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ABSTRACT

A conventional Pl speed controller has been used in motion control
applications for a long time. Numerous works reported in the recent past
have shown that a fuzzy logic controller has the potential to replace the
conventional Pl controller. Fuzzy logic (FL) control apparently offers a
possibility of obtaining an improvement in the quality of the speed response,
compared to Pl control. The major obstacles to wider fuzzy logic control
applications at present are the lack of simple procedures for the design and
its relatively high computational requirements.

The research focuses on investigation and evaluation of the performance of
a sinusoidal permanent magnet synchronous motor (SPMSM) drive,
controlled by Pl and constant parameter FL speed controllers. The SPMSM
is controlled using the principle of rotor flux orientation. Current control is
performed in the stationary reference frame, using hysteresis current
controllers. The drive is simulated using Simulink.

A Pl and a constant parameter FL speed controller are at first designed. A
detailed investigation of the impact of various FL controller parameters
(scaling factors, membership functions, rules) on the attainable speed
response is performed at this stage. Next, an in-depth comparative analysis
of the drive performance, obtainable with Pl and FL speed control, is made
using the simulation approach. The overshoot / undershoot, settling time and
rise time of the speed response, and integral speed error criterion are used
to asses the controller performance. The simulation results have proved that
the robustness to the inertia variation and load rejection properties are better
with FL speed control. Both controllers have demonstrated good
performance for speed commands close to the design case, while the
response deteriorated for small speed commands.

In order to further improve the operation of the drive with FL speed control, a
number of adaptive FL control schemes are developed. The tuning strategy
is at first established by investigating the influence of the rule base,
membership functions and scaling factors on the drive behaviour. It is
concluded that adaptive tuning of the scaling factors offers the easiest and
the best way of improving the performance of the FL speed controller. Based
on this finding, four types of adaptive FL speed controllers are developed.
Two particular adaptive schemes are aimed at on-line adaptation and
provide compensation of either variable speed reference, or both the
variable speed reference and the variation of the drive inertia.
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CHAPTER 1

INTRODUCTION

1.1 HISTORY AND DEVELOPMENT OF HIGH PERFORMANCE AC
DRIVES

Rapid development of industrial automation requires continuing improvement
of different types of electrical drives. Manufacturing lines typically involve
variable-speed motor drives to power conveyor belts, industrial robots, 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, 1986], [Vas, 1999].

For simple drives, industry has always relied mainly on squirrel-cage
induction machines. A major disadvantage of this type of machine was in the
past its inability to be controlled in an efficient manner. Direct current (DC)
machines and wound-rotor induction machines were therefore used 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 motor simple to control. However, serious
limitations of DC motors, such as sparking, extensive maintenance and poor
overloading capability, brought attention back to the induction motor [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 magnitude of supply voltages are controlled by an inverter. In
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this way an AC motor was able to nperate in a controlled variable-speed
mode, yielding 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.) ever since.

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 a consequence of
inherently decoupled control of flux and torque, that is realised utilising quite
simple control strategy and equipment.

Basic principles of vector control (field orientation), introduced in the early
Seventies [Blaschke, 1972], showed that decoupled control of flux and torque
was theoretically possible in three-phase AC machines as well. 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)
[Vas, 1990]. RFOC is the most popular method because of its relatively
simple control system structure. All vector controllers, regardless of the
orientation system, require accurate information about the instantaneous
spatial 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 of estimation). This leads to additional sub-division of vector
control schemes into the feedback and the feed-forward schemes.

Vector control principles are directly applicable to all types of synchronous
motors as well [Vas, 1990]. Due to inherent differences that exist between
induction and synchronous machines in their operating principles, control
system required for decoupled flux and torque control is considerably simpler
for a synchronous motor. Synchronous motors, particularly the ‘brushless'
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motors with novel high-energy permanent magnets, have therefore 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 [Slemon, 1994].

Power electronics is an area that has significantly contributed to the evolution
of variable-speed drives. Different semiconductor devices such as metal-
oxide-semiconductor field-effect transistor (MOSFET), insulated-gate bipolar
transistor (IGBT), MOS-controlied thyristor (MCT), emitter switched thyristor
(EST), etc., were invented and their characteristics have been constantly
improved [Baliga, 1995]. Developments in power electronics have had
enormous impact on vector controlled drives. Fast switching devices, coupled
with sophisticated pulse-width modulation (PWM) techniques, have enabled
excellent current control, so that current feeding became a reality [Holtz,
1992]. This in turn has enabled a wider use of the concept of current-fed
machines, with a vector control system that is much simpler than the one
utilised for voltage-fed machines.

Developments in VLSI technology have rapidly enhanced the performance of
the microprocessors and other hardware, and reduced cost. Advanced digital
signal processor (DSPs), application specific integrated circuit (ASICs), and
parallel processor (transputers) nowadays provide enough computing power
even for the most demanding applications. Advanced control theory
techniques, such as model reference adaptive control (MRAC) and Kalman
filters, as well as artificial intelligence (Al) techniques, such as fuzzy logic (FL)
and neural networks (ANN) can be used in implementation of vector
controlled drives [Vas, 1998].

Fuzzy logic (FL) theory has been recently introduced to the area of drive
control. FL speed control can provide a very fast response time with good
disturbance rejection [Vas and Drury, 1995]. Another possibility is to
implement a standard Pl speed controller whose gains are varied on-line by
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FL [Vas et al, 1994b]. Artificial neural networks (ANNs) are very suitable for
controlling highly non-linear processes. Fuzzy-neural approach has been
successfully implemented in DC and AC drives [Vas and Stronach, 19963, b],
[Stronach et al, 1997]. It is expected that application of the artificial
intelligence techniqgues in electric drives will usher a new era in motion control
in the coming decades [Bose, 1994], [Vas, 1999].

It should be noted that vector control has had some competitors. Several
alternative techniques for control of high-performance electric drives have
been proposed. The most popular alternative control method, direct torque
control (DTC), was introduced by Takahashi and Naguchi [1986] and
Depenbrock [1988]. The main feature of DTC is the absence of co-ordinate
transformation and current controllers. DTC has the same problem as vector
control in that they both require flux and torque estimates. However, the
overall complexity of the control system is substantially reduced, compared
with vector controlled drives.

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. The applications are numerous and they are found in a
number of industrial processes, covering a wide power range. However, there
are still numerous problems to be solved and a lot of research effort is still
invested in achieving better drive performance.

1.2 AN OVERVIEW OF FUZZY LOGIC CONTROL

In general, fuzzy logic control is a method of control where linguistic rather
than numerical rules are used in order to control complex or non-linear
industrial process. Fundamentals of fuzzy control systems with engineering
applications are given in detail in [Passino and Yurkovich, 1998). Fuzzy logic
is very useful in applications that are difficult to model accurately or are
mathematically complex [Thomas et al, 1995]. In the field of process control,
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fuzzy logic is simply a special case of rule based expert systems used by
control engineers to provide a useful controller. It is believed that the main
merits of fuzzy control are its robustness in the presence of load disturbance,
non-linear behaviour and good handling of process characteristic changes
(e.q. process gain and delay). A general practical guide to design of fuzzy
logic controllers is discussed in detail in many text books [Pedrycz, 1993],
[Passino and Yurkovich, 1998]. Fuzzy control provides methods to construct
controller algorithms (if-then rules) in a user-friendly way and provides the
ability to capture the non-linear control behaviour of humans which has
proven to be appropriate for many complex tasks. In fact, fuzzy logic offers a
convenient tool for applying human experience and knowledge to automatic
control by combining them with well understood control theories. This has
been proven by numerous real-world applications, where even a highly
complex chemical process, requiring manual control 24 hours a day, has
been automated with less than 50 fuzzy rules [Altrock, 1997]. When the fuzzy
logic controller adjusts set-points of the underlying single-loop controller, an
operator can always identify the rules responsible for the action taken. It
makes continuous improvement of the fuzzy logic controller easy.

The mathematical concept of fuzzy logic and fuzzy sets was first introduced in
1965 by Zadeh [Zadeh, 1965]. However, it was not until the mid-seventies
that the idea of using fuzzy logic for industrial applications became viable.
The first successful applications of fuzzy set theory to control of steam engine
and boiler combination were reported by Mamdani [1974] and by King and
Mamdani [1977]. Since that time researchers around the world are
implementing this concept in various applications. Control engineering system
is currently the most popular application of fuzzy logic. The initial applications
of fuzzy logic control were followed by temperature and liquid level control in
the industrial process plants, such as warm water plant [Kickert and Lemke,
1976], sludge waste water plant, [Tong et al, 1980], and control of pH
[Paszkiewic and Lin, 1987]. A constant parameter fuzzy logic controller
(CPFLC) is widely used in many applications because of its simplicity,
easiness of implementation and good performance, especially with regard to
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steady state error. This has been proved for example in temperature control
of a chemical plant, where response without overshoot or oscillatory
behaviour (that results with traditional PID control) has been obtained [Keuer,
1997]. On the other hand, advanced fuzzy logic controllers, such as self-
tuning, self-organising and adaptive controllers can be used to maintain the
controller performance when plant's parameters vary and load disturbances
are present. Summarising, many successful industrial applications of fuzzy
logic control have been reported in recent past. The application of fuzzy logic
control is receiving nowadays large momentum, mostly in Japan, especially
for consumer products and home appliances. According to a survey by IEEE
Spectrum [Self, 1990], many of consumer products, such as washing
machines, microwave ovens, video camcorders, air-conditioners and
elevators, utilise already fuzzy logic control.

Very often however, implementation is not done and the good performance is
proved and tested only by simulations. The lack of mathematical tools for
fuzzy logic controller design, which means that trial-and-error method has to
be used, limits somewhat fuzzy control applicabilty at present.
implementation and tuning of a fuzzy logic controller requires relatively long
processing time, approximately 2.5 times longer when compared to a typical
full PID controller [Keuer, 1997), and large memory space. A faster
processing time can be obtained if the implementation of fuzzy logic controller
is based on off-line look-up table. However, the resolution of the fuzzy logic
controller is then reduced and optimum values of output are pre-computed for
every input value and stored in a RAM. In this case the processing speed is
very high but there is an exponential growth of the required memory if the
number of input and output variables, or the resolution, increase [Birou et al,
1996).

In motion control applications, the fuzzy logic control is still an emerging
technology [Bose, 1989). Until now there is not a standard method and
optimal solution for the application of fuzzy logic controllers. Different
approaches are used for design, tuning and optimisation of the controller
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algorithm, so that consistent performance is obtained [Li and Gatland, 1995],
[John and Herschel, 1995]. A specific design of fuzzy logic controller is
always required for a specific application. A fuzzy algorithm implemented in a
general purpose microcontroller can only be used to control systems that
have relatively slow dynamics (i.e., frequency response in the range of 0.1 -
1kHz) [Costa et al, 1995]. Although fuzzy logic control can bring with it
advantages of robustness, the tuning and learning procedure can be complex
[Vivek and Kwong, 1995], [Ghwanmeh, 1996], because capability of
adaptation and automated learning, inherent to neural networks, does not

exist.

Fuzzy logic applications have also been reported in a variety of other
engineering areas such as pattern recognition, forecasting, reliability
engineering, signal processing, monitoring and diagnosis. As application
areas widen or specific applications are required, challenges of making fuzzy
logic controllers widely available on various hardware and software platforms
and of finding an adequate way to formulate and incorporate operator
knowledge, become greater and greater. '

A critical analysis of fuzzy logic control, given by Elkan [1994], states that
fuzzy controllers are characterised by the following properties:
o fuzzy controllers use typically fewer than 100 rules, often even less
than 20 rules;
o the knowledge within a fuzzy controller is usually shallow, both
statically and dynamically;
o the knowledge within a fuzzy controller typically provides correlation
between controller inputs and outputs;
» the numerical parameters of a fuzzy controller are tuned in a learning
process;

o fuzzy controllers use fuzzy logic operators.
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When the nature of fuzzy logic control is considered, it can be stated that the
main areas in which fuzzy control can be applied are the following:

1. Processes which can be adequately controlled by humans and the
process, for which controller is to be designed, has sensors to
provide similar information to the one used by humans to control the
process.

2. Processes which are at present controlled by (basically) linear control
algorithms and need further development, resulting in non-linear
control algorithms which are known by operators or process
engineers. Mamdani [1994] states that “fuzzy logic is successful
because it replaces the classical PID controller. When tuned, the
parameters of PID controller affect the shape of the entire control
surface. Because fuzzy logic control is a rule-based controller, the
shape of the control surface can be individually manipulated for the
different regions of the state space, thus limiting possible effects to
the neighbouring regions only.”

1.3 APPLICATION OF FUZZY LOGIC IN HIGH PERFORMANCE
CONTROL OF VARIABLE SPEED ELECTRIC DRIVES

Industrial electric drives often require high dynamic performance over a wide
range of speeds. This requires a control system with fast torque response
such as direct torque control or vector control. In many applications, an
electric drive is used solely for speed control. Response of the drive depends
on the proper functioning of the speed controller. Output of the speed
controller is torque command, which is the input for the torque control loop, if
torque control loop exists. To achieve a high quality of performance from a
servo drive requires that the drive responds to velocity errors quickly, by
developing torque in the shortest possible time [Vas, 1990]. The speed
controller is one of the most important parts of a drive system, because it
significantly influences the overall performance of the drive [Bose, 1989]. Due
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to their simple structure and virtually no maintenance, sinusoidal permanent
magnet synchronous machines have become attractive for vector control.
The research undertaken in this project focuses on development of fuzzy
logic speed controller for vector controlled variable speed drives with
sinusoidal permanent magnet synchronous machines (SPMSM). Its results
are however relevant to other types of high performance drives, such as
vector controlled induction motor, separately excited DC motor, vector
controlled synchronous reluctance motor, etc.

Selection of a control algorithm, followed by modelling and simulation of a
drive, are the most important steps in designing a speed controlier for a high
performance drive. Speed control algorithms can be based on classical
methods of control, such as Pl or PID, or on artificial intelligence methods,
such as fuzzy logic and neural networks. A standard approach for speed
control in industrial drives is to use a Pl controller. Recent developments in
fuzzy logic have brought into focus a possibility of replacing a Pl speed
controller with a fuzzy logic (FL) equivalent [Bose, 1994; 1997a, 1997b].
Fuzzy controllers tend to produce better results than Pl controllers in terms of
response time and settling time [Heber et al, 1997]. Advanced control
algorithms, such as self-tuning and self-learning, can also be applied in
conjunction with fuzzy logic control algorithms. Tuning of the drive velocity
loop can have a major impact on the ability of the drive to respond adequately
to speed set-point changes or to load torque disturbances. It is essential
therefore that the speed loop is well tuned, otherwise the overall dynamic
capability or bandwidth of the drive will be limited in performance. The
classical speed controller can be difficult to tune in practise. Even if speed
controller is designed to yield a critically damped response, its performance
can degrade as the load characteristic changes. If PID controllers are tuned
aggressively, oscillatory behaviour results. Tuning the PID controller
conservatively leads to poor transient response [Keuer, 1997].

Variable speed control of high performance drives is most frequently realised
by means of vector control. Alternatively, DTC can be applied. In both cases
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torque estimator is used to track the rapidly changing torque demand and so
compensate for the effect of the load disturbance. In DTC scheme for
example, the errors between the estimated flux and torque and their
reference values are used at every control instant to determine the
appropriate switching signals to keep the speed error as small as possible
[Vas, 1998; Bird et al, 1997]. Simple, constant parameter, speed controller
cannot provide the same response to speed reference variation over the
entire speed control region. This is a consequence of the non-linear nature of
an electric machine. An improvement in speed response is possible if some
kind of adaptive speed controlier is used. A gain scheduling method is one
possibility: speed controller's parameters are continuously changed as
functions of the speed error. In many cases FL controller is used to adjust
gains of the Pl speed controller. Model reference adaptive scheme is another
method that can be used to improve speed response but the performance will
in this case degrade if the model is not accurate enough, especially during
load disturbances.

Realisation of vector controlled high performance AC drives is based on
cascaded speed and current control loops. Current control loops are the inner
loops, while speed control loop is the outer loop. Feedback signals are
obtained from appropriate sensors and/or estimators. Many successful
applications of fuzzy logic control in AC drives have been reported recently
[Heber et al, 1997], [Vas et al, 1994a, 1994b]. Fuzzy logic control has been
used in DC and vector controlled AC motor drives [Vas et al, 1994a, 1994b],
[Vas et al, 1997]. In 1994, Hitachi launched the first commercial vector drive
with fuzzy logic control [Young, 1995], the Hitachi J300 drive.

1.4 AIMS OF THE RESEARCH

1.4.1 The scope and approach

The research focuses on design and investigation of the performance of the
speed controller in the outer control loop of a vector controlled permanent
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magnet synchronous machine. A constant parameter fuzzy logic (CPFL)
speed controller is designed for the outer control loop of the high performance
variable-speed SPMSM drive. The controller's parameters are tuned
manually until satisfactory performance is obtained. Previous experience has
shown that the performance of the drive depends much more on the
controller design than on the control structure. The controller can not
maintain the same quality of the drive performance over a wide range of
operating conditions and it cannot compensate for load disturbance or
variation of motor inertia. This is a consequence of the fact that different
operating conditions require different sets of controller parameters. A self-
tuning or adaptive control scheme can be used to improve the drive
performance. A novel self-tuning mechanism is therefore developed, in order
to maintain good controller performance under all operating conditions.

The work undertaken in this project consists of three stages. Modelling of the
three phase sinusoidal permanent magnet synchronous motor using
differential equations in the reference frame fixed to the rotor, and principles
of vector control are encompassed by the first stage. A constant parameter
fuzzy controller and Pl controller are then designed for the speed control loop
based on nominal plant parameters. The second stage consists of
investigation of the behaviour of the drive with both Pl and fuzzy logic speed
control and is based on numerical simulations, using Simulink and Fuzzy
Logic Toolbox. A detailed comparative analysis of speed response to step
speed reference application, load application and robustness to the motor
inertia change is carried out. The third stage involves the development of a
self-tuning FLLC as a speed controlier for the vector controlled permanent
magnet synchronous machine drive.

1.4.2 Research objectives

Generally, the requirements for a high-performance motor drive are:
(i) Fast tracking of step change of speed reference, usually without
overshoot.
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(ii)

(iii)

(iv)

The maximum speed change and the restoration time due to step
load torque change must be kept as small as possible.

The steady state speed error has to be regulated to zero under all
operating conditions.

The performance should be insensitive to system parameter

changes, such as, for example total inertia.

These requirements may be met to a lesser or larger extent by using

different control schemes in conjunction with a permanent magnet

synchronous machine. This research project investigates vector control

of a SPMSM, using both conventional Pl speed control and fuzzy logic

speed control.

The major research objectives of the project can be summarised as

follows:

(i)

(ii)

(i)

Development of a fuzzy logic speed controller for vector controlied
SPMSM with hysteresis current control. .
Comparison of performance of the control scheme utilising FL
speed controller with the scheme that relies on standard Pl speed
controller.

Investigation and development of self-tuning FL speed controller
for a SPMSM.

The underlying objective of the whole project is to try to develop a novel

speed control scheme, based on FL controller, that will provide superior

performance when compared to the existing solutions.

1.4.3 Originality of the research

The originality of the research consists of:

1. A detailed comparative analysis of fuzzy logic and Pl speed control in

high performance AC drives. A detailed comparison between the

operation of the drive with speed control by Pl and FL technique is
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made, for the cases of application of large step speed command other
than rated, application of step load torque, operation with inertia other
than rated and small step-wise speed reference change. The
comparison is made on the basis of numerous results obtained by
simulation of transients. Existing comparisons [Boussak and Bauer,
1996], [Ficcara ef al, 1996] are usually done for a single operating
point and/or operating regime.

2. Development of a self-tuning fuzzy logic speed controller with self-
adjustment of the input and output scaling factors by means of
another FLC. This adaptive speed controller aims at enabling an ac
drive to maintain its good performance over a wide range of operating
conditions.

The controller investigated in this research is a fuzzy Pl-like speed
controller where the size of control effort depends upon the size of the
error and the rate of change of error. The controller output is integrated
to obtain integral action. Although fuzzy logic can bring with it the
advantage of robustness, the tuning procedure can be complex. The
reason for this is that there are many parameters to be adjusted in a
fuzzy controller. These include definition of the fuzzy set properties
(shapes, size etc.) of the membership functions and scaling factors.
The objective of development of a self-tuning FL controller is to
establish a simple and easy-to-tune structure for a FL speed controller.
This can be achieved by fixing some of the parameters and adjusting
only scaling factors. Such an adaptive FL speed controller is
developed and a comparative analysis is made between CPFL
controller and self-tuning FL controller. Response to application of
large and small step speed command other than rated, application of
step load torque, operation with inertia other than rated and small step-
wise reference speed change are studied by simulation.
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1.5 THESIS OUTLINE

A brief overview of fuzzy logic control and its applications in process control,
motion control, robotics and consumer products has been given in this
chapter. High performance SPMSM drives and the concept of vector control
are reviewed in Chapter 2. This includes a detailed literature survey of fuzzy
logic speed control in high performance AC drives. The advantages of a
vector controlled AC motor with respect to a DC motor in high performance
drives are also discussed. Several methods of vector control of the sinusoidal
permanent magnet synchronous motor drive are described in this chapter.
These include rotor flux oriented control of a current-fed SPMSM and rotor
flux oriented control of a voltage-fed SPMSM. Classification of standard
current control techniques is included. Several current control strategies such
as hysteresis and ramp-comparison are described.

The mathematical modelling of a permanent magnet synchronous machine,
speed controller and inverter for adjustable speed drives is presented in
Chapter 3. Modelling of hysteresis current controller is also described in this
chapter. Some simulation results based on conventional Pl speed control are
given.

Basic operations with fuzzy sets and the construction of a fuzzy rule-based
controller is given in Chapter 4. The chapter continues with presentation of
the development of constant parameter FL speed controller. Simulation of
vector controlled permanent magnet synchronous machines using FL speed
controller is carried out next. The controller parameters and their effect on
the controller’s performance are investigated.

in Chapter 5, a detailed evaluation of the drive performance is presented by
comparing the simulation results obtained with both Pl speed controller and
constant parameter FL speed controller. In particular, speed response for
various reference speed settings, load rejection properties and robustness to
total inertia changes are compared.
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A new scheme for the self-tuning of input and output scaling factors of a FLC
is described in Chapter 6. The tuning mechanism is based on heuristic fuzzy
rule base. In this Chapter the influence of the scaling factors on the step
speed response is investigated as well. Two possible approaches to
adaptation are employed and four types of self-tuning mechanisms are
developed and investigated using simulation procedure. The comparison is
also made between the adaptive controllers and the off-line optimised CPFL
speed controller, with regard to parameters used in the controller design,
overshoot in the speed response, settling and rise time, and integral speed
error criteria. Transients considered are variation of the step speed command
with constant and variable total inertia. The overall performance of three
types of adaptive self-tuning FLCs is finally discussed and conclusions
regarding their applicability for different cases are drawn.

Finally, the discussion and conclusions of the research are given in Chapter

7. Some recommendations for further work are also included.

Chapter 8 lists the referenced literature. The thesis concludes with
Appendices. Appendix A contains data of the permanent magnet
synchronous motor, used in the simulations. Appendix B presents simulation
block diagrams, formed in Simulink software. Flow charts used for
development of two of self-tuning methods of Chapter 6 are included in
Appendix C. Finally, Appendix D contains publications from this thesis.
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CHAPTER 2

A REVIEW OF LITERATURE ON HIGH PERFORMANCE
SPMSM DRIVES

2.1 INTRODUCTION

Recent developments in motion control technology are driven by ever
increasing requirements in industrial applications for high performance, better
reliability, and lower cost, these being enabled by advances in power
electronics, control theory, and microprocessor technology [Henneberger,
1993], [Bose, 1994], [Le-Huy, 1994], [Vas and Drury, 1995], [Costa et a/,
1995], [Vas and Stronach, 1996a], [Vas et al, 1996a, 1996b]. For a long time,
the control of electrical drives has been dominated by analogue technology.
During the last two decades, with the developments of microprocessor and
peripheral circuits, digital technology has gradually replaced analogue
technology in conventional control applications and allowed the
implementation of advanced control algorithms that were previously
unattainable. A modern motion control system, such as a manipulator arm or
a positioning system, consists in general of one or several electrical drives.
The control problem of such a complex system can be divided into two levels:
high-level control and low level control. High level control involves the co-
ordination of all the actuators to produce the desired motion from one point to
another, following a planned trajectory. On the other hand, low-level motion
control deals with the control of each motor drive on its own, for example
induction motor drive control [Lorenz et al, 1994] and permanent magnet AC
motor drive control [Jahns, 1994]. This research focuses on low-level motion
control which involves the control of velocity and torque of an electrical drive.
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Basically, a digitally controlled electrical drive consists of three main
components: the electric motor, the power converter, and the digital control
system [Novotny and Lipo, 1996]. The mechanical load is driven, directly or
through a reducing gear, by the electrical motor, which is fed by the power
converter. The requirements imposed on high precision AC motor drives are:
high quality of dynamics, low torque ripple, low acoustic noise, minimum
harmonic content of motor current and insensitivity to parameter changes
[Vas, 1990], [Vas, 1992].

At present, numerous systems are available for such purposes including DC
motor drives [Vas, 1992], [Vas, 1990], [Novotny and Lipo, 1996}, variable-
reluctance stepper motor drives [Miller, 1993], [Vas, 1998], [Nasar et al,
1993], permanent magnet synchronous motor drives [Vas, 1990], [Vas,
1998], [Nasar et al, 1993], [Boldea and Nasar, 1992] and induction motor
drives [Vas, 1990], [Vas, 1992], [Vas, 1998], [Novotny and Lipo, 1996]. DC
motors have been commonly used for high performance electric drives in the
past. As the flux and torque control of a DC motor are inherently physically
decoupled, a DC motor drive system can have very good dynamic behaviour.
However, the advantages of DC motors can be offset by their large size,
weight, high cost, and dedicated maintenance when compared with AC
motors in general, including the permanent magnet synchronous motor [Vas,
1990], [Henneberger, 1993], [Novotny and Lipo, 1996], [Nasar ef a/, 1993],
[Pillay and Krishnan, 1989], [Pillay and Krishnan, 1288].

Permanent magnet synchronous machines can be categorised by the shapes
of their respective back-EMF wave-forms [Vas, 1990], [Nasar et al, 1993],
[Henneberger, 1993], [Pillay and Krishnan, 1988] as

a) the brushless DC (BLDCM) motors fed by trapezoidal currents and
having trapezoidal flux distribution

b) sinusoidal permanent magnet synchronous motors (SPMSM)
having approximately sinusoidal air-gap flux-density distribution
and fed by sinusoidal stator currents.
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Under idealised conditions, each of these two types of permanent magnet
synchronous motor drives is capable of delivering perfectly smooth
instantaneous torque waveforms. Both the machine back-EMF and current
excitation waveforms have to be perfectly either sinusoidal or trapezoidal for
ideal smooth torque generation. Trapezoidal machines are advantageous
when simple control and a minimum number of sensors are required.
However, they have higher torque ripple and more limited high-speed range
compared to SPMSM or induction machines. Sinusoidal back-EMF
waveforms require that the machine's stator windings are sinusoidally
distributed around the air-gap and that the radial magnetic flux density
amplitude, generated by rotor magnets, varies sinusoidally along the air-gap.
Sinusoidal phase currents are typically developed using a current-regulated
inverter that requires individual phase current sensors and a high-resolution
rotor position sensor to maintain accurate synchronisation of the excitation
waveforms with the rotor angular position at every time instant. Any source of
non-ideal properties, which causes either the phase current or the back-EMF
waveforms to diverge from their purely sinusoidal shape, will typically give
rise to undesired pulsating torque components. This project deals exclusively
with sinusoidal permanent magnet synchronous machines.

Sinusoidal permanent magnet synchronous machines are showing increasing
popularity in recent years for many industrial drive applications, ranging from
general purpose drives to high-performance machine tool servos. This is
because of their attractive characteristics in such key categories as power
density, torque-to-inertia ratio and high efficiency [Vas, 1990], [Henneberger,
1993], [Pillay and Krishnan, 1990]. The rotor excitation flux required for
operation of the machine is provided by the permanent magnets, and is
essentially constant, which is in contrast to a synchronous machine with a
rotor field winding, where the excitation flux is provided by the rotor field
winding. Since the copper and iron losses are then concentrated in the stator,
cooling of the machine is more easily achieved [Vas, 1990], [Vas, 1992],
[Vas, 1998].
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Rotors for SPMSMs can be designed using either surface-mounted or interior
magnet configurations [Boldea and Nasar, 1992], [Vas, 1990]. Surface
permanent magnet machine magnets are mounted on the rotor surface, while
in the interior permanent magnet machines magnets are mounted inside the
rotor. When the magnets are inside the rotor, a mechanically robust
construction is obtained which can be used for high-speed applications since
the magnets are physically contained and protected. However, the machine
cannot be considered to have a uniform air gap. Thus, there is a reluctance
torque from the saliency effects ( L, is greater than L,) which significantly

alters the total torque production mechanism of the machine. The resulting
complex torque expression dictates that the control scheme will also be
relatively complex in comparison to the machine with surface mounted
magnets. In the case when the magnets are mounted on the rotor surface,
the machine can be considered to have a large effective air gap, which
makes the effects of saliency and effects of armature reaction negligible (thus
the direct-axis magnetising inductance, L, is equal to the quadrature-axis

magnetising inductance, Lq) [Vas, 1990], [Vas, 1998]. Consequently the

torque contains only the fundamental component. A surface mounted
permanent magnet synchronous machine is less robust than the interior
SPMSM and is usually used for operation in the base speed region only (e.g.
up to the rated speed).

In this Chapter a literature review of the present technology, related to control
of SPMSM drives, is presented. The comparison is made, based on
performance, complexity of the control structure and practical realisation
requirements, with other types of drives. Existing research shows that the
vector control of SPMSM drives is at present focused on:

a) improvement of the two-axis motor model

b) enhancement of speed and torque response

c) improvement in robustness

d) minimisation of motor current harmonic content.
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The major problems associated with implementation of a vector controlled
SPMSM are:

a) variation of motor electrical parameters
b) presence of the position/speed sensor
c) variation of mechanical parameters.

22 VECTOR CONTROL OF A SURFACE MOUNTED PERMANENT
MAGNET SYNCHRONOUS MACHINE

At present, existing control techniques of AC drives can be classified in two
groups: one is the scalar open-loop voltage to frequency (volt/hertz) control
for ordinary applications [Bose, 1989], and the other is vector (field-oriented)
control for high-performance applications. A number of solutions have been
proposed to implement vector control [Blaschke, 1972], [Gabriel et al, 1980],
[Leonhard, 1986], [Bose, 1989), [Vas, 1990}, [Vas, 1992], [Boldea and Nasar,
1992], [Vas and Drury, 1994}, [Vas, 1998]. In vector control of the SPMSM
drive the quadrature axis stator current is used to control the torque, and thus
indirectly speed and position, of the motor up to the base speed. For the
operation above base speed it is required to weaken the flux, which can be
done using the stator d-axis current component [Boldea and Nasar, 1992).
The efficiency of the drive decreases because of the increase in copper loss
due to the increase in the stator current.

The conventional linear controllers such as Pl or PID have been used as
speed controllers in many applications, in both AC and DC motor drives
[Nonaka and Kawaguchi, 1991], [Sen, 1990}, [Pilay and Krishnan, 1990}, [Liu
and Liu, 1990], [Vas, 1990], [Boldea and Nasar, 1992], [Chang et al, 1994],
[Vas, 1998] including sensorless control of AC motor drives [Rajashekara et
al, 1996]. However, these controllers are sensitive to plant parameter
variations and load disturbance. The performance varies with operating
conditions, and it is also difficult to tune the controller gain both on-line and
off-line. Adaptive and optimal control techniques, considered in the past for
DC drives only, are now being extended for AC drives. One reason is the
recent availability of high speed and powerful DSPs. This makes possible
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implementation of, for example, adaptive fuzzy, adaptive fuzzy-neural or
artificial neural networks in DC or AC drives [Vas and Stronach, 1996b],
[Stronach et al, 1997], [Beierke et al, 1997]. Artificial-intelligence-based
speed estimators [Stronach and Vas, 1998] for sensorless drives [Vas, 1998],
[Vas et al, 1998] hold substantial promise for the future. Another reason is
that with vector control the machine has a simple control structure that
corresponds to the case of a separately excited DC machine. Therefore, the
DC drive control algorithms can be applied directly. Adaptive control methods,
such as self-tuning regulator, model reference adaptive control (MRAC) and
sliding mode control give robust drive performance. Self-tuning adaptive
control techniques have been applied in DC drives [Stronach et al, 1994],
[Brickwedde, 1985]. In this method, the controller parameters are tuned to
adapt to the plant parameter variations. Model reference adaptive control
(MRAC) has also been applied in electric drive systems (Subsection 2.4.2.1).
In MRAC, the output response is forced to track the response of a reference
model (idealised model with fixed plant parameters) irrespective of plant
parameter variations. The controller parameters are adjusted to give a
desired closed-loop performance. The variable structure control using sliding
mode was recently introduced into the field of controlled electric drive
systems as well. With sliding mode control (SLMC), the control system can
be designed to provide parameter-insensitive features, prescribed error
dynamics, and simplicity in implementation. Applications of SLMC in AC servo
drives have been reported (Subsection 2.2.2.3). Finally, expert systems,
fuzzy logic and neural networks are emerging technologies that are
characterised with a large potential impact on advanced machine control
techniques (Section 2.4).

2.2.1 Control of sinusoidal permanent magnet synchronous machines

The design criteria for synchronous servomotors, to be used in machine-tool
drives, manipulators and industrial robots, differ from those of conventional
synchronous machines. High power/weight ratio (greatest possible
power/motor mass ratio), large torquefinertia ratio (to enable fast
acceleration), smooth torque operation (small torque ripple) even at very low
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speed, high speed operation, high transient torque capability (quick
acceleration and deceleration), high efficiency and compact design are
required [Slemon, 1994], [Jahns, 1994], [Vas, 1990], [Vas, 1992], [Nasar et
al, 1993], [Henneberger, 1993], [Pillay and Krishnan, 1989]. These
requirements can be adequately met by the permanent-magnet synchronous
machine employing vector control.

In recent years, vector (field-oriented) control techniques have been
employed in order to enable conversion of an AC machine into an equivalent
separately excited DC machine. Thus field oriented control enables
decoupled (independent) control of flux and torque in an AC machine by
means of two independently controlled (fictitious) stator currents, as in a
separately excited DC machine. To obtain true vector control, stator current
components must be placed into a pre-defined position with respect to one of
the flux space vectors. Basically there are two possible types of vector control
of an SPMSM, namely: rotor flux oriented control and stator flux oriented
control. Rotor flux oriented control is by far the most common method applied
in practical realisations [Vas, 1990], [Vas, 1998], [Pillay and Krishnan, 1989],
[Ho and Sen, 1995]. The sole reason is that, compared to the other
orientation possibility, rotor flux oriented control asks for the simplest control
system structure. A SPMSM is converted into its equivalent separately
excited DC machine in the simplest way by selecting a reference frame fixed
to the rotor flux. The difficulty is the fact that stator d-g axis current
components, needed for this decoupled flux and torque control, do not exist in
the actual machine; instead, the machine is fed with three phase a, b, ¢
currents. The problem is overcome by including co-ordinate transformation as
an interface between the control system and the machine. Since the flux
produced by the permanent magnets can be assumed to be constant, the
electromagnetic torque can be varied by changing the quadrature-axis stator
current expressed in the rotor reference frame. Thus a constant torque is
obtained if the stator quadrature current component is constant. Maximum
torque per ampere of stator current is obtained if the stator current space
vector is at all times placed in quadrature with the rotor flux space vector.
Quick torque response is obtained if the quadrature-axis stator current is
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changed quickly, e.g by the application of a current-controlled pulse-width-
modulated inverter.

Precise rotor position information is required in any variable speed drive
comprising SPMSM. It can be obtained directly from the rotor shaft by
monitoring the rotor angle or rotor speed. In practice, rotor speed can be
measured by using an analogue tachometer and the rotor angle can be
monitored by, say, a resolver. Analogue tachometers have about 0.1%
accuracy and at low-speed operation of a servo drive, very high-speed
resolution is necessary to obtain accurate result [Vas, 1998]. This problem
can be solved by using the same digital encoder for sensing the rotor
position and rotor speed [Vas, 1990], [Henneberger, 1993], [Pillay and
Krishnan, 1990]. It should be noted that at high speeds optical encoders can
have limited accuracy and are susceptible to temperature variation, since the
monitoring device has to be mounted within the motor enclosure. Resolvers
are inherently accurate, but they must be combined with high-resolution
digital circuits to achieve and maintain high accuracy over a wide speed

range.

2211 Rotor flux oriented control of current-fed SPMSM

In this case it is assumed that the machine is fed from an ideal current
source, hence the phase currents from the controller can be regarded as
being directly impressed into the machine stator windings. The control
structure for the current fed machine is simpler than that of the voltage fed
machine [Vas, 1990], [Vas, 1992], [Vas, 1998], [Novotny and Lipo, 1996],
[Boldea and Nasar, 1992], [Sokola ef al, 1992]. The concept of current-fed
machine is commonly used for practical realisation. The stator g-axis current
command is obtained from the speed controller while the stator d-axis current
command is set to zero. These two components are then converted from the
rotational reference frame into three phase current commands in the
stationary reference frame, by means of co-ordinate transformation. The
angle for co-ordinate transformation is the one supplied directly from the
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position sensor. Current control is performed in the stationary reference
frame.

2.21.2 Rotor flux oriented control of a voltage-fed SPMSM

If the machine is regarded as being fed from a voltage source, the control
system becomes much more complex [Boldea and Nasar, 1992], [Vas, 1992],
[Sokola et al, 1992]. Current control now takes place in the rotating reference
frame and the outputs of the control system are voltage references rather
than current references. The inner control loop controls the stator current d-q
axis components, while the outer control loop performs speed control. The
reference value for the direct axis stator current in the rotor flux reference
frame is again set to zero. The quadrature axis stator current reference is
obtained as an output of the speed controller whose input is the error signal
between the commanded rotor speed and the actual rotor speed. The error
signals between the commanded current values and the actual current values
serve as the inputs to the respective direct and quadrature axis current
controller. The outputs from the current controllers are the. direct and
quadrature axis stator voltage reference values.

However, these reference values are not decoupled and therefore
decoupling voltages are needed. The voltage reference values are then
transformed to the stationary reference frame by utilisation of the co-ordinate
transformation [Vas, 1990], [Trzynadlowski, 1994]. The resultant voltages are
the phase voltage reference values in the stationary reference frame, which
are fed to the inverter control circuit. It should be noted that in the case of a
voltage-fed machine, measured stator currents have to be transformed into
the rotor reference frame using co-ordinate transformation.

2.2.2 Alternative methods of vector control of a SPMSM

2.2.2.1 Improved d-g model of a SPMSM

One possibility of improving the behaviour of a vector controlled SPMSM
consists in utilisation of a modified machine model in the development of the
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control system. The idea of a modified model is that it accounts for one or
more phenomena that are neglected in the standard, constant parameter
model. A constant parameter motor model is widely used in the
implementation of vector control for AC drives. The mathematical model of
the SPMSM is derived using simplifications and it neglects numerous
phenomena in the complex physical structure of the machine, such as
variation of stator resistance, iron loss and magnet flux change with
temperature [Sebastian ef al, 1986], [Pillay and Krishnan, 1989]. The
resulting type of controller is called a parameter dependent controller because
its performance would be degraded when the motor parameters change in
wide range of operating conditions [Stumberger, 1996].

A method to improve the performance of vector controlled SPMSM drives
using improved (modified) models has been proposed [Senjyu et al, 1996]. In
this method the compensation strategy is based on re-tuning the controller by
using the accurate information produced from the improved motor model, with
additional consideration of the iron loss. The influence of iron loss should not
be neglected and it depends on the operating frequency. A few assumptions
have been made in order to develop voltage equations that account for the
stator iron loss: harmonic components of current and flux are neglected, there
is no saturation in the magnetic circuit, the rotor iron loss and stray load loss
are neglected, and the stator iron loss is produced in the equivalent eddy
current circuit in the stator. Using the above assumptions, the equivalent
eddy current winding model in phase reference frame, which has a winding
resistance and a winding inductance, is set up. By transforming the three-
phase winding axes into d-q axes, the d-q winding model, which includes the
equivalent eddy current windings on the stator, is derived. The control
voltages to the SPMSM are composed of both the decoupling voltages and
the torque control voltage. The decoupling voltages are calculated using
measured actual currents, actual rotor speed and the equivalent iron-loss
resistance.
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2.2.2.2 Speed and position sensorless SPMSM drives

Conventionally, the speed of an electrical machine can be measured by DC
tachogenerators, while rotor position can be measured by either using
resolvers, or absolute or optical encoders. One of the most active areas of
development during recent years involving AC machine drives has been the
rapid evolution of new control techniques for elimination of the rotor position
sensor, conventionally used in high performance drives. The issue of sensor
elimination in SPMSM is challenging because accurate position information is
essential for proper operation of the drive. As a result, sophisticated observer
estimation techniques are generally required to extract position information
from stator phase current and voltage measurement.

Sensorless vector drives have become more important for industry because
of their advantageous features [Vas, 1998]: reduced total hardware
complexity and cost, increase in mechanical robustness and reliability of the
drive, and increased noise immunity. To improve the robustness of the
system and reduce cost it is necessary to minimise the number of sensors.
Furthermore, an electromechanical sensor increases the systém inertia,
which is undesirable in high-performance drives. It also increases the
maintenance requirements. In very small motors it is impossible to use
electromechanical sensors. On the other hand, speed and position estimation
can be performed by using software-based state-estimation techniques where
stator voltage and current measurements are performed [Vas, 1998].

A detailed discussion regarding the main techniques of sensorless control of
AC drives is given in the recent text book [Vas, 1998]. These include the
conventional estimators such as Kalman and Luenberger observers [Vas,
1998), [Sanz et al, 1996], or make use of special characteristics of the motor
such as saliency (geometrical, saturation) effects [Vas, 1998], [Sathiakumar
et al, 1994].

Speed estimators using artificial intelligence (neural networks, fuzzy logic,
and fuzzy-neural networks) are also discussed [Vas, 1998]. Such an
approach has many advantages over the conventional techniques (e.g. it

Page 26



Chapter 2 A review of literature on high performance SPMSM drives

does not rely on the many simplifying assumptions related to the conventional
mathematical models, it can be robust to parameter variations, it offers the
possibility of reduced computational time, etc.) [Vas, 1998].

A review of the various schemes and methodologies used for speed
sensorless operation of induction motors and position sensorless operation of
permanent magnet, synchronous reluctance, and switched reluctance motors
is given in [Rajashekara et al, 1996]. At zero speed most methods for rotor
position estimation fail. The magnets do not induce any voltage and therefore
no information on the magnetisation is accessible. In general, to solve the
problems which occur at low frequencies, a number of special techniques
have been proposed by various investigators: for SPMSMs [Schroedl, 1994],
[Ertugrul and Acarnley, 1994], for induction machines [Ohtani et al, 1992],
[Jansen et al, 1994] for brushless DC motors [Ogasawara and Akagi, 1991]
and for synchronous reluctance motors [Matsuo and Lipo, 1995].

The improved sensorless control of a SPMSM drive, with parameter variation
compensation, has been introduced recently [Kim and Sul, 1995],
[Wijenayake, 1995]. In this method the rotor position, speed and rotor
magnet temperature of a SPMSM are estimated in an on-line parameter
identification scheme by measuring stator currents, voltages and
temperature. Machine parameter variations due to saturation and
temperature (change in stator resistance, magnet flux variation and core
losses) are taken into consideration at every speed, including zero speed:
therefore, the estimation accuracy is considerably increased. Inclusion of the
core loss resistor and modification of the d-g equivalent circuit also enable the
use of this equivalent circuit in efficiency optimisation algorithms, where the
objective is to find the optimum operating point at which the total losses are
minimised.

2.2.23 Sliding mode control method

Recently, sliding mode control has been investigated in vector controlled
induction motor drives [Kim et al, 1996], [Yoon et al, 1996], [Hikita,1988], in
permanent magnet synchronous motor drives [Namuduri and Sen, 1987],
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[Wei,1993], [Ghribi and Le-Huy, 1994], [Sepe, 1991], [Chiricozzi et al, 1996]
and in DC motor drives [He et al, 1997], [Silva et al, 1996]. Sliding mode
control is also used in power converter applications [Raviraj and Sen, 1995].
Sliding modes are an important feature of the variable structure control
system: the controller is switched between two distinct control structures. In
general, the design of a sliding-mode controller can be divided into two
phases: the hitting phase and the sliding phase. Before the system reaches
the switching surface (hitting phase), control is directed towards a switching
surface, and when all the states of the controlled system are constrained to
lie within a switching hyperplane the sliding mode occurs (sliding phase).
Once the state of the controlled system enters the sliding mode, the dynamics
of the system are detected by the choice of sliding hyperplane and are
independent of uncertainties and external disturbance. Like MRAC, the
combination of sliding mode and variable structure control system gives
robust performance against plant parameter variations and load disturbance
effects. The ultimate goal of the controller is to maintain invariant velocity
control of the motor in the presence of varying mechanical parameters such
as rotor inertia and load torque.

Variable structure control (VSC) is characterised with the chattering problem,
that causes vibration and wearing of the mechanical parts of the actuator.
Theoretically, VSC is based on the assumption of the infinite switching action
on the sliding surface. It is, however, difficult to meet this assumption in
practise because of the limitations of the sampling and switching frequency.
Thus, ideal sliding motion having infinite switching action cannot be realised
and this non-ideal sliding motion is a factor of producing an undesirable
steady-state error in practical applications, [Chern and Wu, 1993],
[Hashimoto et al, 1988].

Many investigations have been undertaken to overcome these problems. One
possibility is the implementation of an adaptive approach. The gain of the
speed controller is re-tuned based on the gain self-tuning method [Chiricozzi
et al ,1996], or the gain is tuned based on the estimation of the mechanical
parameters [Sepe, 1991]. In the gain self-tuning method there are two major
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loops in the controller structure, the fast loop comprises the motor, inverter
and current controller. The slow outer loop consists of parameter estimator
and the re-tuning algorithm for the speed controller. The inner loop is used to
regulate motor current so that the dynamic performance of the motor is
maintained. The outer control loop adjusts the gains in the speed controller to
effect invariant velocity control in the presence of changing mechanical
parameters. This is accomplished in two steps. Firstly, the mechanical
parameters are estimated using input and output measurements of the
mechanical dynamics of the motor. These measurements are provided by a
speed controller and state filter, respectively. Secondly, new gains for the
speed controller are computed using estimates of the mechanical parameters.
The gains in this multi-loop controller are chosen so that the closed-loop
electrical dynamics of the motor are much faster than both the open-loop and
closed-loop mechanical dynamics. The required controller re-tuning algorithm
is based on pre-specified, closed-loop pole locations for the mechanical
dynamics of the motor. Because the parameters of the motor change much
more slowly than the state, the outer control loop, which is responsible for
adaptation, is implemented at a slower rate than the inner cbntrol loop.
However, since it is desirable to directly estimate the parameters of the
mechanical dynamics, the input and output measurements, fed into the
parameter estimator, are sampled at the same rate as the mechanical
dynamics. In this method the adaptation approach is implemented with the
on-line parameter estimation so that a long execution time is required and
high sampling rate is not possible.

In general, in sliding-mode control, the upper boundary of uncertainties, which
include parameter variations and external load disturbance, must be
available. However, the boundary of uncertainties is difficult to obtain in
advance for practical applications. A fuzzy sliding-mode controller is
investigated to resolve this difficulty, in which a simple fuzzy inference
mechanism is used [Lin and Chiu, 1998]. In [Chiricozzi et al, 1996] the fuzzy
inference mechanism is used to compute the strip area which corresponds to
the load variations. In [Lu and Chen, 1994] the best features of self-
organising fuzzy control and sliding mode control are combined to achieve
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rapid and accurate tracking control of a class of non-linear systems. The
fuzzy rule base is used to approximate the equivalent control through self
organising, and the variable structure control effort is used to compensate for
the approximation error and to provide exponential convergence of the sliding
variable. In [Wu and Liu, 1996] the sliding modes are used to determine the
best values for parameters in the fuzzy control rules to improve the
robustness of the fuzzy control. Lin and Chiu [1998] used the fuzzy controller
to adjust the sliding surface of the sliding-mode controller. In [Ting ef al, 1996]
a fuzzy control scheme is constructed from the concept of sliding mode. If the
original control rules are inappropriate, an adaptive mechanism modifies
these rules.

2.3 DIRECT TORQUE CONTROL

In general, the conventional direct torque control of an AC machine supplied
by a voltage-source inverter (VSI) involves the direct control of the flux-
linkage space vector (e.g. stator flux-linkage space vector) and
electromagnetic torque by applying optimum voltage switching vectors of the
inverter which supplies the motor [Vas, 1998]. In 1995, the first commercial
direct torque controlled induction motor drive was introduced by ABB
[Schofield, 1995]. A detailed discussion of numerous DTC schemes for
synchronous motors and induction motors is available in [Vas, 1998]. The
main advantages of the DTC, when compared with vector control are [Vas,
1998]:

i) absence of coordinate transformation (which is required in all of the
vector-controlled drive implementations);

ii) absence of a separate voltage modulation block (required in vector
controlled drives);

iii) absence of voltage decoupling circuits (required in voltage-fed
vector controlled drives);

iv) absence of current controllers;
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v) only the sector where the flux-linkage space vector is located, and
not the actual flux-linkage space-vector position, has to be
determined;

vi) minimal torque response time.

However, the main disadvantages of a conventional DTC scheme are [Vas,
1998]:

i) possible problems during starting and low speed operation and
during changes in torque command;

ii) requirement for flux and torque estimators (same problem exists for
vector drives);

iii) variable switching frequency;

iv) high torque ripple.

24 FUZZY LOGIC CONTROL OF HIGH PERFORMANCE DRIVES

Fuzzy logic can be applied in the closed-loop control of a drive system, and it
can provide fast and robust control [Vas, 1998], [Vas and Stronach, 1996a],
[Sousa and Bose, 1995). The drive system may be based on a DC or AC
machine. Since vector-controlled AC drives and DC drives have identical
dynamic models, the same fuzzy control principle is valid in either case.

Previous research in fuzzy logic control (FLC) has shown improvement in
controlling induction motor drives [Vas ef al, 1997] and permanent magnet
motor drives [Cerruto et al, 1995]). The robustness of the standard fuzzy logic
controller is limited to a certain extent because variations of the motor
parameters and load disturbance take place in a wide range of operating
conditions. Adaptive control is thus required to make fuzzy controllers able to
cope with operating condition changes. In this section, several adaptive

control methods will be discussed.

2.4.1 Constant parameter FL controller (CPFLC)

A constant parameter FL controller has already been successfully
implemented in high performance vector controlled drives [Baghli et al,
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1997a], [Eminoglu and Atlas, 1996]. A fuzzy logic speed controller is used in
induction motor drives [Fodor et al, 1996}, [Zhen and Xu, 1996], [Afonso et al,
1997], [Bebic and Jeftenic, 1998], [Heber et al, 1997], [Baghli ef al, 19972],
DC motor drives [Eminoglu and Atlas, 1996], [Monti and Scaglia, 1997],
brushless DC motor drives [Donescu ef al, 1996] and switched reluctance
motor drives [Abut et al, 1997]. Fuzzy logic control is usually applied in the
speed control loop where error and change of error are the input signals,
while torque current command is the output of the controller. However,
recently a greater number of inputs of a FL speed controller for a brushless
DC motor drives [Bodin et al, 1997] has been proposed. A FL speed
controller is designed with four inputs and two output variables for DC motor
drives [da Silva et al, 1997]: speed error, change of speed error, amature
current and load disturbance are the inputs, while the amature voltage is the
output of the controller. In position control applications [Silva et al, 1996],
[Senjyu et al, 1996], a FL controller is employed to regulate the rotor position
and its output is speed reference.

In [Feng and Chen, 1996}, a load observer is implemented in conjunction with
a FL speed controller to obtain satisfactory control performance. In this case,
the observer is used to compare the calculated and measured speed
producing an output of torque current. In the DTC scheme [Bird ef al, 1997], a
FL speed controller is used to improve the dynamic speed response with an
ability to quickly recover from speed drops due to load disturbances. In this
application, the CPFL controller has two inputs that are speed error and
change of speed error. The output of the CPFL controller is a torque current
command which needs to be increased or decreased according to the speed
error and change in speed error. In general, a fuzzy logic based controller is
established by interpreting rules that are based on experience and formed in
a decision table relating the input and output of the controlled system [Fodor
et al, 1996] and [Liaw and Cheng, 1995].
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2.4.2 Adaptive FL controller

In practical applications the optimal setting of the constant controller
parameters varies under different working conditions. When the parameters
are fixed, ideal performance cannot be achieved in all the cases. A solution to
this problem is addressed by adaptive controllers, whose aim is to maintain
consistent performance of a system by adjusting the controlier parameters to
the varying conditions. The principle of this control method has been given in
detail in many books [Davies, 1970], [AstrOm and Wittenmark, 1990].

Adaptive control theory has been studied for several decades. Different
adaptation schemes, such as self-tuning (S-T) [Harris, 1981], [Gawthrop,
1987] and model reference adaptive control (MRAC) are applicable in high
performance drives [Vas, 1998]. The design of a classical adaptive control
system is based on mathematical modelling and the implementation of such a
system is usually complex due to the computationally intensive algorithms.
On the other hand, the adaptation of a FL control system can be achieved by
using the same approaches as in the classical adaptive systems. The
difference will be in the adaptation mechanism which can be im'plemented
using fuzzy reasoning. Thus, the design of the adaptation algorithm can be
made simpler since no mathematical manipulation is required.

Adaptive controllers in high performance drives can be classified into two
types: indirect and direct controllers [Bose, 1997a, 1997b], [Dash et al, 1997].
An indirect adaptive artificial-intelligence-based (AlB) controller contains a
real-time identification model and also requires inputs and output of the plant
at every sampling instant. However in direct AIB controllers, the plant monitor
is represented by a performance table which is used to determine the current
response using such quantities like the error and the change of the error over
two consecutive sampling periods [Vas et al, 1996b]. In this case, the
adaptation can be change of scaling factors, change of the rules and/or
change of the membership functions.
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2.4.21 Model reference adaptive controller (MRAC)

This type of adaptation (Fig. 2.1) has been applied in induction motor drives
[Le-Huy, 1995), [Cerruto et al, 1995] and PMSM drives [Silva and Le-Huy,
1997], [Zhen and Xu, 1996]. The system response and the reference model
output are compared. The error between the model output and the actual
speed, and its change, are calculated in every sampling period.

Reference Model
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Figure 2.1: Model reference adaptive control (MRAC)

In the adaptation scheme, the adaptation mechanism produces an auxiliary
control signal to compensate for the deviation of the performance due to
changes in operating or load conditions. This adaptation approach does not
provide learning capability but its implementation is much simpler since the
knowledge base is not modified [Ta-Cao and Huy, 1996], [Le-Huy, 1995].
However, MRAC speed control systems do not achieve consistently
satisfactory performance over a wide range of speed demand, especially at
low speed and there is no defined rule to guide designers to choose the
adaptation gains. In the paper [Cheung et al, 1996], a MRAC with adaptation
of Pl controller gains is proposed to control the speed of a DC motor drive
and its superiority over conventional MRAC is demonstrated by simulation
results.

MRAC, based on neuro-fuzzy speed controller, has been proposed [Fischle
and Schroder, 1997] to dissipate the torsion vibrations between motor and
load. This is because the behaviour of many real drive systems is
substantially influenced by non-linearity, especially coulomb friction and
backlash. Furthermore, the structure and parameters of these non-linearities
may not be exactly known. The method is at first examined by a simulation
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example and then verified experimentally with a laboratory electric drive
system. However, the learning times are still too long for this application and
need relatively high speed processing. The adaptive speed controller and
rotor resistance estimator, based on a fuzzy logic approach for high-
performance indirect vector controlled induction motor drive, have been
proposed [Ta-Cao and Huy, 1996]. The simulation results have shown that
speed and flux response are improved for varying inertia, load torque and
stator resistance variations. A robust fuzzy logic speed controller [Goureau
and Ibalden, 1996] is based on fuzzy model reference learning control which
employed a CPFL controller and FL adapter. The input of the second fuzzy
controller is the error between the output of the system and the signal given
by the model reference of the system. To provide the learning capability the
controller parameter adaptation must be included in the structure of the
adaptation mechanism and as a result fuzzy model reference learning control
(FMRLC) for controlling induction motor has been proposed [Liaw and Cheng,
1995]. It consists of two fuzzy logic controllers with fixed shape membership
functions, fixed width but with flexible centres of all the membership functions
at zero to represent the fact that the fuzzy controller initially doesn't know how
to control the machine. These centres are shifted by the output of the
dynamic fuzzy logic adapter and suitable rules are fired to ensure that the
actual motor response follows the reference speed. The control method is
based on the fixed number of 25 rules for any operating condition. The
processing time of the fuzzy logic algorithm is mostly affected by the number
of rules.

2.4.2.2 Self-tuning FL controller

The basic idea of a self-tuning adjustment mechanism was conceived
originally as a means of handling the initial tuning of a controller. Thus, after
the initial (self) tuning, the adjustment mechanism is not required and can be
disabled. If not disabled, it can provide continuous adaptation to changes in
the system [Wellstead and Zarrop, 1991].
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The self-tuning control can be classified as either explicit or implicit. In the
first approach (Fig. 2.2a) the "tuning mechanism" observes the signals from
the control system and tunes the parameters of the controller to maintain
performance. A simple example of explicit or direct adaptive control is the
gain scheduling control of an inertia varying speed control system [Bose,
1997a, 1997b], provided that inertia parameter can be identified on real-time

basis.
Tuning Plart
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9 identification [¢
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Figure 2.2: Self-tuning control; a) direct self-tuning; b) indirect self-tuning

In the second approach or indirect self-tuning (Fig. 2.2b) the system is
identified using measured input and output data and then the parameters of
the main controller are modified on the basis of the system identification.
Digital self-tuning algorithms for speed and current (armature and field)
controllers have been implemented in a DC drive [Stronach ef al, 1998]. The
controller is also implemented in direct torque control of induction motor drive
with a single self-tuning speed controller and also in vector control of
induction motor drive incorporating four self-tuning controllers: speed
controller, torque producing current controller, magnetising current controller
and flux producing current controller. The design of the controllers is based
on a pole-placement algorithm with plant model parameter data being derived
from a real-time estimator. The RLS form of estimator [Wellstead and Zarrop,
1991] is chosen in preference to Kalman or Luenberger types because of
lower computational demands and simpler design. The simulation and
experimental results show that the controllers can be implemented from an
initial open loop configuration thereby eliminating the need for any detailed a
priori design [Stronach and Vas, 1995]. The controller gains are initially zero
so that the drive starts from an open loop control configuration. In [Stronach
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et al, 1994] a discrete transfer function-based pole placement algorithm is
used to determine the controller gains. Once again, a single RLS estimator is
used to produce the required parameter values for twin-loop, current and
speed loop model simultaneously. This eliminates the need for any a priori
detailed controller design. An improved fuzzy-tuned Pl controller (IFPIC, Fig.
2.3) has been implemented in an electrical drive system [Vas et a/, 1994b]. A
fuzzy self-tuning mechanism is used to tune the gains of the Pl speed
controller. The effects of the sampling interval, width of fuzzy sets and
number of rules are also investigated. it is noted that it is possible to obtain a
good response by using only 16 rules rather than using all 72 fuzzy rules.

.............................................................................
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Figure 2.3: Improved fuzzy-tuned PI controller (IFPIC)

4

In [Wellstead and Zarrop, 1991), the gain scheduling is classified as another
alternative to the self-tuning control method. A fuzzy gain self-tuning method
based on the cycle information for a Pl speed controller has been
implemented for a PMSM drive system [Chiricozzi et al, 1996]. A sliding
trajectory is used to define the strip area between the optimal and the
effective response. Based on the fuzzy inference mechanism, Pl gain
parameters are tuned in each cycle with the computed strip area as a fuzzy
input variable, so that the effective response can be improved. The optimal
response is obtained based on known mechanical and control system time
constants. Another type of fuzzy gain scheduled Pl speed controller is
proposed in [Panda et al, 1997], where the proportional gain and integral gain
of the Pl speed controller are defined by the membership functions. At the
beginning of the transition period, the controller needs a large control signal
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either to accelerate or decelerate the motor as quickly as possible. In order to
produce a large signal, the Pl controller should have a large proportional gain
and the integral gain should be small to avoid overshoots. When the motor
reaches the reference speed, a small control signal is required to maintain the
motor speed at the desired value. That is, the P! controller should have a
small proportional gain, and a large integral gain to overcome the steady
state error. Based on this principle, proportional and integral gains are varied
between the maximum and minimum values to get satisfactory control
performance.

For most industrial processes, the degree of non-linearity varies with respect
to the operating regions. As the controlier works in different regions, different
controller gains are usually required to obtain optimal performance. For
example, aggressive control action is demanded in the transient period to
shorten the rise time while mild control action should be issued in the steady-
state to avoid too long a settling time. It is difficult to achieve good responses
in both the transient and steady state operation with fixed controller
parameters [Liaw and Cheng,1995]. In this paper, the fuzzy logic controller is
employed during transients, while the Pl controller is used in steady-states. In
another publication [Parasiliti ef al, 1996] the adjustable input and output
fuzzy logic scaling factors are implemented to compensate and maintain the
controller performance at different stages of operation. This results in
different control actions due to the firing of different control rules and naturally
affects the output signal. The adaptation technique is based on the analysis
of the general system dynamic response in terms of required control inputs in
different operating conditions. The adaptation method is based on a look-up
table to reduce processing time. In most cases the on-line computation of
input and output scaling factors, instead of the application of a look-up table,
will take a longer processing time and will be more complicated for
implementation.
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2.4.2.3 Fuzzy neural network

In conventional fuzzy logic controllers no formal procedures exist for the
direct incorporation of the expert knowledge during the development of the
controller. The structure of the FL controller (number of rules, the rules
themselves, number and shape of membership function, etc.) is arrived at
through a time consuming tuning process which is essentially manual in
nature [Fodor et al, 1996], [Zhen and Xu, 1996], [Afonso et al, 1997], [Bebic
and Jeftenic, 1998}, [Heber ef al, 1997], [Baghli et al, 1997b], [Eminoglu and
Atlas, 1996], [Monti and Scaglia, 1997}, [Donescu ef al, 1996], [Abut et al,
1997]. The ability to automatically ‘learn’ characteristics and structure that
may be obscured to the human observer is, however, inherent in neural
networks. A fuzzy logic-type controller having a neural network structure
offers the advantages of both the ability of fuzzy logic to use expert human
knowledge and the learning ability of the neural networks, and overcomes
their disadvantages, the lack of a formal learning procedure for the fuzzy
controller [Vas and Stronach, 1996b].

In [Beierke et al, 1997] the fuzzy-neural network is used to represeﬁt the non-
linearity of the input-output relationship of the magnetising current
approximator. Therefore, no explicit mathematical model is required. The
approximator is used to maintain a constant magnetising current in all modes
of operation (for all speed and load values) using slip frequency as the input
to the approximator. If a mathematical model is used, this requires a value for
the rotor time constant. The rotor time constant varies with temperature and
degree of saturation. Experimental results [Beierke et al, 1997] have proved
that the drive using the fuzzy-neural function approximator can be
successfully implemented. Furthermore, in [Beierke et al, 1997] the speed
controller is implemented based on a fuzzy-neural scheme, while the other
three controllers (torque-producing current controller, magnetising current
controller and flux producing current controller) are based on a Pl controller.
The good experimental results confirm the validity of the scheme. This
techniqgue offers some advantages. Fuzzy rules and the membership
functions of the speed controller are established based on an automatic and

Page 39



Chapter 2 A review of literature on high performance SPMSM dnives

systematic design procedure. The non-linear approximator of input-output
mapping, using a fuzzy-neural speed controller, has been implemented in DC
drives by Vas and Stronach [1996a].

In adaptive fuzzy-neural speed control of a DC drive [Vas and Stronach,
1996b}, the number of rules and membership functions (their numbers and
shapes as well) are determined automatically on-line. This technique is
simple to implement, provides robust solution and leads to minimum
topological configuration as it contains only four rules. This also implies rapid
self-learning and quick convergence. The experimental results [Stronach and
Vas, 1995] confirm that good performance is maintained even when minimum
configuration of fuzzy-neural controller is used rather than twin-loop PI
controllers [Stronach and Vas, 1995]. The clustering-based approach with a
five layer network [Stronach and Vas, 1995] is used to initialise the number of
membership functions, the centre and width of each fuzzy set membership
function. Further fine tuning using a back-propagation-type algorithm is
performed [Vas and Stronach, 1996b]. Furthermore, the fuzzy rules are
directly generated from numerical data. The input-output data” space is
subdivided into a pre-specified number of regions to each of which a
triangular membership function is assigned. Each input-output data set thus
determines a fuzzy rule, according to which membership function each data
item has a minimum degree of belongingness. Therefore, conflicting rules are
eliminated based on the ‘winning’ output node principle [Vas and Stronach,
1996a, 1996b], [Stronach et al, 1997]. A detailed discussion of the structure
and development of a speed fuzzy-neural controller for electromechanical
drives is given by Stronach et al, [1997]. It is noted that this technique offers
a structure which enables “automated’ design, requiring a minimum of human
interventions for the tuning while maintaining high dynamic performance.
Practical results that illustrate satisfactory drive performance for a variety of
DC and AC drives incorporating adaptive fuzzy-neural controllers are
reported in [Vas and Stronach, 1996a, 1996b].

Neuro-fuzzy control for field oriented control of induction motors is
implemented in [Bagli et a/, 1997b]. The output surface of the fuzzy controller
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is approached by a neural network. The neural network structure used for this
controller is presented, as well as is the learning process necessary to
prepare the neural network controller to act like a fuzzy one. Experimental
results on position control and speed control show the effectiveness of the
neural network controller used.

2.4.3 Other possible concepts of control using fuzzy logic

Previous research for an induction machine drive [Liaw and Cheng, 1995]
shows that the fuzzy controller can give a fast transient response but leads to
non-zero steady state error. On the other hand a conventional Pl controller
has good stability and zero steady-state error but the transient response is
slower than with the fuzzy controller. The transient response can be much
improved by employing the fuzzy controller during the transient periods, while
the Pl controller is used to yield better accuracy in the steady state. The
changes of controller modes are controlled by a switching mechanism.

The quality of the controller design is dependent on how accurately the model
describes the actual system behaviour. Though this is not an iésue for a
system where a model can be derived straight from the laws of physics, for
most systems the inaccuracy of the model can cause problems in the
controller performance. To overcome this drawback, techniques such as
adaptive and robust control can be developed [Goureau and Ibaliden, 1996].
Most conventional control design methods are based on some form of explicit
plant models ( e.g. a transfer function model to design a Pl controller or a
state space model to design Kalman filter, etc.). Fuzzy logic control on the
other hand has mostly been based on implicit plant models. The reason for
this is that most fuzzy controllers are designed using the engineering intuition
of the designer and/or expert advice, both of which draw on an implicit model
of the plant behaviour derived from common sense and experience. This
method has been investigated in [Le-Huy et a/, 1995] to find the best fuzzy
controller parameters such as membership functions, scaling factors and
dominant rules for controlling a BLDC machine.
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Self-organising control based on a fuzzy-neural approach has been
successfully implemented in DC and AC drives [Stronach et al, 1997]. The
explicit model is not required and overall development time is reduced
compared to the conventional approach. Minimal configuration is obtained in
terms of controller structure and number of fuzzy rules, while the initial and
fine-tuning of width and centres of membership functions is performed on-line
based, on a back-propagation algorithm. The self-configuring of the high-
performance electromechanical drives, using a DSP, is also investigated in
[Stronach et al, 1998], [Vas and Stronach, 1996a].

To control the plant more precisely and effectively, the on-line rule tuning and
two sets of scaling factors for rise time and steady state have been proposed
[Ghwanmeh, 1996]. This combined method modifies and generates fuzzy
rules according to the operating point either in the transient or in the steady
state. This method is self-organizing (Fig. 2.4) and has been implemented for
on-line process control [Ghwanmeh, 1996]. The adaptation mechanism will
generate the best rules according to the operating condition. This approach
has the capability to reduce processing time because less rules will be fired
compared to the fixed rule fuzzy logic controlier. The modification of fuzzy
rules is dependent on the two sets of off-line computed look-up-tables.
Processing time can be reduced because a minimum number of rules will be
used in the transient state and more rules are generated to obtain zero
steady state error.
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Figure 2.4: Self-organising fuzzy logic controller
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2.5 CURRENT CONTROL METHODS FOR PWM VOLTAGE SOURCE
INVERTERS

Inverter application areas and topologies are still expanding as a result of
improvements in semiconductor technology which offers higher voltage and
current ratings as well as better switching characteristics [Baliga, 1995]. The
main features of a modern power electronic inverter such as high efficiency,
low weight and small dimensions, fast operation and high power densities can
be achieved through the use of the so called switch mode operation, in which
power semiconductor devices are controlled in ON/OFF fashion (no operation
in active region). This leads to different types of pulse width modulation
(PWM), which is the processing technique applied in inverter applications.
PWM is a high speed process involving switching speeds up to a few kHz for
motor control application. In variable speed motor drives the desirable voltage
and frequency output are obtained by converting the fixed DC source voltage
into AC voltages. One important advantage of the PWM technology is that
the harmonics are moved to the high frequency area and these harmonics
can be relatively easily filtered. The low-harmonic content of the output
current is almost zero, so that smooth low speed operation is achieved, free
from torque pulsation and cogging.

Depending on the type of DC source supplying the inverter, inverters can be
classified as voltage source inverters (VSI) or current source inverters (CSI).
VSIs can be either voltage or current controlled. In a voltage-controlled
inverter, feed-forward voltage control is employed, since the inverter voltage
is dependent only on the supply voltage and the states of the inverter
switches. Current-controlled VSIs require sensors of the output currents
which provide the necessary control feedback. The theory of VSIs and CSls
is widely available [Trzynadlowski, 1994], [Vas, 1998], [Novotny and Lipo,
1996]. The implementation of the PWM VSiIs for high performance AC drives
is discussed in [Vas, 1998]. Controlled current operation of a PWM VSI
inverter offers substantial advantages in improving the motor dynamics and is
most suitable for high-performance applications [Brod and Novotny, 1985],
[Schauder and Caddy, 1982]. VSI has a faster current response compared
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with CSI and can be applied in a PWM mode more easily due to the low
impedance [lde et al, 1995]. If the SPMSM is fed from a current controlled
PWM-VSI with fast current control loops, than the machine can be considered
as current fed ( i.e. fed with impressed stator current). The current in each
motor phase follows a reference waveform, derived from the control algorithm
and position signal provided by a position sensor mounted on the motor shaft,
so that synchronism is ensured for any speed.

Recently, new emerging technologies such as neural networks and fuzzy
logic methods have been increasingly applied for current control of PWM
inverters in variable speed drive applications.

2.5.1 Standard current control techniques

In general there are two methods of current control of PWM voltage source
inverters (VSI). The first group encompasses all the methods where current
control is executed in stationary reference frame and the SPMSM can in this
case be considered as current-fed. The second group encompasses methods
of current control in rotational reference frame and the SPMSM has to be
regarded as voltage-fed. In this case, the control system of SPMSM is more
complicated as it has to include a so-called decoupling network. A high
dynamic current control for AC motor drives with excellent transient response
can be realised. The voltage source inverter topology is commonly used in
SPMSM drives and the addition of closed-loop current control yields a
configuration often referred to as a current-regulated voltage source inverter.
This closed-loop system behaves like a very fast current source.

In vector control of permanent magnet synchronous machines correct
positioning of stator current space vector with respect to selected flux linkage
space vector is required [Holtz, 1992]. Hence it is of utmost importance to
provide satisfactory current control of the PWM inverter, which will provide
good tracking between actual and reference currents. As already mentioned,
all the available current control techniques may be classified into two broad
groups [Vas, 1992], [Trzynadlowski ,1996], [Sokola et al, 1992]:
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e Current control in stationary reference frame

The actual phase currents are measured and compared with phase
current references. The errors between reference and actual currents
are then processed in a convenient way and firing signals for inverter
switches are created so as to reduce the errors. The machine is
considered as current fed which leads to a very simple structure for the
controller. Current control loops are normally implemented using
analogue means.

e Current control in rotational reference frame

Here current control loops are closed in a rotational reference frame,
which may be rotor flux or stator flux oriented, depending on the
selected type of field orientation. In other words, stator d-q axis current
components are controlled rather than phase currents. The measured
phase currents have to be transformed into the rotational reference
frame. The resulting d-g axis currents are compared with‘ d-q axis
current reference. The errors are processed and used further to build d-
q axis voltage references. When the current control is performed in a
rotational reference frame, the machine is considered to be voltage-fed
and the overall controller structure is more complicated than in the
previous case.

Several current control strategies have been proposed in recent years
[Trzynadlowski ,1996], [Malesani and Tomasin 1993], [Sokola et al, 1992],
[Tripathi and Sen, 1992], [Huy, 1989]. The most common strategies of current
control in a stationary reference frame are hysteresis and ramp comparison
methods. Each scheme has its own advantages and drawbacks with regard
to accuracy and dynamic response over the entire speed range. The
advantages of hysteresis current control are in its simplicity and provision of
fast response and good accuracy, because it acts quickly [Sokola et al,
1992]. However, the fixed band hysteresis controller has some drawbacks: it
generates a random PWM voltage and the switching frequency varies during
the fundamental period. increase in the switching f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>