;, = f(n). Other settings of the slip gain produce non-linear

curves, which can clearly be seen for 100% load profile, Figs. 7.18.b and 7.19.b.
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F. igufe 7.18 : Estimated Iq,‘ (rms fundamental component) with various values of slip
gain, operation in the base speed region, 1500 rpm base speed.
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Figure 7.19 : Estimated Iq,' (rms fundamental component) with various values of slip
gain, operation in the base speed region, 1150 rpm base speed.

7.6. DETUNING OF THE VECTOR-CONTROLLED INDUCTION
MACHINE DRIVE IN STEADY-STATE OPERATION

The three detuning soﬁrces, investigated experimentally in this section, are errors in the
slip gain setting, thermally induced variations of the actual rotor resistance and errors in
the identified magnetising curve. Detuning in the base speed region and in the field-
weakening region are analysed separately. Analyses. of detuning due to errors in the slip
gain were performed using four settings - 66%, 83%, 100% and 125%. MeanWhiIe
analyses of detuning due to thermal effects were performed using rated (100%) slipk gain

but operating the induction machine in two different thermal situations. Finally,
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detuning effects of inaccurate setting of the magnetising curve are analysed for three

values of parameter @ : 0.9 (the correct one), 1 and 0.7, withb=7.

7.6.1. Steady-state detuning due to errors in the slip gain setting

7.6.1.1. Steady-state detuning in the base speed region

~ The base speed np for these experiments is set to either 1500 rpm or 1150 rpm and only
operation at speeds up to the base speed is analysed, so that induction machine operates
with constant flux command (i.e. constant Iz command). The recorded amplitudes of

the phase currents and the estimatedvlq,' are already shown in Figures 7.16-7.19.

Let us at first examine operation with bigger slip gain (125%) setting and compare it
with operation with exact slip gain (100%). Operation with light load (up to 50%) with
slip gain set to 125% results in a decrease in phase current and Iq,‘. This is expected
since such an error in the commanded slip gain actually results in the situation depicted
in Fig. 2.7. The actual rotor flux y; lags the commanded and its amplitude is smaller
than the commanded. Hence the actual I is smaller than the commanded. Since the
actual total current is equal to the commanded total current, the actual I, is bigger than
commanded. With light load torque, I; is relatively small and I;; is dominant.
Therefore reduction in I results in reduction of the totél current with respect to the
total current obtained with the correct value of the slip gain. However, for operatioh
with torque around 50% (50% load profile at 1500 rpm speed or 100% load profile at
médium speeds) I,s starts to play bigger role in the total current. Therefore the curves
for 100% slip gain and 125% slip gain start to converge as the load increases. This
trend is continued as the load is increased (100% load profile at speeds above 750 rpm)
and it can be seen that both phase current and Iq,' for 125% slip gain become bigger than
for 100% slip gain as the torque approaches its rated value. It can be concluded that
operation with reduced flux level can at light loads be beneficial for efficiency (lower
copper loss and lower iron loss), as it was shown in [Kirchen et al., 1987], but that is not

the case for heavy loads.

When the machine operates with slip gains of 66% and 83%, a situation opposite to the
one explained in the above paragraph results. The actual values of rotor flux y, and I

become bigger than their commanded values, while I, becomes smaller than its
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command. While the load is light, I is dominant and the total current is bigger than
the total current obtained with 100% slip gain. As in the previous case, the difference
between the currents becomes smaller as the load increases. Finally, as the load
approaches rated value, the phase current and I, become smaller than for the correct
value of the slip gain. This happens because an increase in flux level decreases Iy, ,

which becomes dominant at heavy loads.

7.6.1.2. Steady-state detuning in the field-weakening region

In order to investigate detuning in the field-weakening region, the base speed np is
reduced‘ rather than to operate the machine at speeds higher than 1500 rpm. This is done
so because the nominal operating speed of the DC machine is 1500 rpm and field-
weakening operation cannot be achieved if the base speed is kept at 1500 rpm. Two
lower base speeds are considered - 1150 rpm and 650 rpm - and the recorded phase
currents (fundaxhental harmonic) are shown in Figures 720 ahd 7.21, respectively.
'From these, the estimated Iqs‘ values are calculated using (7.17) and shown in‘Figures
7.22 and 7.23.

Détuning effects are very small for no-load operation, as can be seen in Figs. 7.20.a and
721.a. It could have been expected that there should be no detuning (i.e. no differences
in currents) at no-load operation, regardless of slip gain setting. However, mechanical
losses of the DC machine represent a small, but not negligible load and some detuning

occurs for operation in deep field-weakening (Fig. 7.21.a).

The behaviour in the base speed region with load is the same as discussed in the
previous sub-section. The trends observed in the base speed region are also valid in the

field-weakening region. Actually, these trends become more pronounced.

For field-weakening operation with 125% slip gain, flux is reduced both due to reduced
flux command and due to detuning. Therefore higher Is than with 100% slip gain is
needed for producing the same torque. As the load increases I, becomes dominant and
the total current with 125% slip gain becomes much bigger than with the 100% slip
gain. The differences increase with an increase in both loading and the ratio of

operating speed to base speed (n/np i.e. @/Wp).

The opposite situation is encountered for field-weakening operation with lower slip

gains (66% and 83% SG) - the actual flux is bigger than commanded. Hence lower Ig;
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is needed for producing the same torque and the total currents with lower slip gain
settings become smaller than the current with the 100% slip gain. The differences in
current increase as both load and @/wp ratio increase, as well as with the error in the slip
gain command. Although smaller overall current is beneficial for the machi"ne'

" efficiency, the increased flux induces higher emf and therefore the supply voltage has to -
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rise. If the base speed was set as equal to rated (1500 rpm), the voltage margin of the

inverter might have been endangered and proper current control could have been lost.
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Figure 7.22 : Estimated Iq, (rms fundamental component) for detunmg due to errors in
slip gain setting, 1150 rpm base speed.
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Figure 7.23 ; Estimated Iq; (rms fundamental component) for detuhing due to errors in
slip gain setting, 650 rpm base speed.

7.6.2. Steady-state detuning due to thermal variations

This section 'anal)VIses operation with exact setting of the slip gain (100%), but the
thermal situation of the machine is different. In ‘cold’ experiments the temperature of
the machine is close to the ambient temperature (about 20°C). . Then the machine is left
to run at full load for an hour and the second series of measurements, marked as ‘warm’
is conducted. The stator temperature in the ‘warm’ case is abbut 60°C. Therefore the
rotor resistance in the ‘cold’ case is smaller thé.n in the ‘warm’ case. As this change is
not recognised by the controller, detunihg occurs. Three base speeds (1500, 1150 and

650 rpm) are analysed and the estimated Iq,. curves, as a function of speed, are shown in
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Fig. 7.24. Load profiles of 100% for 1500 and 1150 rpm base speeds and 50% for 650
rpm base speed are shown. Detuning with light loads is small and therefore omitted.

From Fig. 7.24 it can be seen.that an increase in the actual rotor resistance leads to a
~ decrease in Iq,' > as expected. The ‘warm’ case is similar to operation with lower slip
gain setting (for instance, 83% setting in Figs. 7.16 to 7.21). Detuning is relatively
small for light loads in the base speed region and increases with the loading.

Additionally, the trend of reduced Is in the ‘warm’ case becomes more pronounced in

the field-weakening region.
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7.6.3. Steady-state detuning due to incorrect magnetising curve
approximation |

Detuning effects of inaccurate setting of the magnetising curve are analysed for three

values of parameter a - 0.9 (the correct one), 1 and 0.7 (all with b = 7). Figure 7.25

shows no-load currents with these three values of parameter a, for base speeds of 1150

and 650 rpm, while Figure 7.26 shows estimated Iq,' .
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As expected, no-load current (and the rotor flux) for case @ = 0.7 is reduced more than it
should be for proper operation since too saturated magnetising curve is assumed in the

controller (Figs. 7.25.a and 7.25.c). Therefore voltage capabilities of the inverter are not
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Figure 7.25 : Phase currents (fundamental component) in no-load operation with
various magnetising curves in the controller.

7 : 6
61 base specd 2 st
fegion base speed
5 <}— region
> 4 4
241 [s50%load 2 D —
< profile 31 [20%10sd
g3 1 : : g profile
24 . 2 1
field
14 . weaken. 11 )
0 +—+—t + + 4 bt 0 + + —t—t 4 +
0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500
[=e09a s070 o1 | Specd (Pm) ' | [Fo0sa w070 ot | Specd(Pm) ’

a. base speed 1150 rpm, 50% load profile b. base speed 650 rpm, 20% load profile

Figure 7.26 : Estimated Is* (rms fundamental component) with detuning due to
incorrect magnetising curve.

219



CHAPTER 7 ;: EXPERIMENTAL INVESTIGATION

fully utilised and the voltage will drop, as already shown in Fig. 7.11.b. When the
motor is required to develop some torque, too low flux means that higher I, is necessary
and the total current is higher than for the properly identified magnetising curve (Figs.
7.25.b, 7.25.d and 7.26). /

For the case of neglected saturation (a=1) the rotor flux is not reduced enough. Hence
the no-load current is higher than for the case #=0.9 and the voltage will rise in the field-
weakening region (Fig. 7.11.b).” On the other hand, such setting results in slightly lower
I,s when the load is applied. o

7.7. DETUNING IN TRANSIENT OPERATION

Two transients are ‘analysed in this section - accéleration from 200 rpm up to 1500 rpfn
and deceleration from 1500 rpm down to 200 rpm. The commanded speed is changed
very quickly (ramp of 80,000 rpm/s) so that the step change can be assumed. Both
transients are performed with 3 load proﬁles of the DC generator (0%, 50% and 100%).
Two detuning sources are analysed - errors in slip gain and errors in the identified
magnetising curve. For most experiments the base speed is set to 1500 rpm and in those
cases transients cover base speed region only. In some experiments the base speed is set
to lower values (1150 rpm or 650 rpm) so that both base speed and field-weakening

regions are encompassed during the transients.

7.7.1. Transients with various slip gain settings

The following experiments present the recordings of the phase current and the rotor
speed responses during the two analysed transients, for different settings of the slip gain
in the controller. All other settings in the vector controller, like gains of the PI
controller, cut-off frequency of the digital filter, the rated d-axis current and the

coefficients that determine the commanded magnetising curve, are kept unchanged.

7.7.1.1. Transients with exact slip gain setting, 1500 rpm base speed

Acceleration transient with the exact slip gain setting (100%) is presented first.
Recorded phase current and rotor speed responses during acceleratipn are shown in
Figure 7.27, for the three load profiles of the DC machine. Additionally, Figure 7.27.d.

reveals the influence of the load on the rotor speed responses.
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It can be seen that the controller pushes the current to its limit very soon after the
commanded speed is changed. Maximum possible torque is developed, maximum
possible acceleration takes place and the rotor speed rises sharply. After reaching about
80% of the commanded speed, the amplitude of the phase currents exits the limit and in
aperiodical manner falls to its steady-state value, which is dependent on the 10adiﬁg.
Since this fall of the current is not fast enough, a small overshoot in the speed response
occurs. Figure 7.27.d. enables comparison of the speed responses for different load
profiles. It can be seen that influence of the loading is small at the beginning of the
acceleration, but increases ‘with speed. The explanation to this is that more torque is
required for generation as the speed increases and hence less torque is available for
acceleration. The size of the overshoot also depends on loading and is greatest at no-

load acceleration.
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Figure 7.27 : Acceleration transients with the exact slip gain, 1500 rpm base speed.
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Recorded responses of the phase current and the rotor speed during deceleration, using
the exact value of slip gain (100%), are shown in Figure 7.28. The stator: current is
pushed to its limit during the first part of deceleration, hard braking occurs and the rotor
speed drops sharply. After a while, the stator current exits the limit and aperiodically
falls to the value required for the 200 rpm operation. There is some undershoot during
breaking and it againndepends on load. Fig. 7.28.d. also reveals that load profile has an
influence on the speed response. The situation is the opposite t<; the one met in
acceleration transient. No-load deceleration is slowest, while deceleration with 100%

load profile is fastest, since the load actually helps slowing down.

1600 30 1600
1350 20 { 1350
1100 2 1] 1100
ﬂ/\/\/\/\/\/\fmé $, A/\/\/\/\/\/\ﬁssoﬁ
ILRRARAING i |KRARRLING
| 600 © -10 { 600 “
| K/ 350 -20 | X’/ 350
-30 + + + 100 -30 —t + + + 100
0 05 1 15 2 0 0.5 1 15 2
Time (5) Time (5)
a. responses of phase current and speed, c. responses of phase current and speed,
no-load deceleration deceleration with 100% load profile

Current (A)

0 0.5 1 1.5 2 0 0.5 1 1.5 2

Time (s) Time (s)
b. respbnses of phase current and speed, d. speed responses for deceleration with
deceleration with 50% load profile various loads

Figure 7.28 : Deceleration transients with the exact slip gain, 1500 rpm base speed.

7 .7.1.2.' Transients with variousvslip gain settings', 1500 rpm base speed

The transients are performed again, but this time with the slip gain settings of 66%, 83%

and 125%. The recorded speed responses are shown in Figures 7.29 (acceleration) and
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7.30 (deceleration). The responses of phase currents are quite similar to the responses
from Figs. 7.27 and 7.28. and therefore omitted.
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Figure 7.29 :Speed response in acce-
leration transients with various loads
and various slip gains, 1500 rpm base
speed.

1600
1300 100% load
—~ profile
E_ 1000
=
£ 700
(7]
400
100 + + +
0 0.5 1 1.5 2
Time (3)

c. deceleration with 100% load profile

Figure 7.30 :Speed responses in dece-
leration transients with various loads
and various slip gains, 1500 rpm base
speed.

223



CHAPTER 7 : EXPERIMENTAL INVESTIGATION

Speed responses during acceleration (Fig. 7.29) reveal that faster responses are obtained
with lower settings of the slip gain. This can be explained using the steady-state
characteristics of Fig 7.16.b and the discussion in sub-section 7.6.1.1. about operation
with heavy load torque. There it was observed that steady-state detuning is such that a
lower current was needed to develop the rated torque (at 1500 rpm) with a lower slip
gain settings and vice versa - higher current was needed for 125% slip gain setting. The
situation of Fig. 7.29 should be analysed from the opposite point of view. The current is
limited and hence a higher torque can be developed with a lower slip gain setting.
Therefore acceleration is more rapid and speed responses are faster for lower slip gain
settings. This happens independently of the load profile. Differences in speed
responses with various slip gain settings are smaller for no-load acceleration (Fig.

7.29.a) and increase with loading,

Speed responses during deceleration transients (Fig. 7.30) reveal that responses are more
dependent on the slip gain setting when there is no load (Fig. 7.30.a), since there is no
generation to help the braking. Similarly to the acceleration transient, the speed
response with 125% slip gain setting is slowest. The size of an undershoot also depends
on the slip gain setting and the greatest undershobt is obtained with 125% slip gain
setting. The responses become almost identical when the load profile of 100% is
applied (Fig. 7.30.c).

7.7.1.3. Transients with the exact slip gain setting, 1150 rpm base speed

This section presents responses during acceleration and deceleration that covers both
base speed and field-weakening regions. As it was the case for steady-state analyses, the
base speed is reduced to 1150 rpm rather than operating at speeds higher than 1500 rpm.
The slip gain is set to the exact value (100%). Recorded phase current and speed
responses during acceleration are shown in Figure 7.31, while the same responses -

during deceleration are shown in Figure 7.32.

There are several differences between respoﬁses of Fig. 7.31 and responses of Fig. 7.27.
The overshoot in the speed response during no-load acceleration (Fig. 7.31.a) is smaller
in amplitude, but longer in duration. There is no overshoot for 50% load profile. For
100% load profile, the speed response towards the end of transient is slower and the

commanded speed is not fully reached after the recorded 1.8 seconds. The explanation
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to these three observations lies in the structure of the controller. As discussed in section
7.2, there is no division of the PI controller’s output by the commanded flux in the
controller under consideration. Therefore the gains of the speed control loop are not
increased when the flux is reduced in the field-weakening region, as they should be.
The net result is that the gains of the speed control loop are effectively reduced in the
field-weakening region and therefore the speed responses become more sluggish when

the field-weakening region is entered.

The responses during deceleration transients (Fig 7.32) are very similar to the ones
obtained with the base speed set to 1500 rpm (Fig 7.28). There are three small
differences : the braking is slower due to lower available flux, there is no undershoot in
Fig. 7.32, and the initial values of the steady-state current (before the speed reference is
reduced) are different to those of Fig. 7.28.
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| Figure 7.31 : Acceleration transients with the exact slip gain, 1150 rpm base speed.
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Figure 7.32 : Deceleration transients with the exact slip gain, 1150 rpm base speed.

7.7.1.4. Transients with various slip gain settings, 1150 rpm base speed

The same transients of acceleration from 200 to 1500 rpm and deceleration from 1500
rpm to 200 rpm, using the four slip gain settings - 66%, 83%, 100% and 125%, are
performed with the base speed set to 1150 rpm and the responses of speed are shown in
Fig 7.33 and Fig. 7.34. '

Speed responses for acceleration are shown in Figure 7.33 and they are in some respect
similar to the responses obtained with the base speed set to 1500 rpm. At all loads,
acceleration is fastest with 66% slip gain setting and slowest with 125% slip gain
setting. This is expected since the results of no-loéd operation indicated that lower
current was needed to develop the rated torque when the slip gain was set £o a loWer
value (Fig 7.20.c). During no-load acceleration (Fig. 7.33.a), the speed overshoots are

obtained with 100% setting and 125% setting . The overshoots are of similar amplitude
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as they were for the 1500 rpm base speed (Fig. 7.29). However, there are some
differences between speed responses of Fig 7.33 and Fig. 7.29. As expected, the speed

responses towards the end of acceleration, after ficld-weakening is entered, are slower.
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Figure 7.33 :Speed responses in acce-
leration transients with various loads
and various slip gains, 1150 rpm base
speed.

227

c. deceleration with 100% load profile

Figure 7.34 :Speed responses in dece-
leration transients with various loads
and various slip gains, 1150 rpm base
speed.



CHAPTER 7 : EXPERIMENTAL INVESTIGATION

The overshoots in no-load case last longer and the return to the commanded speed is
slower. There is no overshoot when the load is present. The commanded speed is not
reached within the recorded time period when acceleration is performed with 50% load
profile and slip gain settings of 66% and 83%. Moreover, when the 100% load profile is
applied, neither of the slip gain settings can ensure that commanded speed is reached

~ within the recorded 1.8 seconds.

Speed Aresponses during deceleration transients are shdwn in Fig. 7.34. The responses
are slower than they were with the base speed of 1500 rpm (Fig. 7.30), and there is no
undershoot. Again, responses for lower slip gain settings are faster. The influence of
slip gain settings is greater without load (Fig. 7.32.a) than with load. The influence of
slip gain setting is observable with 100% load (Fig 7.34.¢c).

7.7.2. Transients with detuned magnetising curve

The influence of the setting of the coefficient a; that describes the magnetising curve in
the controller, is investigated. As the setting of the coefficients @ and b has no influence
in the base speed region, only operation in the field-weakening region is of interest.
Acceleration with base speed set to either 1150 rpm or 650 rpm is performed. The slip
gain is set to the exact value. The experiments are performed for three values of the
coefficient @ - @ = 0.9 (exact value), @ = 1 (saturation neglected in the controller), and
a = 0.7 (too saturated magnetising curve in the controller). Figures 7.35 and 7.36
present the recorded responses of rotor speed dﬁring acceleration, for base speeds of
1150 rpm and 650 rpm, respectively. It can be seen that the responses are practically

identical and that setting of the parameter a has no influence on this transient.

7.8. SUMMARY

The vector controlled drive, the loading machine and the measuring equipment were

described in the first instance.

A novel procedure for identification of the inverse magnetising curve was proposed.
The procédure is suitable for commissioning of the drive and requires that the induction
machine can operate under no-load conditions. = Measurement of the fundamental

component of the stator voltage is necessary. The identification accuracy is to a certain

~ extent robust to inaccurate knowledge of the stator leakage inductance.
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An existing method, previously utilised for identification of the magnetising curve, was
utilised here for determination of the slip gain. The method requires measurement of

the fundamental component of the stator current. A controllable load is also necessary.

Experiments conc;rning steady-state operation showed that the machine operates with
non-optimél values of currents, when detuning is present. Detuniﬁg due to inaccurate
slip gain setting, due to thermal effects; and due to inaccuiate magnetising curve was
investigated. Operation in both base speed region and field-weakening region were

encompassed by the study.

Responses of the phase current and the rotor speed during two transients - fast accele-
ration and fast deceleration - were recorded. The influence of the slip gain setting was
investigated first. It was shown that slip gain setting has some influence on the
responses during acceleration, while it has little influence on responses during
deceleration. Finally, it was shown that inaccurately determined magnetising curve has

no influence during acceleration in the field-weakening region.
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8. CONCLUSIONS

8.1. SUMMARY

Detuning in the vector-controlled induction machine drives and compensation of
detuning effects represent two topics which has/e attracted significant research attention
in recent years. These two tepics are the main themes of the thesis. Detuning due to
parameter variations and due to unmodelled phenomena is investigated for both feed-
forward type and feedback type of the vector controller with orientation along the rotor

flux.

A bﬁef history of vector control theory hand practice reveals tremendous growth in less
than three decades. Numerous vector control schemes exist and no&el ones are still
being proposed. They address the problems that are still encountered, searching for the
" causes of these problems and providing the solutions that enhance the performance of
electric drives. Even more impressive is the list of different areas of engineering and
science whose developments have contributed to the evolution of the vector control
theory and practice. This evolution is still happenmg and there are more challenges in
the future. The problems that engineers and researchers have encountered and the
approaches to solving them are underlined bneﬂy in chapter one. The topics that have

not been exhaustively investigated so far are 1dent1ﬁed and research objectives are set.

The basics of vector control theory are reviewed and orientation along different flux
vectors is explained in chapter two. Orientation along the rotor flux, irr conjunction
with current feeding, being the simplest and hence the most common group of vector
control methods, is discussed in detail. Step-by-step derivation of mathematical models
is illustrated and design of the rotor-flux-oriented vector control scheme is explained
using the constant parameter model. The CPM is utilised for design of two vector

controlled schemes (feedback and feed-forward).

Vector controllers operate in the reference system attached to the chosen flux.
Therefore accurate information on the position of the chosen flux is essential for proper
operation. If there are any inaccuracies in obtaining this information, the controller is
detuned and the performance of the vector controlled drive deteriorates. Since high

performance is the key feature of vector-controlled drives, detuned operation deserves

231



CHAPTER 8 : CONCLUSIONS

the attention that it has received in this project. A physical insight into sources and
consequences of detuned operation is provided. Detuning due to main flux saturation,
iron loss and temperature effects, as well as compensation techniques for these three
phenomena, are discussed in detail. Two types of compensation approaches are
distinguished : open-loop compensation of main flux saturation and/or iron loss and

closed-loop compensation of thermally induced variations in the rotor resistance.

Attempts to compensate some of these detuning sources have been made by many
researchers and engineers. Most of the compensation schemes are designed to neutralise
effects of only one detuning source. Additionally, in majority of the schemes the
controller is designed on the basis of CPM and compensation is enabled by utilising
complex adaptation circuitry. The increased complexity puts an additional processing
burden on controllers and more powerful microprocessors and DSPs need to be
employed, increasing the cost. An alternative approach is to design vector controllers
on the basis of improved models o‘f induction machines. Such improved vector
controllers can provide enhanced performance with relatively small increase in
controller complexity. Some improved controllers have already been proposed in

literature, but their numbers and versatility are still limited.

This project attempts to contribute to the model-based approach to compensation of
detuning effects. Several novel improved mathematical models of induction machines
and novel improved rotor flux estimators for feedback vector control are proposed.
Main flux saturation, iron loss and then both of these phenomena are included in
improved models. Initially, two novel mathematical models and novel estimators with
main flux saturation are developed. Their originality is that two novel representations of
the main flux saturation are utilised and the models are obtained by merely changing
equations for the magnetising flux components. When these relationships are used, the
number of calculations necessary to execute the control algorithm can be reduced with

respect to the existing representations of main flux saturation.

As far as iron loss is concerned, several original models that include iron loss have been
developed. Iron loss is represented by equivalent iron loss resistance and two possible
placements of the equivalent resistance are initially analysed. The first possibility is to
place the resistance in parallel with the magnetising branch while the other is to place it

immediately after the stator resistance. It is shown that utilisation of the first placement

&
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results in simpler improved models, when current feeding is considered. For the first
placement, two sets of state variables are analysed - the first set consist of stator current,
magnetising flux and rotor flux d-g components, while the second one consists of stator
current, magnetising current and rotor flux d-g components. It is shown that the first
state variable set results in more compact model and therefore in a simpler improved
estimator than in the case of the second state-variable set. Therefore the first state
variable set is utilised for design of the improved estimator with iron loss. As the
improved estimator is still quite complicated, a simplification that does not compromise

quality of achieved iron loss compensation is proposed.

Novel models and novel estimators that include both iron loss and main flux saturation
are proposed as well. Following the suggestions about simplicity of the models from
previous considerations, two full-order improved estimators are designed and then their
complexity reduced using the same simplification that was used for improved estimator

with iron loss only.

Detailed analysis of detuning effects in the rotor-flux-oriented indﬁction machine drives,
when the constant-parameter estimator is utilised‘, is the main issue of chapter four.
Comprehensive parameter identification is performed for the 4 kW machine. Stator and
rotor resistances, leakage inductances, magnetising curve and changes of iron loss with
frequency are identified. Consequently, quantitative analyses of steady-state detuhing
due to four different phenomena (rotor resistance variations, rotor leakage inductance
ﬁncertainties, mutual inductance variations and iron loss) is performed using novel
expressions that describe steady-state detuning. In most studies, main flux saturation is
included in the machine model, together with the phenomenon whose detuning effccts
are investigated. It is shown that the two ways of iron loss representation, although
described by different detuning expressions, result in almost identical detuning
characteristics. ~ Comparative analysis of steady-state detuning has revealed the

following:

e detuning due to rotor leakage inductance variations and uncertainties is much

smaller than detuning triggered by other phenomena,

o detuning due to iron loss can become significant at light loads,
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e variations and uncertainties in both rotor resistance and magnetising inductance

cause significant detuning at medium and higher loads,

e in the field-weakening region, main flux saturation (variation of the magnetising

inductance) plays the major detuning role.

Detnning during transients is analyséd using simulations. It is confirmed that inaccurate
knowledge of the rotor resistance can seriously endanger the proper orientation, as
indicated by the already existing research. It is also conﬁrrned that main flux saturation
has a major detuning role in the field-weakening region. On the other hand, it is found
that main flux saturation is actually lessening the detuning effects of iron loss in the
base speed region. Identical tranéient responses are obtained with the two iron loss

representations, confirming the ﬁndings of the steady-state analysis.

Compensation of detumng, obtainable when novel 1mproved rotor flux estimators
developed in chapter three are employed, is analysed in chapter five. Novel detumng
expressions are derived for each improved estimator using the same method as in the
chapter four. The expressions are utilised for quantitative analyses' of steady-state
detuning. Utilisation of improved estimators with main flux saturation provides
significant reduction of steady-state detuning in the field-weakening region.
Additionally, improved estimators with main flux saturation provide a reduction of iron-
loss induced steady-state detuning in the base speed region. However, improved
estimators with main flux saturation cannot compensate detuning due to rotor resistance

variations.

Improved estimators with iron loss (both .complete and reduced one) successfully
compensate steady-state detuning in the base speed region. In order to simplify them
even further, an estimator with a constant value of the équivalent iron loss resistance is
employed. It is shown that it can provide'panial compensation in the base speed region.
However, neither of the estimators with iron loss include main flux saturation and

therefore cannot compensate detuning in the field-weakening region.

Improved estimators with both iron loss and main flux saturation enable full
compensation of steady-state detuning. Analyses of their sensitivity reveals their
robustness to inaccuracies in the identified iron loss resistance. Even if iron loss is

estimated with 20% error, the performance of these improved estimators is still very
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good. On the other hand, the compensation capability of the improved estimators
depends on the accurate knowledge of the magnetising curve. If the mutual inductance
is identified with 20% error, the estimators cannot provide good compensation and

detuning is not negligible.

Performance of the improved estimators in transient operation is analysed by simulation.
The improved operation and reduction of detuning, anticipated on the basis of steady-
state analyses, is confirmed. Furthermore, it is shown that the performance of the

simplified estimators match that of complete estimators in most cases.

The closed-loop on-line adaptation of the rotor resistance is viable when using the
model reference adaptive control appfoach. The performance of three identiﬁcation
schemes, based on the reactive power, has been analysed by simulation. The first
identification scheme, based on the constant parameter model, manages to eliminate
detuning in sfeady-state operation in the base speed region but the convefgence speed is
slow. It exhibits poor performance in field weakening. Therefore two improved rotor
resistance identifiers, based on improved models, are proposed. Their enhanced

performance is confirmed by simulations.

Experimentatioh is undertaken on the vector-controlled laboratory rig that utilises a DC
machine operating as a generator and feeding a resistor bank. For vcorrect
commissioning of the drive, it is necessary to incorporate the magnetising curve of the
motor into the control algorithm. Existing procedures for magnetising curve
identification are reviewed and a novel method for identification of the inverse
magnetising curve, that utilises both PWM inverter and the vector controlled drive that
are later used for normal operation, is proposed. The developed method is suitable for
commissioning and requires the induction motor to be decoupled from load.
Measurement of the fundamental component of the stator line-to-line voltage is
required, but the measurement of current is not. The methed is satisfactorily accurate
and is quite robus{ to uncertainties in the value of the stator leakage inductance. An

existing method is utilised for determination of the slip gain.

Some of the theoretical quantitative detuning results, that were obtained in chapters four
and five, are experimentally verified. Detuning effects due to rotor resistance variations

are analysed for changes in both slip gain setting (in the controlier) and actual rotor
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resistance (due to temperature variations). Detuning due to main flux saturation is
triggered by changing the magnetising curve setting in the controller. Detuning in
steady-state operation is assessed on the basis of measured amplitude of the phase
current. As the commanded d-axis current is known, the commanded g-axis current can
be estimated. For the given load, the estimated command of g-axis current assumeé
different values when a detuning source is introduced. An increase in the estimated

command of g-axis current indicates that flux is reduced due to detuning and vice versa.

Analyses of detuned operation in transients reveals that settings of the slip gain
influences the speed responses during both rapid acceleration and rapid deceleration of
the drive. Detuned magnetising curve has no influence on the acceleration in the field-

weakening region.

8.2. CONCLUSIONS

The thesis represents a research into the effects of the various phenomena on the
performance of the vector-controlled induction machine drive. Research objectives, set

in section 1.3.1. are satisfactorily met.

Several novel improved induction machine models that include main flux saturation
and/or iron loss are developed. These include mixed current-flux models and rotor-flux

oriented models.

Novel expressions, that describe detuning effects introduced by main flux saturation,
iron loss and temperature variations, have been derived. On the basis of these
expressions, detuning effects of the above phenomena on the standard CPM-based
vector controlled drives are quantitatively assessed. It is shown that iron loss, usually

neglected, can cause noticeable detuning in certain operating conditions. -

Several novel vector controllers are designed on the basis of the proposed improved
machine models. Their capability to reduce or even eliminate detuning is investigated
by simulations. It is shown that they can significantly reduce detuning and hence

improve the overall performance of the drive.

The influence of main flux saturation and iron loss on the performance of an existing
rotor resistance identification scheme is investigated. It is found that this identifier

inaccurately identifies the rotor resistance value in the field-weakening region.
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Therefore two novel rotor resistance identifiers, designed on the basis of improved
induction machine models, are proposed. Their improved performance is verified by

simulations.

A novel procedure for magnetising curve identification is developed. The procedure
utilises the PWM inverter that is used in normal operation of the vector controlled drive.
It requires that the induction motor is decoupled from the load and that the fundamental
harmonic of the voltage is measured. The procedure is to a certain extent robust to

inaccurate determination of the stator leakage inductance.

Finally, experimental confirmation of detuned operation is performed by analysing the
amplitude of the induction machine phase current. It is shown that, for a given load, the
current assumes different values when a detuning source is introduced, indicating the

unwanted changes in the rotor flux.

8.3. FURTHER WORK

The research deals with vector control of induction machines. As mentioned in the
introduction, recent competitor to vector control is direct torque control, DTC. The
control algorithms of DTC schemes involve estimation of the developed torque and
stator flux. Since a machine model is used for this estimation, a possible direction for
further research is investigation into the influence of iron loss on the estimation
accuracy in DTC. Inclusion of iron loss ‘into the DTC estimation process can be

obtained using the proposed improved machine models.

Another recent trend in vector control developments are sensorless drives, where no
speed sensor is employed. Since there is no information on rotor position, the position
of the chosen flux in sensorless vector control schemes cannot be estimated using
estimators that process stator current and rotor speed. Hence some other estimator
structures, using other available feedback signals are employed. Sensitivity of these
estimators to rotor resistance variations has attracted some research interest in recent
years. However, research into the influence of iron loss and/or main flux saturation on

the estimation accuracy can be of further interest.

The research reported here applies to induction machines whose rated power ranges

from 0.75 kW to 4 kW. In this power range the switching frequency of the modern

237



CHAPTER 8 : CONCLUSIONS

inverters can be tens of kilohertz and very fast current control is achieved. This means
that current feeding is achieved and relatively simple vector controllers can be
employed. These vector controllers are analysed in the thesis. Therefore investigétions
into the effects of detuning phenomena on the operation of vector controllers with

voltage-fed induction machines can be an interesting topic for further research.

Finally, the research is limited to vector control with orientation along the rotor flux.
Although some work has been done regarding detuning effects in stator-flux-oriented
and air-gap-flux oriented vector controllers, this is another direction for prospective

work.
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APPENDICES

APPENDIX A : DATA OF INDUCTION MACHINES

Al : 4 KW motor :

4KW 380V 87 A . 1440 rpm

50 Hz stator winding star connected

R=137Q R=11Q X=153Q X,=25Q
Xpa=4430Q T.,=137Nm Pron=194W Rren=699 Q)

Magnetising curve approximation (in terms of rms values) :

L,=0.1964285 H for wm <0.432 Wb
0.1338
L, =08032-0.6087y,, - 133 (H) for ym > 0432 Wb
Iron loss resistance approximation :
Rp, =12892+8242f +0.7788f% (Q) for f<SO0Hz
55272
Rg, =1841-—7— Q) ' for f<50Hz
A2 : 0.75 kW motor:
0.75 kW 380V 2.1A 1390 rpm
50 Hz stator winding star connected
R,=10Q R,=63Q Li=43 mH L,=40 mH

Magnetising curve and the mutual inductance represented by :

v,, = 086427059976 - 12! |
L, = 086427-059976"- - 11" for I,<195A
L =086427-059976" . (1121- 131! ~ 0511226 112!
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w,, = 0.0431, +05902
0.5902
1,

L, =0043+ for I,>195A

L=0.043

A3: 2.3 kW motor:

23 kW 380 V 10A ; 1450 rpm
50 Hz

R=07Q R=0926Q Ly+L,=7.723 mH
Prea=60W Ruechn=12W

For the base d-axis stator current of i;p4sc=4.15 A, and the rated magnetising flux of

Wm Base = 0.33 Wb, the inverse magnetising curve is :

i = 0¥ mipa) + 0¥y -

251



APPENDICES

APPENDIX B : PUBLISHED PAPERS

Journal papers :

Levi, E.; Sokola, M.; Boglietti, A.; Pastorelli, M. (1996) : Iron Loss in Rotor-Flux-
Oriented Induction Machines: Identification, Assessment of Detuning, and Compen-
sation, IEEE Transactions on Power Electronics, Vol. 11, No. 5, pp. 698-709.

Levi, E.: Sokola, M.; Vukosavic, S.N. : A Method for Magnetising Curve Identification
in Rotor Flux Oriented Induction Machines, submitted for publishing in the JEEE
Transactions on Energy Conversion .

Conference papers :

Sokola, M.; Levi, E.; Boglietti, A.; Pastorelli, M. (1995) : Detuned Operation of Rotor
Flux Oriented Induction Machines in the Field-Weakening Region due to Iron Loss,
IEE Colloquium on Vector Control and Direct Torque Control of Induction Motors,
pp. 4/1-4/6, London, UK.
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Levi, E.; Sokola, M.; Boglietti, A.; Pastorelli, M. (1996) : Iron Loss Identification and
Detuning Evaluation in Rotor Flux Oriented Induction Machines, IEEE Power
Electronics Specialist Conference PESC’96, IEEE Cat. No. 96 CH 35962, pp. 1555-
1561, Baveno, Italy.

Sokola, M.; Levi, E. (1996) : Combined Impact of Iron Loss and Main Flux Saturation
on Operation of Vector Controlled Induction Machines, IEE International
Conference on Power Electronics and Variable Speed Drives PEVD'96, IEE Conf.
Pub. No. 429, pp. 36-41, 1996, Nottingham, UK.

Sokola, M.; Levi, E.; Jamieson, G.; Williams, D. (1996) : Representation and Compen-
sation of Iron Loss in Rotor Flux Oriented Induction Machines, IEEE International
Conference on Power Electronics, Drives and Energy Systems for Industrial Growth
PEDES, IEEE Cat. No. 96 TH 8111, Vol. 1, pp. 243-249, New Delhi, India.

Sokola, M.; Levi, E.; Williams, D. (1997) : Comparative Analysisl of Parameter
Variation Effects in Vector-Controlled Induction Machines, Universities Power
Engineering Conference UPEC 97, Vol. 2, pp. 1003-1006, Manchester, UK

Levi, E.; Sokola, M. (1997) : A Novel Saturation Adaptive Rotor Flux Estimator for
Rotor Flux Oriented Induction Machines, Proceedings of the 7th FEuropean
Conference on Power Electronics and Applications EPE’97,Vol. 1, pp. 1.518-1.523,
Trondheim, Norway. :

252



PAGE/PAGES
EXCLUDED
UNDER

INSTRUCTION
FROM '
UNIVERSITY



