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ABSTRACT

This study is focused on the speed control performances of a Permanent Magnet Synchronous
Motor (PMSM). Usually, a proportional-integral (PI) controller is used as a speed controller
for a Permanent Magnet Synchronous Motor (PMSM) in high performance drive system
despite the existence of many modern nonlinear control techniques. However, a Pl controller
is sensitive to speed changes, load disturbances and parameters variation without continuous
tuning of its gains. The conventional approach to these issues is to tune the proportional and
integral gains manually by observing the response of the system. The tuning of the PI
parameters must be made on-line and automatic in order to avoid tedious tasks in manual
control. The well-known Ziegler-Nichols method to tune the coefficients of a PI controller is
very simple, but cannot guarantee to be always effective. For this reason, this thesis proposed
the design of an on-line self tuning PI controller scheme using fuzzy logic controller (FLC).
The performance of the proposed controller is tested through a wide range of reference speeds
as well as with load variations through simulation using MATLAB/SIMULINK and Real
Time Workshop (RTW) packages. The developed controller algorithm with field oriented
control (FOC) is then simulated on a Texas Instruments TMS320F2812 Digital Signal
Processor (DSP) device simulator. In this thesis work a FLC comprising 49 rules is proposed
to improve the dynamic performance of the drive system. The simulation results show that the
speed response of the proposed drive is unaffected by load torque & parameters variation.
Furthermore, the developed controller works well even when the reference speed is changed
to more complex trajectory, i.e., the developed controller speed regulation is unaffected by
the nature of the reference speed trajectory. These shows remarkable performance

improvement compared to conventional Pl speed controller.

Keywords: PMSM, On-line self tuning Pl Controller, Fuzzy Logic, MATLAB/SIMULINK,
TMS320F2812 (DSP) device simulator.
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CHAPTER ONE

INTRODUCTION
1.1Background Theory

The invention of modern permanent magnets (PM) with high energy density led to the
development of dc machines with PM field excitation in 1950s. Introduction of PMs to
replace the electromagnetic poles with windings requiring an electric energy supply source
resulted in compact dc machines. Likewise in synchronous machines, the conventional
electromagnetic field poles in the rotor are replaced by the PM poles and by doing so the slip
rings and brush assembly are avoided. With the advent of high switching power transistor and
silicon-controlled rectifier devices in the later part of 1950s, the replacement of the
mechanical commutator with an electronic commutator in the form of an inverter was
achieved. These two developments contributed to the development of PMSMs and brushless

dc machines.

Permanent magnet synchronous motors (PMSM) are electrical motors that are widely used in
motion-control applications in the low-to-medium power ratings such as robotics, house
appliances, adjustable speed drives and electric vehicles. This popularity is justified by
numerous advantages over commonly used motors. The absence of the external rotor
excitation eliminates losses on the rotor, makes PMSM highly efficient and high torque to
inertia ratio so that it gives fast response. In addition, the absence of the rotor winding renders
slip rings on the rotor and brushes obsolete, and thus reduces the maintenance cost. The
replacement of the rotor winding with PM in PMSM makes it compact structure or smaller in
size that results a high power density. The heat loss in the rotor of PMSM that affects the
machine operation is also negligible [1][2][26].

1.2 Motivation

In the recent years, demand for the use of permanent magnet synchronous motor drives has
risen sharply in many industrial applications. This is partly because of the inherent advantages
of these machines include high power density, low inertia, high efficiency, and high speed
capabilities. Despite of the above all advantage, the PMSM is a coupled nonlinear
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multivariable control structure which needs a complex nonlinear design. This makes the
control performance of PMSM drives in various applications highly sensitive to variations of
external load and system parameters [1] [7]. Since these variations are the dominant harmful
factor in the PMSM drive system, high performance speed control against parameter
variations and load disturbances takes on an added importance.

Conventionally vector controlled PMSM drive systems use a fixed gain proportional-integral
(PI) controllers. However, the control performance of the PM synchronous motor servo drive
is still influenced by uncertainties, which usually are composed of unpredictable plant
parameter variations, external load disturbances, and unmodeled and nonlinear dynamics of
the plant. Thus, the controller parameters must be adapted on-line continually. In the past
decade many modern control theory (adaptive control techniques) have been developed to
solve the problem such as model reference adaptive control (MRAC), Variable structure
control (VSC), and self-tuning Pl controllers. The design of all of the above controllers
depends on the exact mathematical model of the drive system which is difficult to achieve

practically.

Application of computational intelligence techniques like fuzzy logic control (FLC) can yield
interesting solution in the field of speed control of drives. A Fuzzy logic control does not
depend on the mathematical model of the drive system. In this thesis, a fuzzy logic based
tuning of PI controller is proposed, which when included in the controller structure, ensures

robustness against variations of some selected drive parameters.

This collaboration is practical as most of the industrial system that are using conventional Pl
controller can insert a FLC to their control system for optimization purposes without
changing much of the system topology and scrapping the conventional controller [5].

1.3 Objective of the Study and Methodology

1.3.1 General Objective

This thesis is intended to study and design speed controller based on fuzzy logic, which is

artificial intelligent technique, in conjunction with field oriented control (vector control)
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technique for a permanent magnet synchronous motor (PMSM) drive. It is expected that this
control scheme can track the reference speed well under parameter uncertainties and load
torque disturbance.

1.3.2 Specific Objectives

Toward achieving the general objective mentioned, the following five specific objectives will
be accomplished in this thesis:

» Studying the characteristics and modeling of the PMSM drive system

» Developing a Fuzzy Logic-PI speed control law based on the nonlinear model
of the PMSM drive system.

» Simulating the speed control and load torque tracking of the PMSM motor
using vector control realized by space vector which have been done on
MATLAB/SIMULINK

» Generating a C-code for the SIMULINK model via real time workshop feature
of MATLAB

» Simulating the generated code on the DSP device simulator using PIL

1.3.3 Methodology

The methodology of this thesis involves the following tasks for each specific objective. The
first task is the literature reviews where all the theoretical information regarding the PMSM
drive is gathered and a comparison of previous similar research is studied. This is followed by
studying the characteristics and modeling of PM motor drive theory. Based on the nonlinear
dynamic model of the PMSM drive, a Fuzzy Logic tuning Pl control law is developed.
Hereafter, simulation of speed control and load torque tracking of the motor using vector
control is realized by space vector method which has been done on MATLAB/Simulink.
Later on in this thesis, a fixed point simulink model of the overall system is created in order
to simulate the algorithm on F2812 DSP device simulator, which is available in simulink
library. The c-code has been generated from the fixed point model via Real time workshop of
MATLAB module. After being sure the generated code is efficient and optimized, it is tested

using F2812 DSP device simulator in order to verify the controller algorithm works or not.
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1.4 Literature review

Speed control of PM (permanent magnet) motor drives has been a topic of interest for the last
twenty years. And different papers have been published reporting different controller design

for such drives.

In 2008 Mutasim Nour, Omrane Bouketir & Ch’ng Eng Yong [5] presented a Self-Tuning of
Pl Speed Controller Gains Using Fuzzy Logic Controller for PMSM as test bed to adapt the
controller gains to speed changes, load disturbances and parameters variations. Hence, an on-
line self-tuning scheme using fuzzy logic controller (FLC) is proposed in this paper. The
performance of the developed proposed controller is tested through a wide range of speeds as
well as with load and parameters variations through simulation using MATLAB/SIMULINK.
The simulation results show that the developed controller can well adapt to speed changes as
well as sudden speed reduction besides fast recovery from load torque and parameters
variation and these show improvement compared to conventional Pl controller performance.
In this Paper the controller scheme needs tuning of the input/output scaling factors which is

additional job for the processor which increases the time of response of the system.

In 2007 Yanpeng Dou, Zhang Ze [6] discussed Design and realization of fuzzy self-tuning
PID speed controller based on TMS320F2812 DSPs to apply fuzzy self-tuning PID controller
to AC-speed adjustable system, and special attention is given on how to realize this controller
using fuzzy search table method in C++ language based on TMS320F2812, which is the
newest 32-bit fixed point DSP. And the results show that the controller improves both the
dynamic characteristics and static characteristics of drive system. The paper only compares
the speed response of the proposed controller and PID controller without any load torque and

parameter variation.

In 2007 Limei Wang, Mingxiu Tian and Yanping Gao [8] reviewed Fuzzy Self-adapting PID
Control of PMSM Servo System to adjust PID parameters adaptively on-line using fuzzy
inference method for the varying state of the system. Because the traditional self adapting
control is very difficult to realize, which need on-line identification of the system parameters
and the real-time change of control strategy. The proposed control scheme was verified by
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simulation using MATLAB and shows better performance than conventional PID controller
in the PMSM drive system. This paper compares only the speed responses of the proposed
controller and PID controller for step input reference speed without considering any other

speed trajectories, load disturbances, and parameter variations.

In 2006 Rajesh Kumar, R. A. Gupta, and Bhim Singh [7] presented a critical analysis of
intelligent tuned PID controllers for the Permanent Magnet Synchronous Motor drive so that
PID control strategies, based on fuzzy logic, neural network and genetic algorithms are
reviewed. Different tuning algorithms and their effect on dynamic performance of PMSM
drive in the real time frame are illustrated in terms of starting and speed reversal time, steady
state error in speed, overshoot, performance parameters and speed and torque ripple. Good
agreements between different methods has been observed and presented.

A fuzzy-logic-based speed control of vector Controlled Permanent Magnet Synchronous
Motor can also be designed that completely replaces the traditional Pl controller. The fuzzy-
logic controller (FLC) is more robust and, hence, found to be a suitable replacement of the PI
controller for the high performance drive systems. But this controller needs a highly
experienced operator to design it and the control system is completely replaced which is still
additional cost for the PMSM drive in industrial systems [20].

A composite control of fuzzy and P1 or fuzzy and PID is also possible for Permanent Magnet
Synchronous Motor (PMSM) drives to achieve fast dynamic response and minimum steady
state error. A switching algorithm is created to switch between fuzzy control and PI(PID)
control and results showed that the controller had a quick dynamic response, and eliminated
basic steady-state error, dynamic characteristics and stability. Using this composite control of
fuzzy and PI for PMSM drive in Industrial processes cause changing of the overall system

topology which increases the cost of optimization of the control system[21][22].

A number of other papers also present advantages of Fuzzy-logic based controller techniques
over Pl and verified to implement sensored and sensorless control of PMSM in normal and
field weakening region.
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1.5 Thesis Organization

The thesis is organized into six chapters including this introduction. The rest of the thesis is

organized as follows:

Chapter 11 describes the theory and operation principle of PMSM. Different PMSM
construction details, difference with synchronous motors, starting characteristics of PMSM,

and its different applications are presented.

Chapter 111 In this chapter a dynamic modeling of the PMSM drive with Field oriented
control based on co-ordinate transformation is described.

Chapter IV This chapter has two main parts. The first one deals with the description of drive
system of PMSM which includes different components such as Permanent Magnet
Synchronous Motor, position & speed sensor, current sensor, Controller, inverter & power
switches, and space vector PWM modulation algorithm. The second part explained how
Fuzzy logic-PI controller is designed a step by step for surface mounted permanent magnet

synchronous motor and the control scheme is shown here.

Chapter V This chapter discusses on simulation of the drive system on MATLAB/Simulink
including simulation result and explains the simulation of the generated code with digital
signal processor device simulator to verify the controller algorithm. Included in this chapter,
simulation results based on load torque disturbance and motor parameter variation is depicted.

Finally, Chapter VI draws the conclusions from the work done in this thesis and
recommends further research possible in the future.
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CHAPTER TWO
PMSM AND ITS PRINCIPLE OF OPERATION

Permanent Magnet Machines are electromechanical devices using magnets to produce a
magnetic flux in the air gap. There are two major classifications of ac motors. The first one is
induction motors that are electrically connected to power source through electromagnetic
coupling, the rotor and the stator fields interact, creating rotation without any other power
source .The second is synchronous motors that have fixed stator windings that are electrically
connected to the ac supply with a separate source of excitation connected to field windings

when the motor is operating at synchronous speed.

Among the synchronous motor types the permanent magnet synchronous motor (PMSM) is
one possible design of three phase synchronous machines. The stator of a PMSM has
conventional three phase windings. In the rotor, PM materials have the same function of the
field winding in a conventional synchronous machine. Their development was possible by the
introduction of new magnetic materials, like the rare earth materials. The use of a PM to
generate substantial air gap magnetic flux makes it possible to design highly efficient PM
motors [1][2][32].

2.1 Introduction to Synchronous Motor

Synchronous Motor has the characteristic of constant speed between no load and full load.
They are capable of correcting the low power factor of an inductive load by adjusting the

excitation system.
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Figure 2.1: Conventional Synchronous Motor [26]

To understand the principle of operation of Synchronous Motor, assume that the application
of three phase ac power to the stator causes a rotating magnetic field to be set up around the
rotor. The rotor is energized with dc excitation (it acts like a bar magnet). The strong rotating
magnetic field attracts the rotor field activated by the dc excitation if only rotor is running
near to synchronous speed by some means. The interaction between the two magnetic fields
results in a strong turning force on the rotor shaft. The rotor is therefore able to turn a load as
it rotates at the same speed with the rotating magnetic field. However, one of the drawbacks
of a synchronous motor is that it cannot be started from a standstill by applying three-phase ac
power to the stator winding. When AC power is applied to the stator, a rotating magnetic field
at a speed of the angular frequency of stator current appears immediately. This rotating field
rushes past the rotor poles quickly. But rotor does not have a chance to get started due to
inertia. In effect, the rotor is repelled first in one direction and then the other. Hence,
synchronous motor in its purest form has no starting torque. It has torque only when it is
running at synchronous speed [26].

For the motor to operate, the rotor should first reach a synchronous speed. This can be done in
three ways: by driving the rotor to the synchronous speed (with an external machine), by
starting the rotor (which has to be equipped with a starting cage) as in induction motors, or by
supplying the stator winding with variable frequency, beginning from zero to the rated
frequency. The latter method can be used if the winding is supplied from a frequency

converter.

A Synchronous Machine is an AC Machine whose speed under steady state condition is
proportional to the frequency of the current in the stator. The magnetic field created by the
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stator currents rotates at the same speed as that created by field current on the rotor (which is
rotating at synchronous speed). The synchronous speed, Ns, is determined by the frequency of
the stator supply, fs and the number of stator poles. Unlike Induction Motor, Synchronous
Motor is excited by a separate DC or permanent magnet source. The stator of the three-phase
synchronous motor normally has a sine distributed three-phase winding. The synchronous
speed is given by the equation (2.1).

_ 60f,
P

Ns

(2.1)

where

fs - frequency of ac supply, P - Number of pole pairs, and Ns - Synchronous speed.

From the above equation, speed of Synchronous Motor totally depends on the supply

frequency. Therefore, synchronous speed is controlled by varying the supply frequency.
2.2 Permanent Magnet Synchronous Motor

A Permanent Magnet Synchronous Motor (PMSM) is a synchronous motor that uses
permanent magnets to produce the air gap magnetic field rather than using electromagnets. It
has a multiphase stator and the stator electrical frequency is directly proportional to the rotor
speed in the steady state. However, it differs from a traditional synchronous machine in that it
has permanent magnets in place of the field winding and otherwise has no rotor conductors.
The use of permanent magnets in the rotor enhances efficiency, eliminates the need for slip
rings, and eliminates the electrical rotor dynamics that complicate control (particularly vector
control). The combination of an inner permanent magnet rotor and outer windings offers the

advantages of low rotor inertia, efficient heat dissipation, and reduction of the motor size.

The PMSMs involve adjustment of the stator supply frequency, proportionally as the rotor
speed is varied, so that the stator field always moves at the same speed as the rotor. The
rotating magnetic fields of the stator (armature) and the rotor (excitation) system are then
always in synchronous motion producing a steady torque at all operating speeds. This is
analogous to the D.C motor in which the armature and excitation fields are synchronous but
stationary for all operating speeds. PMSM requires the very accurate measurement of rotor
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speed and position and the very precise adjustment of the stator frequency. Rotor position
sensing is done by an encoder, resolver... etc which forms part of a control loop of an
adjustable frequency inverter feeding the stator winding.

Permanent

B Coil
C coil

Figure 2.2: Cross Sectional view of PMSM.

2.2.1 Permanent Magnet Materials

Materials to retain magnetism were introduced in electrical machine research in the 1950s.
There has been a rapid progress in these kinds of materials since then. The properties of the
permanent magnet material affect directly the performance of the motor and proper
knowledge is required for the selection of the materials and for understanding PM motors.
The materials such as alnico-5, ferrites (ceramics), samarium-cobalt, and neodymium boron
iron are available as PMs for use in machines. The particular choice of magnets and other
design factors is important, but does not directly influence the basic principles of power
converter control [1].

2.2.2 Classification of Permanent Magnet Motors

2.2.2.1 Magnetization of PMs

PMs are magnetized with certain orientation or direction such as radial, parallel, or any other
direction. The magnetization orientation strongly influences the quality of the air gap flux

10
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density distribution and indirectly affects the power density in a given arrangement of the
machine with PMs. Radial and parallel magnetization orientation are prevalent in practice
whereas other forms of magnetization are yet to make their presence felt even when they have

been known to possess unique advantages in some cases.

PM motors can be classified by the magnetization orientation of PMs as radial magnetization
and parallel magnetization. The radial magnetization is along the radius of rotor while the
parallel magnetization is parallel to the edges of rotor.

2.2.2.2 Direction of Field Flux

The PMSM can be broadly classified on the basis of the direction of field flux as follows:

1. Radial field: The flux direction is along the radius of the machine.

2. Axial field: The flux direction is parallel to the rotor shatft.
The radial field PM machines are common whereas the axial field machines are coming into
prominence in a small number of applications due to their higher power density and have
become a topic of interest for study. The field flux is along the radius of the motor in radial

magnetization and is perpendicular to the radius of the motor in parallel magnetization.

2.2.2.3 Flux Density Distribution

PM motors are classified on the basis of the flux density distribution and the shape of current
excitation. They are PMSM and PM brushless motors (BLDC). The PMSM has a sinusoidal-
shaped back EMF (it is an induced voltage in the stator by the motion of the rotor) and is
designed to develop sinusoidal back EMF waveforms. Generally the PMSM has a:

» Sinusoidal distribution of magnet flux in the air gap

» Sinusoidal current waveforms, and

» Sinusoidal distribution of stator conductors.
BLDC has a trapezoidal-shaped back EMF and is designed to develop trapezoidal back EMF
waveforms. It has:

» Rectangular distribution of magnet flux in the air gap

> Rectangular current waveform

» Concentrated stator windings

11
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2.2.2.4 Permanent Magnet Radial Field Motors

In PMSMs, the magnets can be placed in different ways on the rotor. Depending on the
placement they are called either as Surface Permanent Magnet Motor (SPM) or Interior
Permanent Magnet (IPM) Synchronous Motor.

Surface mounted PM motors have a surface mounted permanent magnet rotor. Each of the
PM is mounted on the surface of the outer periphery of rotor laminations. This arrangement
provides the highest air gap flux density as it directly faces the air gap without the
interruption of any other medium such as part of rotor laminations. Drawbacks of such an
arrangement are lower structural integrity and mechanical robustness as they are not tightly
fitted into the rotor laminations to their entire thickness. This configuration is used for low
speed applications because of the limitation that the magnets will fly apart during high-speed
operations. These motors are considered to have small saliency, thus having practically equal
inductances in both quadrature and direct axes. For a surface permanent magnet motor, Ld =

Lq. Figure 2.3 shows the placement of the magnet.

Interior PM Motors have interior mounted permanent magnet rotor. Each permanent magnet
is mounted inside the rotor. The interior PM rotor construction is mechanically robust and
therefore suited for high-speed applications. The manufacturing of this arrangement is more
complex than the surface mount. It is not as common as the surface mounted PM type. By
designing a rotor magnetic circuit such that the inductance varies as a function of rotor angle,
the reluctance torque can be produced in addition to the mutual reaction torque of
synchronous motors. These motors are considered to have saliency with q axis inductance
(Ly) greater than the d axis inductance (Lq) (Lq > Lg). In this thesis SPM radial flux machine

with classical winding and lamination has been chosen due to the following reasons:

» The SPM drive without reluctance torque is simpler to analyze and design than an
IPM drive.
» The topology of a radial flux machine with classical winding and lamination has been

chosen because of the well-known and established technology.

12
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(a) (b)
Figure 2.3: Rotor configurations studied: (a) Surface PM (SPM) synchronous machine. (b)

Surface inset PM (SIPM) synchronous machine. (c) Interior PM (IPM) synchronous machine.
(d) Interior PM synchronous machine with circumferential orientation [1].
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Rotor
Winding
Svnchronous
i Trapezoidal
Electric AC
Motor / A - PM on the /vtype (BLDCM)
synchronous
bpes l| DC ! rofor Interior magnet
Type (IPMSM)
Sinusoidal
type (PMSM)| \ JSurface magnet
Type (SPMSM)

Figure 2.4: Summary of Classification of AC Machines.
2.3 Starting Characteristics of PMSM

PMSMs can neither start nor run simply by applying AC power to the stator winding without
special attention because the net torque on the rotor is zero unless the rotor winding is rotating
at nearly synchronous speed with appropriate excitation applied to the moving winding. For
this reason, various arrangements have been created for starting PMSM. Starting from
unknown rotor position may be accompanied by a temporary reverse rotation or may cause a
starting failure. These eventualities are not tolerable in many applications. Thus, when the
initial rotor position information is not available proper starting procedure must be
implemented for safe startup. According to the various proposals in literature the possible
starting procedures can be grouped with reference to the basic principle as follows:

++ starting from predetermined rotor position established by proper feeding;

o,

< open-loop startup (V/f);

o,

++ estimation of the rotor position at standstill by means of specific algorithms

The first method refers to the possibility of aligning the rotor magnet axis in the direction of a
stator magnetic field .This can be accomplish through closed loop current control (i.e. by the

proper setting of the position feedback in a field oriented controller, or in an open loop

14
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scheme, simply imposing a specific inverter gate pattern to align with one of the phase axes.
The reliability of this method is affected by the presence of the load torque, whose value can
cause a displacement between the imposed alignment position and the actual one.

The open loop startup is intended as the acceleration of the motor following a rotating stator
field whose angular position is generated in an open-loop scheme. This method is usually
adopted in back-EMF-based sensorless scheme, and the open-loop operation is maintained
until a given speed at which the rotor position estimate is sufficiently accurate. The critical
point of this method is the choice of the time variation law of the open loop position. It must
be carefully selected in order to assure a safe starting with minimum oscillation up to the

maximum torque.

Among the specific algorithms for rotor position estimation at standstill, an interesting
approach is the use of a field oriented control scheme with incremental optical encoder used

to measure the rotor position.
2.4 Why concentrate this study on PMSM?

The significant advantages of PMSM attracting researchers and industries make it highly
competitor to other motors like Induction Motors & DC Motors.

PMSMs have many advantages. To mention some;
» They have high torque to inertia (lower weight). That is better dynamic performance
than conventional one.

» High power density.

A\

High efficiency (That is no current in the rotor means no copper loss) and reliability.
> Avoidance of brushes and slip rings makes the machine less audible noise, longer life,
sparkless (no fire hazard) and is used for high speed applications.
> Efficient heat dissipation.
Even though PM machines have aforementioned merits, they have the following demerits:
» They have complex control.
» There is a possibility of demagnetization of the rotor magnet.
> If demagnetization occurs, there will be a reduction of torque production.

15
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» There is a problem of maintenance of rotor magnet.

2.5 Applications

Among many applications of PM synchronous motor, here are the following:

Robotics and factory automation (servo drives)
» pick and place robots (Motion control)
» positioning tablets
» automatic guided vehicle

Computer and office equipment
» copier and microfilm machines
» printers/plotters
> tape drivers

Appliances
» washers
> blowers
» compressors
» heating
» Ventilation and air conditioning

etc.
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CHAPTER THREE
DYNAMIC MODELING OF PMSM DRIVE

Although traditional per-phase equivalent circuits have been widely used in steady-state
analysis and design of AC machines, it is not appropriate to predict the dynamic performance
of the motor. In order to understand and analyze vector control of AC motor drives, a
dynamic model is necessary. As the application of AC machines has continued to increase
over this century, new techniques have been developed to aid in their analysis. The significant
breakthrough in the analysis of three-phase machines was the development of the reference
frame theory. Using these techniques, it is possible to transform the machine model to another
reference frame. By careful choice of the reference frame, it proves possible to simplify vastly
the complexity of the mathematical machine model. While these techniques were initially
developed for the analysis and simulation of AC machines, they are now important tools in
the digital control of such machines [1].

3.1 Field Oriented Control (FOC)

The principle of vector control (FOC) of electrical drives is based on the control of both the
magnitude and the phase of each phase stator current and voltage. This control is based on
projections which transform a three phase time and speed dependent system into a two co-
ordinate (d and q) time invariant system. These projections lead to a structure similar to that
of a DC machine control. In order for the PMSM to behave like DC motor, the control needs
knowledge of the position of the instantaneous rotor flux or rotor position. The idea of Field
Oriented Control method is to control the current of the machine in space quadrature with the
magnetic flux created by the permanent magnets as in the case of DC motors [2] [23].

A DC Motor consists of a field structure utilizing a stationary dc excited winding or
permanent magnets and a rotating armature winding supplied through a commutator and
brushes. The action of the commutator is to reverse the direction of the armature winding
currents as the coils pass the brush position that the armature current distribution is fixed in
space no matter what rotor speed exists. The field flux and armature mmf are maintained in a

mutually perpendicular orientation independent of rotor speed. The result of this
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orthogonality is that the field flux is unaffected by the armature current. I.e. the field flux and
the armature mmf are decoupled [18].

=i Field I
Ji > Flux (f )
f
Te = kiyaya =kt lalt ~— Torque
Torque Component Armature

: MMF

Field C t

ield Componen (I,)

Figure 3.1: Separately excited DC Motor [26].

Like separately excited DC motor Field Oriented Control seeks to recreate these orthogonal
components in AC machines in order to control the torque producing current separately from
the magnetic flux producing current so as to achieve the responsiveness of a DC motor.

Field oriented control structure handles instantaneous electrical quantities. This makes the
control accurate in every working operation (steady state & transient) and independent of the
limited bandwidth mathematical model. Field oriented controlled machines need two
constants as input references: the torque component (aligned with the g-coordinate) and the
flux component (aligned with d- coordinate). The FOC thus solves the classic scheme
problems, in the following ways [26]:

» The ease of reaching constant reference (torque component and flux component of the

stator current)
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> The ease of applying direct electromagnetic torque, Ten control in the (d, q) reference

frame. Tem = g P l//miq

By maintaining the amplitude of the rotor flux (ym) at a fixed value we have a linear
relationship between torque and torque component (ig). We can then control the torque by

controlling the torque component of stator current vector.
3.2 Reference frame Transformation (3-® to 2-® Transformations)

Vector control reconstructs orthogonal components of the stator current in AC machine as
torque producing current and magnetic flux producing current. In order to create the
perpendicular components of the stator current of PMSM which is in the form of a vector,
concept of coordinate transformation is required Assume that the three phase supply voltage
is balanced. The Clarke and Parke transformation is a transformation of coordinates from the
three phase stationary coordinate system to the dq rotating coordinate system.

A dynamic model for the three-phase PMSM can be derived from the two phase machine if
the equivalence between the three and two phases is established. The equivalence is based on
the equality of the mmf produced in the two-phase and three-phase windings and on equal
current magnitudes. Assuming that each of the three-phase windings has N turns per phase,

and equal current magnitudes, the two-phase windings will have % N turns per phase for

mmf equality [1].

The transformations are usually based on following assumptions:
» Space harmonics of the flux linkage distribution are neglected.
Rotor flux is assumed to be concentrated across d-axis and zero flux along g-axis
Slot harmonics and deep bar effects are not considered
Rotor flux is assumed to be fixed at a given operating point

Machine core losses are negligible

YV V. V V V

Saturation is neglected.
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» Rotor temperature alters the flux, but the variation with time is assumed to be
negligible

» Permanent magnets behave linearly.

» Neutral point is isolated.

» There are no field current dynamics

Rotor reference frame is chosen because rotor position determines independently the stator
voltages & currents, induced emfs, and torque. The d-q coordinate system rotates at the same
speed of rotor; there is zero speed difference between rotor speed and revolving stator field.
The stator d-q axis has a fixed phase relationship with rotor magnetic axis which is d-axis in

modeling.

Figure 3.2: Three-phase and two phase stator windings.

Let the magnetomotive force mmf=f=NI
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fq = 3 Niq = coS&riaN + cos(6r —Zl)ibN + cos(6r + 2—ﬂ)icN
2 3 3 31
3 2r 2r (31)
fa= rl Nig = sin GriaN +sin(6 —?)ibN +sin(6r +?)icN

Removing N from both sides results a matrix equation to determine the d & q stator current

components in the rotor reference frame directly from iy, ip, & ic in the stationary reference

frame.

Pq} 2| cosér cos(fr - 277 ) COS(9r+277 ) 62)

o] 3|sinor sin(6r— 277) sm(9r+277)
iqd = [Tabc]iabc (33)

where

oo = [ia o] (3.4)
iabc = [ia ib ic]t (35)

3| sinG  sin(6-— %) sin(6r + %)

The transformation from the two-phase stator currents in rotor reference frame to three-phase

stator currents in stationary reference frame can be obtained as in equation (3.7).
| e [Tabc] | (37)

where

cos sin &
[T 1™ =| cOS(@ —274)  sin(6 - 27/4) (3.8)
cos(é + 2% sin(6r + 2%)

As we can see from the equations (3.2) and (3.8), the coordinate transformations from the
stationary reference frame to rotating reference frame and vice versa needs an accurate rotor

flux position 6 .
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3.3 Modeling of PMSM

PMSM is very similar to the standard wound rotor synchronous machine except that the
PMSM has no damper windings and excitation is provided by a permanent magnet instead of
a field winding. Hence the d, g model of the PMSM can be derived from the well-known
model of the synchronous machine with the equations of the damper windings and field

current dynamics removed [1] [2].
3.3.1 Voltage Equation

Here is the derivation of the electrical equations which are greatly simplified due to the
concept of rotating transformation. The two axis voltage equations for the stator winding
which are of an IPMSM (but is the same for SPMSM where Ld and Lq have the same value)

are given by equations:

Vg = Rsiq + %(l//q) + oryd

q (3.9
Vi = Rsld +a(l//d) — r Yy
where
wd = Ldld +ym (3.10)
Yq = Laiq .

Va &Vq are the (d,q) axis stator voltages
Ig & iq are the (d,q) axis stator currents
L4 & Lqare the (d,q) axis inductances
O is rotor electrical position
x is rotor electrical angular velocity

wm IS flux linkage due to the rotor magnets linking the stator
wa & yq are the (d,q) axis stator flux linkages

R iIs stator winding resistance
Substituting the equations (3.10) in to (3.9) the dynamic equation gives a more convenient

equation for equation (3.11)
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Vq = (Rs + Lq di)lq + wrldid + @r Ym
dt (3.11)
Vi = (Rs + Ld a)ld —COquiq

3.3.2 Equivalent Circuits

From the dynamic equation (3.11) the equivalent circuit of the PMSM can be derived for the
stator g-axis and d-axis coordinates. During steady state operation, the d-q axis currents are
constant quantities. Hence the dynamic equivalent circuit can be reduced to the steady state
circuit shown in Figure 3.3 and 3.4.

Lg

Rs - Rs Lq +
“ Oem | o
+ L

Figure 3.3: PMSM Dynamic stator g-axis and d-axis equivalent circuit.

YO MA g
Rs - Rs +
| Va <> WrYq l Va ()wrl//d
+ -

Figure 3.4: PMSM equivalent circuits from steady state equations.
3.3.3 Power Equivalence

The power input to the three-phase machine has to be equal to the power input of the two

phase machine to have meaningful interpretation in the modeling, analysis, and simulation.
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Such an identity is derived in this section. The three-phase instantaneous power input is given
by:
ia
Pin :Vtabciabc = [Va Vb Vc] ib (312)

I

Pin =Vaia +Vbib + Veic (313)

Using equation (3.7) the inverse transformation from two phase rotating reference frame to
three phase stationary reference frame for voltage components is given as equation (3.14).

Vabc = [Tabc]_1qu (314)
Substituting equation (3.14) to (3.13) results:

Pin = ([Tabc]_1qu)t [Tabc]_liqd (315)

Pin :g[\/qiq +Vdid]] (316)

Input power remains constant for all reference frames.
3.3.4 Electromagnetic Torque Equation

The electromagnetic torque is the most important output variable that determines the
mechanical dynamics of the machine such as the rotor position and speed. Therefore, its
importance cannot be overstated in all the simulation studies. It is derived from the machine
matrix equation by looking at the input power and its various components such as resistive
losses, mechanical power, and the rate of change of stored magnetic energy. Elementary
reasoning leads to the fact that there cannot be a power component due to the introduction of
reference frames. Similarly, the rate of change of stored magnetic energy could only be zero
in steady state. Hence, the output power is the difference between the input power and the
resistive losses in a steady state. Note that dynamically, the rate of change of stored magnetic
energy need not be zero. Based on these observations, the derivation of the electromagnetic
torque is made as follows [1] [17] [28].

Substituting equation (3.9) to the power equation (3.16) gives:
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3,.., ... 3,..d . d 3 . .
Pin = =(Rsld“ + Rslq”) + = (Ild — w4 + Ilq—wq) + — or (wdlq — yql 3.17
2( d q°) Z(ddtl//d thl//q) 2a)(l//dq Wald) ( )

The first term of the above equation is the power loss in the conductors, the second term is the
time rate of change of stored energy in the magnetic fields and the third term is the energy
conversion from electrical to mechanical energy. The torque can be derived from the third

term of the power equation and written as:
Pm=omTem = ga)r(l//dlq —l//qid) (318)

where

Pm is output mechanical power

@ m IS mechanical angular velocity of the rotor shaft

Tem is generated electromagnetic torque
The mechanical speed is related to electrical speed by

wr = @nP (3.19)

where

P is number of pole pairs
Substituting equation (3.19) to (3.18) results:

Tem = % P(l//dlq — l//qid) (320)

Hereafter substituting the equation (3.10) in to equation (3.20) the torque equation can also be

expressed in the following way and equated to the mechanical equation (3.21).

Tem = % P[l//mlq + (Ld — Lq)iqid]

:TL+J%COm+ Bom (3.21)

The first term is called “mutual reaction torque” occurring between iy and the permanent
magnet, while the second term corresponds to “reluctance torque” due to the difference in d-
axis and g-axis reluctance (or inductance). The motor used in this thesis is surface mounted
PMSM which means that Lq = L4, due to the same reluctance paths in rotor d and g-axis, and

therefore the “reluctance torque” is equal to zero, so the torque expression for SPMSM is:
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Tem :%Pl//miq (322)

Since the number of pole pairs and the magnetic flux linkages are constant, then the torque is
directly proportional to g-axis current i
Tem = Kitig (3.23)

Where K:= % Pym is called torque constant.

The torque equation (3.23) is now similar to that in a separately excited DC motor, where iq
corresponds to the armature current of the DC machine and torque can be controlled by
controlling iq. Constant torque control strategy is derived from field oriented control, where
the maximum possible torque is desired at all times like the dc motor. This is performed by
making the torque producing current iq equal to the supply current Is. This is achieved by
controlling iq to be equal to zero [1].

3.3.5 Steady State Torque Characteristics of SPMSM

To analyze the steady state torque characteristics of SPMSM, consider a set of balanced three
phase currents as input to the stator windings.

g-axis Stator

Figure 3.5: Motor axis.

la= |mSin(Ctth+a)

ib = ImSin(ant + o — 2%) (3.24)
i—[.qi 2

Ic = Imsin(ert + o + %)
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ia sin(art + o)
io | = sin(ert + o = 27/3) ([in] (3.25)
I sin(art +a + 277)

Substituting equation (3.25) to equation (3.2) gives

iq sin a
LJ - Im{cow} (3.20)

Le.
Ig = ImSin o (3.27)
io = ImCOS (3.28)
Inserting equation (3.27) and (3.28) in to equation (3.22) gives:
Tem = 3 Plym Insin ) (3.29)
where

o is termed the torque angle (the angle between the rotor field and stator mmf) as it directly
influences the air gap torque.

Im is the magnitude of the stator current phasor and «r is the rotor electrical speed.

Key results:

1) Control of phase (a, torque angle) and magnitude of stator current phaser is achieved
through the inverter determines the torque and its control.

2) Control of the angular frequency of the stator current phaser determines rotor electrical

speed «r rad/s.
3.3.6 Voltage Decoupling Control

To achieve completely independent control of the direct-axis stator current iq (field producing
component) and the quadrature-axis stator current iq (torque-producing component) it is
necessary to cancel the effect of these coupling terms at the output of the current PI regulator
[24]. However, the equations of the stator voltage components as shown in (3.11) are coupled.
The direct axis component Vg also depends on iq, and the quadrature axis component V, also
depends on ig. The stator voltage components Vy and V, cannot be considered as decoupled

control variables for the rotor flux and electromagnetic torque. The stator currents ig and iq
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can only be independently controlled (decoupled control) if the stator voltage equations are
decoupled, so these stator current components are indirectly controlled by controlling the
terminal voltages of the synchronous motor.

The equations of the stator voltage components in the d, q reference frame can be
reformulated and separated into two components: linear components and decoupling
components. The decoupling components are evaluated from the stator voltage equations.
They eliminate cross-coupling for current control loops at a given motor operating point.

Linear components V4-and V4"~ are set by the outputs of the current controllers.

Vq :VqL -|-VqD

(3.30)
Vi =Va" —V4°
where

. d..

Vq = (Rs+ Lq—)lq
| ddt (3.31)

Vit =(Rs+ La—)i

d ( d dt) d

and

VqD = arlLdia + @r Ym (3 32)

Vi ° = a)quiq
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Figure 3.6: Voltage decoupling.
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CHAPTER FOUR
CONTROL OF PMSM DRIVES

4.1 PMSM Drive System

Rotor position information is very crucial for field oriented (vector) control. The coordinate
transformation uses the value of the rotor position in order to handle the stator current vector
projection in a rotating frame. The electrical position is not directly used in this transform but

the sine and cosine values of it are used.

Whether the control scheme is sensor based or sensor-less, position of the rotor is required.
Control of PMSM can be categorized as sensor based and sensor-less control.

1) Sensor based control: in this control method, sensors are used to indicate the position of
the rotor, for instance incremental encoder, absolute encoder, resolver etc. By using
mechanical sensors, it is simple to measure speed and position for feedback to the controller.
Moreover, controller design complexity is not that much. However, using sensor-based
control increases volume, weight of the system, connection parts between motor and
controller. Mechanical sensors have noise and they need space on the shaft of the motor for
position measurement. It also increases the overall cost of the drive system.

2) Sensor-less Control: position of the rotor is estimated using algorithms. It has got some
advantages. To mention; it overcomes the drawbacks of Sensor based control, it has better
efficiency and lower cost without position transducer and it is reliable and faster response
control method. On the contrary this control system has got some demerits. This includes
sophisticated design (e.g. Kalman filter), some methods fail at standstill (e.g. Back-emf
method) and expensive for low cost applications and it will take time to develop.

This thesis is totally dedicated on sensor based control of permanent magnet synchronous
motor because of advantage mentioned above and the simplicity when compare to sensor less

control.
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A conceptual drive system is pictured in Figure 4.1 There, a speed, and current command is
input to the drive system. The Controller implements feedback control based on mechanical
sensors. The Speed controller outputs command for the Current Controller. The current
controller block converts its input commands into commands for the power converter using
SVPWM. The power converter block imposes the desired electrical signals onto the PMSM
machine with the connected load.

SVPWM/Voltage
Source Inverter » PMSM —»{ [ oad
. I
DC _I- i
Source —
Current
Speed Speed | commang| Current |
Command [ | Controller “| Controllerl™  Current
Y Measurement

Speed, Position
Measurement

Figure 4.1: Block Diagram of PMSM drive system.

4.2 Inverters and Their Control

The subsystem that made the widespread possible use of permanent magnet (PM) drives is the
standard power electronic converter module. To provide variable speed in the machine,
variable frequency of the stator currents is required, which is achieved with an inverter. The
inverter requires a dc voltage input, which, in a majority of the cases, is obtained from an AC
supply by rectification with a diode bridge.

4.2.1 Power Devices

Improvements in fast switching power devices have led to an increased interest in voltage
source inverters (VSI) with pulse width modulation control (PWM). Some of the popular

power devices available today are diodes, metal oxide semiconductor field-effect transistors

31



Speed Control of Vector Controlled PMSM Using FL-PI Controller Control of PMSM Drives

(MOSFETS), and insulated gate bipolar transistors (IGBTs). These devices are commonly
used in PMSM drives.

4.2.2 DC Input Source

PMSM drives require variable voltage/current input at variable frequency to deliver variable
speed operation. As the utility power source has constant frequency and voltage, it cannot be
directly used in these machines. As a result there must be a power conversion process to
obtain a variable voltage/current, variable frequency power supply from a fixed frequency,

and voltage ac power source.

The power conversion process involves first a utility AC to variable or fixed DC conversion
(rectification) and then a DC to variable voltage/current, variable frequency AC conversion
(inversion). The rectifier may be controlled or uncontrolled type. The uncontrolled rectifier
with diodes only provides a constant DC voltage. The controlled rectifier with self-
commutating devices provides a variable DC voltage. In spite of its higher cost and
complexity in control, this is upcoming in a few applications where its operational flexibility
in providing variable voltage, AC input current shaping, and output ripple reduction are
highly required. The inverter stage consists of self-commutating devices such as MOSFETs
or IGBTs and only six devices are required.

4.2.3 Voltage Source Three-Phase Inverter

Voltage Source Inverters are devices that convert a DC voltage to AC voltage of variable
frequency and magnitude. Usually the motor is fed from a voltage source inverter with
current control. The control is performed by regulating the flow of current through the stator
of the motor. Current controllers are used to generate gate signals for the inverter. Proper
selection of the inverter devices and selection of the control technique will guarantee the
efficiency of the drive.

The output voltage could be fixed or variable at a fixed or variable frequency. A variable
output voltage can be obtained by varying the input DC voltage and maintaining the gain of
the inverter constant. On the other hand, if the DC input voltage is fixed and is not
controllable, a variable output voltage can be obtained by varying the gain of the inverter,
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which is normally accomplished by pulse width modulation (PWM) control within the

inverter.

Three phase inverters consist of six power switches connected to a DC voltage source as
shown in figure 4.2. V,, Vy, and V. are the output voltages applied to the stator windings of a
motor. Q1 through Q6 are the six power transistors that shape the output, which are controlled
by a, a’, b, b’, ¢ and ¢’. For AC motor control, when an upper transistor is switched on, i.e.,
when a, b or c is 1, the corresponding lower transistor is switched off, i.e., the corresponding
a’, b’ or ¢’ is 0. That means, tuning the upper line switch on requires turning off the lower line
switch and vice versa. The on and off states of the upper transistors Q;, Qs and Qs, or
equivalently, the states of a, b and c, is sufficient to evaluate the output voltage.

To understand its basic operation, assume the DC link voltage is constant in the three phase
inverter circuit. Each of the phase leg is independently operated. The line voltages can be
derived from the phase voltages as:

Vab ZVan —Vbn (41)
Vbc ZVbn —Vcn (42)
Vca :Vcn —Van (43)

where
Vab, Vie, and V¢, are the various line voltages
Van, Von, and V¢, are the phase voltages

From these equations, the phase voltages are derived assuming that the system is balanced,
i.e., the sum of the phase currents and voltages is equal to zero. The phase voltages in terms
of the line voltages are given as:

Vab — Vca

Van = 4.4

3 (4.4)
Vbn _ VbC —Vab (45)
Vcn _ Vca ;Vbc (46)
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Q1 Qs Qs
+ a | W D: b D3 ¢ Ds
-1 1 —
V. — - vV —
dc — a Vp Ve
Q2 Q4 Qe
a| D, b Da ¢ Kﬂ Ds
n

Figure 4.2: Three Phase Inverter.

From the inverter shown in Figure 4.2, the terminal voltage of phase a, V,, with respect to
negative of the dc supply is considered and it is determined by a set of switches, Sa,
consisting of a and a’ as shown in Table 4.1

Table 4 1: Switching States of inverter phase leg a

Switching States of inverter phase leg a
a a’ Sa Va
On Off 1 Ve
Off On 0 0

When the switching devices a and a’ and their antiparallel diodes are off, V, is indeterminate.
Such a situation is not encountered in practice and hence has not been considered. The
switching of Sy and S sets for line b and ¢ can be similarly derived.

The total number of switching states possible with S,;, Sp, and S; are eight and they are
elaborated in the Table 4.2 using the relationships (Equations (4.4) through (4.6)) containing
the phase and line-to-line voltages. The a- and B-axes voltages (stationary axis) can be
derived from the phase voltages as:

Va :Van

4.7
Vﬂ = i (Vcn —Vbn) = chb ( )

e 7
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4.3 Position Sensor

Accurate measurement of rotor position is needed for applying a vector control to AC motors.
This requires the development of devices for position measurement. There are different types
of rotor position measuring device like resolver, tachogenerator, and optical encoder. The

ones most commonly used for motors are encoders and resolver.
4.3.1 Optical Encoder

Encoders transform rotary movement into a sequence of electrical pulses. An encoder consists
of a rotating disk, a light source, and a photo detector (light sensor). The disk, is mounted on
the rotating shaft, has coded patterns of opaque and transparent sectors. As the disk rotates,
these patterns interrupt the light emitted onto the photo detector, generating a digital pulse or
output signal. It is the most popular type of encoder. Optical encoders offer the advantages of
digital interface [32]. There are two types of optical encoders, incremental encoder and
absolute encoder. In this thesis a simulated incremental quadrature pulse encoder is used.

sensor

Figure 4.3: Optical encoder [26].

Incremental Quadrature Encoders

The disk of an incremental encoder is patterned with a single track of lines around its
periphery. The disk count is defined as the number of dark/light line pairs that occur per
revolution (“cycles / revolution™). The number of square wave cycles produced per one turn

of the shaft is called the encoder resolution.
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Figure 4.4: Output pulses of incremental encoder [25]

As a rule, a second track is added to generate a signal that occurs once per revolution (QEPI),
which can be used to indicate an absolute position. The precision of the encoder is fixed by its
code disk but it can be increased by detecting the up and down transitions on both the A and
B channels. To derive direction information, the lines on the disk are read out by two different
photo-elements that "look™ at the disk pattern with a mechanical shift of ¥ of a cycle (90
degrees) between them. As the disk rotates, the two photo-elements generate signals that are
shifted 90° out of phase from each other. These are commonly called the quadrature "A" and
"B" signals. The clockwise direction for most encoders is defined as the "A" channel going
positive before the "B" channel [33].

4.4 Pulse Width Modulation (PWM)

PWM control is the first scheme to be applied on a large scale for control of inverter. During
that time, the understanding of the AC motor drive and its performance was evolving. There
was fair understanding of steady-state operation and its control but limited knowledge of
transient operation, resulting in instability and inverter failure because of immense dynamic

currents being drawn during the load or speed transients [1].
4.4.1 Sinusoidal Pulse width Modulation

Sinusoidal PWM has been very popular technique used in AC motor control. This relatively
unsophisticated method employs a triangular carrier wave compared with a sine wave and the
points of intersection determine the switching points of the power devices in the inverter.
However, this method is unable to make full use of the inverter’s supply voltage and the
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asymmetrical nature of the PWM switching characteristics produces relatively high harmonic
distortion in the supply.

Figure 4.5 shows circuit model of a single-phase inverter with a center-taped grounded DC
bus and figure 4.6 illustrates principle of pulse width modulation.

il \

A

Vao/2 '|' - T

Figure 4.5: Single-phase inverter.

Vd(‘/ 2

V

Y

tri control

AN NN/,
V VV V V VTN

Vao(t)
Vi, /2

| 1 A
v,2H LU “ | J LI

Figure 4.6: Sinusoidal Pulse width modulation.

As showed in Figure 4.6, the inverter output voltage is determined in the following:
> When Veonro>Vai, Vao = Vae/2
> When Vontrol<Vi, Vao = —Vdc/2

4.4.2 Space Vector PWM

In the late 1960s and early 1970s, efforts were made to understand the dynamics of the ac
machines. It all started on the basis that independent control of flux and torque is the
characteristic of the separately excited DC motor drive that gives a very high dynamic and
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steady-state performance. An equivalent control of that in AC motor drives, if found, can
overcome entirely the problems associated with the dynamic transients of the motor drive [1].

The key step to this method is the understanding of the ac machines as an equivalent
separately excited dc machine. This required the ac machine model to be reduced into a set of
single stator and rotor windings using space phasor model. If the machine takes a single stator
current space phasor, then the inverter supplying the current must be generating it as a space
phasor but not simply as a set of three-phase currents. Hence the inverter may be viewed as a
voltage and or current space phasor generator but not as a three-phase voltage or current
generator. This understanding of the inverter as a voltage/current phasor generator further
imports the notion that the inverter is not only controlling the magnitude and angular velocity
but also the angular position of the voltage and current phasor as the mere fact that a space
phasor is in fact consists of three these variables. The position variable that the inverter is
exercising control over has the most dramatic impact on the dynamics of the motor drive [1].

Note that any voltage space phasor can by synthesized with the control of inverter switching
by considering the requested voltage phasor’s magnitude and position. This approach does

not use individual pulse width modulators for each machine phase [1].

The relationship between the switching variable vector [a, b, c]' and the line-to-line voltage
vector [Va, Ve Vea]' Of the three phase inverter in Figure 4.2 is given by equation (4.8) .

Vab 1 - 1 0 a
Vbc = Vdc 0 1 -1 b (4 8)
Vea -1 0 1]|c

where
[a b c] is a vector representing the upper switches of the inverter.

Also, the relationship between the switching variable vector [a, b, c]' and the phase voltage
vector [VaVpV ]' can be expressed below.

Van 2 -1 -1|a

Vi =221 2 —1]p (4.9)

3
Ven -1 -1 2|¢c
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The on and off states of the upper power devices are opposite to the lower one. So once the
states of the upper power transistors are determined, the states of lower one can be easily
determined. According to equations (4.1) and (4.3) the eight switching vectors of the three
upper power switches, output line to neutral voltage (phase voltage), and output line-to-line
voltages in terms of DC-link V¢, are given in Table 4.2.

Table 4.2: Switching vectors, phase voltages and output line to line voltages.

Switching Line to neutaral Line to line
Voltage
vectors voltage voltage V, Vg
vectors
a b C Van Vbn Vcn Vab Vbc Vca
Vo 0 0 0 0 0 0 0 0 0 0 0
V1 1 0 0 2/3 | -1/3 | -1/3 | 1 0 -1 2/3 0
Vo |11 o0 lws|as|laus|l1] o] 3 % 5
Ve | ol 1| o0 |-am|s|uz|-a]| 1] o] 3 y 5
V4 0 1 1 |-2/3| 13| 13| -1 0 1 -2/3 0
Vs | olo | 1 |us|laslaz| o] 1] 1| W |- % 5
Ve | 1o 1 w23l 1] 1] o0 13 - y 5
\V/ 1 1 1 0 0 0 0 0 0 0 0

(Note that the respective voltage should be multiplied by Vdc)

Principle of Space Vector PWM
v Treats the sinusoidal voltage (reference voltage) as a constant amplitude vector
rotating at constant frequency.
v This PWM technique approximates the reference voltage V(s by a combination of the
eight switching patterns (Vo to V7).
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v Coordinate Transformation (abc reference frame to the stationary a-f frame). That is a
three-phase voltage vector is transformed into a vector in the stationary o-f coordinate
frame represents the spatial vector sum of the three phase voltage.

v The vectors (Vi to V) divide the plane into six sectors (each sector: 60 degrees).

v Vi is generated by two adjacent non-zero vectors and two zero vectors.

Implementation of Space Vector PWM

To implement the space vector PWM, the voltage equations in the abc reference frame must
be transformed into the stationary aff reference frame that consists of the horizontal (o) and
vertical (B) axes, as a result, six non-zero vectors and two zero vectors are possible. Six
nonzero vectors (V1 — Vi) shape the axes of a hexagonal as depicted in Figure 4.7, and feed
electric power to the load or DC link voltage is supplied to the load. The objective of space
vector PWM technique is to approximate the reference voltage vector Vi using the eight
switching patterns. One simple method of approximation is to generate the average output of
the inverter in a small period, T, to be the same as that of Vs in the same period.

Consider that voltage phasor Vi is commanded. Its position is in between two switching
voltage vectors, say Vi and V,, and has a relative phase of a. from V3, as shown in Figure 4.7,
The commanded voltage phasor can only be realized with the use of the neighboring
switching voltage vectors and in this case Vi and V,. Taking these switching vectors for a
fraction of time as it is not possible to take the fraction of them, and then combining them

through the load gives the desired command space voltage phasor.
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Figure 4.7: Basic switching vectors, sectors and a reference vector.

Therefore, space vector PWM can be implemented by the following steps:

Step 1. Determine V,, Vp, Vier, and angle (o)) to determine the specific sector.

Step 2. Determine time duration Ty, T,, To for the specific sector where T, T, are the
respective time for which the basic space vectors Vi and V; should be applied within the
time period T, and Ty is the course of time for which the null vectors Vo and V; are
applied.

v’ Step 3. Determine the switching time of each transistor (S; to Se)

Step 1: Determine V,, Vg, Vrer, and angle (o)

Using the co-ordinate transformation to 2-® stationary reference frame in Figure 4.8, the V,,
Vg, Vier, and angle (o) can be determined as follows:
vV, =V, -V, -cos(60) -V, -cos(60)

4.10
= Van - iVbn - iVcn ( )
2 2
V,; =0+V,, -cos(30) -V, -cos(30)
= Evbn _Evcn
2 2 (4.11)

Therefore, the above equations can be summarized in matrix form as follows.
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R Y
Va | _ 2 2|y
Vﬂ 0 E _ﬁ Vbn
2 2 JLVen (4.12)

The reference space vector voltage crossing every sector is derived as:

Via | = Ve +V,° (4.13)

The current sector in which the reference voltage vector found is determined by equation
(4.14).

v
a= tan‘l(v—ﬂ] = wt = 2Aft

@ (4.14)
where
f is the fundamental frequency at which the reference voltage rotates.
paxis 4
Sector |
b Vﬂ A--------mmme e | VrEf
a E
V, a, oaxis
C
Figure 4.8: Voltage space vector and its components in (abc axis) [23].
Step 2: Determine time duration Tz, T2, To
From Figure 4.8, the switching time duration can be calculated as follows:
Switching time duration at Sector 1:
Tz o T . T, +T, o Tz o
[Vigdt=[Vidt+ [ Vodt+ [Vidt
0 0 Ty Ti+T, (415)
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=~ 1z 'Vref = (Tl \71 +T2 \72)

(4.16)
The average voltage for the first sector which is made by vectors Vo, V1, V2, and V7 is given
by equation (4.17). (Where, 0 < a < 60)

[0 20, [, 2o, [0
sin(o) 3 “10 3 % |sin(x/3)

:Tz ' _re
o (4.17)

sin(ﬁ—a)
TZ a3—
sin( /3) (4.18)

T T .a. sin(c)
P T osin(nl3) (4.19)

T, =T,-(T,+T,), (4.20)

where

Voo
‘ 7Vdc
3 (4.21)

T, T, are the switching time durations of vectors V; and V, respectively.

Ty is the time duration of the zero vector.

T, is the time period for which one sector is applied.

Switching time duration at any sector is given by the following equations:

V3TNV B
T =— 171 Nref sin(z—a ML 171]
v, 3 3

\/§'Tz'r\7ref . (n ]
=————— S| — 77—«
dc 3

\Y

V3., 'Mef

.. N n .
=—— | SIN—x7-C0Sa —COoS—x -SIh
V,, 3 3

(4.22)
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n+l
dc

\/§'Tz 'Mef n-1

.. h-1 .
=————— | —CO0Sex-SIN——m +Sin¢ - COS—— 7T
Vi 3 3

=)

(4.23)
TO =Tz _(Tn +Tn+l)’ (424)
where

n = 1 through 6(sector | to VI) and 0 < o < 60

The method used to approximate the desired stator reference voltage with only eight possible
states of switches is to combine adjacent vectors of the reference voltage and to determine the
time of application of each adjacent vector as shown in Figure 4.9 for the first sector.

v,

Figure 4.9: Reference voltage as a combination of adjacent vectors in sector | [23].

Step 3: Determine the switching time of each transistor (S; to Sg)
Figure 4.10 shows space vector PWM switching patterns for sector | and 11,
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1E T
T2| T, | T, |To2|Ty2| T, | T, [T42
T I
S] I 1
{upper) S, [
Ss |—|—|
5,
(lower) S
8, —— ——
Vv, V, vV, V, V, V, VvV, V,

(a) Sector I

Figure 4.10: Space Vector PWM switching patterns for the first two sectors.

Based on Figure 4.10, the switching time at each sector is summarized in Table 4.3.

Table 4.3: Switching Time Calculation at Each Sector.

Sector Upper Switches(S1,S3,Ss) Lower Switches(S4,S6,S>)

Si=T{+ T+ To/2 Sa= To/2

1 S3=T,+ Tol2 Se=T1+ Tol2
S5 =Tol2 S2=T1+ T2+ Tol2
Si1=T1+ T2 Sa=Tr+ T2

2 S3=Ti1+ T+ To/2 Sg = Tol2
S5 =Tol2 S2=T1+ T2+ Tol2

3 S1=Tol2 Sa=T1+ T+ Ty2
S3=Ti1+ T+ To/2 Sg = Tol2

T, T,
Ty2| T, | T, |Tc_’ Tc,f_7| T, | T, [Ty2
P N Pt M P
51 I 1
(upper) S;|__
S; | ——
- Y I— | I
(lower) S, —
Sj—l |
vV, V; vV V; v, WV, VWV
(b) Sector Il
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S5 =T+ Tol2 S, =T+ Tol2
S1=Tol2 Sa=T1+ T+ Tol2
4 S3=T1+ To/2 Se=Tr+ To/2
S5 =Ty + Ty + Tol2 S, =Tol2
S1=Ty+Tol2 Sy=T1+Tol2
5 S3=Tol2 Se=T1+ T2+ Tol2

85:T1+T2+To/2

Sz = To/2

S1=T{+Tr+ To/2
6 S3=Tol2
Sg=T; + To/2

S4: To/2
Se=T1+ T+ Ty/2
S, =T+ T2

Comparison SVPWM and Sinusoidal PWM

>

Space Vector PWM generates less harmonic distortion in the output voltage or

currents in comparison with sine PWM.

Space Vector PWM provides more efficient use of supply voltage in comparison with

sine PWM. Voltage Utilization: Space Vector PWM = K/g times of Sine PWM.

In sine PWM the locus of the reference vector is the inside of the circle with the radius

of % Vie.

In Space Vector PWM the locus of the reference vector is the inside of a circle with

radius of %/5 Ve
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Figure 4.11: Comparison SVPWM and Sinusoidal PWM.

4.5 Controller Design
4.5.1 Introduction to Fuzzy-Logic

The fuzzy logic is a class of artificial intelligence with a recent history and application. The
concept of fuzzy logic was first introduced by 1965 by a computer scientist Lotfy Zadeh, a
professor at the University of California at Berkley, and presented not as a control
methodology, but as a way of processing data by allowing partial set membership rather than
crisp set membership or non-membership. He argued that human thinking is often fuzzy,
vague, or imprecise in nature, and, therefore cannot be represented by yes (1) or no (0). Fuzzy
logic allows the programmer to deal with natural, “linguistic sets” of states, such as very fast,
fast, slow, etc. Fuzzy-logic provides a simple way to arrive at a definite conclusion based
upon vague, ambiguous, imprecise, noisy, or missing input information. Its approach to

control problems mimics how a person would make decisions, much faster [4][34].

Fuzzy logic incorporates a simple, rule-based IF X AND Y THEN Z approach to a solving
control problem rather than attempting to model a system mathematically. The FL model is
experimentally-based, relying on an operator's experience rather than their technical
understanding of the system. Figure 4.12 and 4.13 compares the membership functions ((x))

of element x in the universe of discourse for classical sets and fuzzy sets.
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Figure 4.12: Classical logic.
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Figure 4.13: Fuzzy logic.
1. Fuzzy Sets

Define a universe of discourse, X, as a collection of objects all having the same
characteristics. The individual elements in the universe X will be denoted as x. In classical, or
crisp, sets the transition for an element in the universe between membership and
nonmembership in a given set is abrupt and well-defined (said to be *“crisp’”). For an element
in a universe that contains fuzzy sets, this transition can be gradual. This transition among
various degrees of membership can be lead to the fact that the boundaries of the fuzzy sets are
vague and ambiguous [34]. Hence, membership of an element from the universe in this set is
measured by a function that attempts to describe vagueness and ambiguity. Elements of a
fuzzy set are mapped to a universe of membership values (degree to which a quality is
possessed) using a function-theoretic form in the range of [0, 1]. If an element in the universe,

say X, Is a member of fuzzy set A, then this mapping is given by u(x) € [0, 1].
2. Fuzzy Set Operations

Define three fuzzy sets A, B, and C on the universe X. For a given element x of the universe,
the following function-theoretic operations for the set-theoretic operations of union,
intersection, and complement are defined for A, B, and C on X.
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Union
Haoe (X) = p(X) v g (X) = max (e, (X), p1g (X)) (4.25)
Intersection
Hane (X) = 1p (X) A i (X) = min( 2, (X), g (X)) (4.26)
Complement
1, () =1 11, (x) (427)

Excluded middle axioms, extended for fuzzy sets, are expressed by AUA# X (axiom of
excluded middle) and ANA# @ (axiom of contradiction).

3. Linguistic Variables

Cognitive scientists tell us that humans base their thinking primarily on conceptual patterns
and mental images rather than on any numerical quantities. Furthermore, humans
communicate with their own natural language by referring to previous mental images with
rather vague but simple terms. A linguistic variable associates words or sentences with a
measure of belief functions, also called membership function. The set of values that it can
take is called term set. Each value in the set is a fuzzy variable defined over a base variable.
The base variable defines the Universe of discourse for all the fuzzy variables in the term set

[4].

4. Membership Function (MF)

Membership function is a function that changes the crisp variables (classical sets) in to fuzzy
sets. All information contained in a fuzzy set is described by its membership function. MFs
describe the degree of confidence of all elements in the universe of discourse to each fuzzy
set. The shape of Membership functions depends on the system that is to be controlled.
Trapezoidal (or Triangular) shapes are the most frequently used membership functions. Other
shapes may be able to reflect natural phenomena, but may require complex equations to
model, which can affect drastically increase the size and complexity of the fuzzy system.
Every element in the universe of discourse is a member of the fuzzy set to some grade, May
be even zero. The function that ties a number to each element x of the universe is called the
membership function p(x).
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4.5.2 Fuzzy Logic Controller (FLC)

The basic idea behind fuzzy logic control is to incorporate the experience of a human operator
in the design of a controller in controlling a process whose input-output relationship is
described by a collection of fuzzy control rules (e.g. IF-THEN rules) involving linguistic
variables. The design procedure of Fuzzy Logic Controller (FLC) is based upon knowledge
derived from imprecise heuristic knowledge of experienced operator, does not require precise
knowledge of the system model [4] [8]. A Fuzzy Logic Controller usually consists of:
» A Fuzzification unit which maps measured inputs of crisp value into fuzzy linguistic
values to be used by a fuzzy reasoning mechanism.
» A Knowledge base (KB) which is the collection of expert control knowledge required
to achieve the control objective.
» A Fuzzy reasoning mechanism (inference engine) that performs various fuzzy logic

operations to infer the control action for the given fuzzy inputs.

» A Defuzzification unit which converts the inferred fuzzy control action into the

required crisp control values to be entered into the system process.
a. Fuzzification

Fuzzification is the process of making a crisp quantity fuzzy. It transforms the physical values
of the error signal, rate of change of error which is input to the fuzzy logic controller, into a
fuzzy set consisting of an interval for the range of the input values and an associate
membership function describing the degrees of the confidence of the input belonging to this
range. The conversion process is performed by a membership function. The purpose of this
fuzzification step is to make the input physical signal compatible with the fuzzy control rule
base in the core of the controller.
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Figure 4.14: General Structure of Fuzzy Logic Controller.

b. Knowledge Base

The knowledge base of a fuzzy logic controller consists of a data base and a rule Base. The

basic function of the data base is to provide the necessary information for the proper

functioning of the fuzzification, the rule base and the defuzzification units. This information

includes:

v' The meaning of the linguistic values of the membership functions of the Input

variables and the control output variables.

v Physical domains and their normalized counterparts together with the normalization,

denormalization and scaling factors.

v" The type of the membership functions of a fuzzy set.

The rule base is the way that expert knowledge is described for fuzzy logic controller. The

majority of fuzzy logic control systems are knowledge-based systems in that their fuzzy logic

controllers are described by fuzzy IF (antecedent)-THEN (consequent) rules, which have to

be established based on experience of the controllers. The basic function of the rule base is to

represent the expert knowledge in a form of if-then rule structure. The power of fuzzy rule-

based systems is their ability to yield “‘good’” results with reasonably simple mathematical

operations.
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C. Inference Mechanism

In order to draw conclusions from a rule base, we need a mechanism that can produce an
output from a collection of IF-THEN rules. This is done using the computational rule of
inference. The Inference Mechanism provides the mechanism for referring to the rule base
such that the appropriate rules are fired. The two most commonly used inference procedures
in FLC are Mamdani's Max-Min and Max-Algebraic Product (or Max-Dot) composition. The
inference or firing with this fuzzy relation is performed via the operations between the
fuzzified crisp input and the fuzzy relation representing the meaning of the overall set of
rules. As a result of the composition, one obtains the fuzzy set describing the fuzzy value of
the overall control output. In this thesis a Mamdani’s Max-min composition inference method
is used.

Max-Min composition:

Consider a simple system where each rule comprises two antecedents and one consequent. A
fuzzy system with two non-interactive inputs x1 and x2 (antecedents) and a single output y
(consequent) are described by a collection of n linguistic IF-THEN rules.

IF x1 is A® and x, is A,® THEN y(k) is B¥, k=1,2,...n. (4.28)
where
A® and A" are fuzzy sets representing the k™ antecedent pairs and B® are the fuzzy sets
representing the k™ consequent.
Based on the Mamdani’s max-min composition method of inference, and for a set of
disjunctive rules, the aggregated output for the n rules will be given by:

usM(y) = Max Min[pa“(input(i)), pa™(input(j))] (4.29)
where i, j are input fuzzy set variables and y is output fuzzy set variable.

The equation in (4.29) has a simple graphical interpretation, as seen in Figure 4.15.
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Figure 4.15: Fuzzy inferencing using Mamdani’s max-min compositional operator.

The fuzzy IF-THEN rule in Figure 4.15 contains two rules. Both rules “IF x; is Aj1 and Xz is
A, THEN y is B1” and “IF x; is Az1 and Xz is Az THEN vy is B,” are intersection fuzzy set
operation and take the minimum membership values of the two inputs. Then the outputs of
the two rules aggregated using the union fuzzy set operation that takes the maximum
membership values of each fuzzy rule outputs. For this specific example Equation (4.29) can
be simplified as pg(y) = Max [Min (Hai(input(i)), Haiz(input(j)), Min (Lazi(input(i)),
Hazz(input(j))].

D. Difuzzification

Defuzzification unit in FLC is the inverse of the fuzzification process. It converts the fuzzy
controller output fuzzy variables in to a crisp real signal. There are several commonly used,

logically meaningful, and practically effective defuzzification formulas available, which are

by nature weighted average formulas in various forms. Unfortunately, there is no systematic
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procedure for choosing a defuzzification strategy. In this thesis a center of gravity

difuzzification method is adopted for, which can reflect the overall inference information.

Center of gravity method

This procedure is the most prevalent and physically appealing of all the defuzzification

methods. It is given by the algebraic expression in equation (4.30).

o 2 H(X)X (4.30)

)

v

Figure 4.16: Center of gravity defuzzification method.

Design Process of FL.C

Identify controller Inputs and Outputs as the Fuzzy variables.

Break up Inputs and Outputs into several Fuzzy Sets and label them according to the
problem to be solved.

Assign or determine a membership function (MF) for each fuzzy set.

Choose appropriate scaling factors for the input and output variable to normalize to
[0,1] or [-1,1] interval range.

Fuzzify the inputs

Develop the fuzzy IF-THEN rules to solve the problem.

Choose Inference Mechanism engine procedure.

Aggregate the fuzzy outputs of each rule.

Choose a DEFUZZIFICATION method.

Tune the adjustable parameters.
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4.5.3 Pl Controller

In process control today, more than 95% of the control loops are of PID type, most loops are
actually PI control. In the control of dynamic systems, no controller has enjoyed both the
success and the failure of the PID control. There is actually a great variety of types and design
methods for the PID controller. The most used type of PID controller is PI controller. What is
a PI controller? The acronym PI stands for Proportional-Integral control. Each of these, P,
and | are terms in a control algorithm, and each has a special purpose. In the field of electrical
drives PI regulators are employed for motor control. The variables to be controlled are
position, speed, torque, and current or voltage. The fact that the measurement of these signals
can contain considerable noise (high frequency) makes the PI structure without the derivative

part more suitable. And in fact PI controller is enough for first order systems [35].

Kp

R(s) +;® E(s) § Uls O Y(s

A
= ki Plant
A

P1 Controller

v

Figure 4.17: PI control System

The control signal u (t) of the PI control system in Figure 4.17 is the sum of two terms. Each
of these terms is a function of the tracking error e (t). The term K, (Proportional gain)
indicates that this term is proportional to the error, and the term Ki/s is an integral term. With
Ki = 0, the controller becomes simply a P controller which has an output that depends only on
error as it is shown in equation (4.31).

u(t) = Kee(t) (4.31)

Thus at any instant time, the control is proportional to the error. It is a function of the present
value of the error. The larger the error, the larger the control signal. When the error is
approximately zero or the response is close to the target, the control essentially does nothing.
Assuming now that K, = 0, the control signal simply becomes:

55



Speed Control of Vector Controlled PMSM Using FL-PI Controller Control of PMSM Drives

u(t) = Kifedt (4.32)
The addition of this integral makes the open-loop forward path of type 1. Thus, the system is
guaranteed to have zero steady-state error to a step input. If e (t) is non-zero for any length of
time (for example, positive), the control signal gets larger and large as time goes on. The
integral term is an accumulation of the past values of the error. The PI control thus considers
past and present values of the error in assigning its control value [32][35]. The integral gain is
related to the proportional gain by:

_Kp
K=K/ (4.33)
Where, 7; is the integral time constant.

Proportional action can reduce the steady-state error, but too much of it can cause the stability
to deteriorate whereas the integral action is used to eliminate the steady-state error. Generally
the PI control law is described as:

UP = Kee+ K [edt (4.34)

UP =Kp(e+ % [edt) (4.35)

where
UP'is the control output, Kp is the proportional gain, K is integral gain, and e is the tracking

error.
4.5.4 Fuzzy Logic based self tuning PI Controller

As we have seen in the above sections, to achieve a high performance speed control of
PMSM Fuzzy Logic based self tuning PI Controller is proposed in speed loop of the control
system. This collaboration is practical as most of the industrial system that are using
conventional controller can insert a FLC to their control system for optimization purposes
without changing much of the system topology and scrapping the conventional controller. As
a result fuzzy logic controller (FLC) is used to aid conventional method to enhance the output
performance by retuning the gains of Pl controller at different operating conditions. As a
result, the available conventional controllers that can do their job are never replaced by fuzzy
logic controller to avoid adding unnecessarily cost to the system [5].
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The accurate mathematical model is not necessary to Fuzzy Logic based tuning PI controller.
The practical experience is saved in the form of control rules, then the correct control
decision is made according to the practicable condition of control system(the magnitude,
direction and the change trend of the input signal deviation).The parameters Kp, K; can be

adjusted on-line, So the control performance of PMSM servo system can be improved.

a. The input variables and output variables

The Fuzzy Logic-PI controller uses the speed error and error change rate as fuzzy inputs, and

the proportional factor (Kp;) and integral factor (K1) as fuzzy outputs.

The error and rate of change of error are defined as:

e(k) = r(k) —y(k) (4.36)
ce(k) = w (4.37)
where

r(k) is the reference input speed signal, y (k) is the output speed response, e(k) is the error
signal, and ce(k) is the rate of change of error.

Now the control action of the PI controller after self tuning can be describing as:

U(K) = Kpoe(K) + Klzki%(i) (4.38)
i—0
Kpz = Kp* Ko (4.39)
Kiz = Kit* Ki (4.40)
where

Kpz, and K, are the new gains of the PI Controller.

Kp1, K1 are the gains outputs of fuzzy control that are varying online with the output of the
system under control and Kp, K| are the optimal values of the PI Controller before tuning.
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Figure 4.18: Structure of fuzzy logic based self tuning PI Controller.

b. Fuzzy language of input and output variables

The gains K¢, Kee, Kip, and Ky in Figure 4.18 are called scaling factors used to obtain
normalized inputs and outputs for the fuzzy logic controller. The use of normalized domains
requires a scale transformation, which maps the physical values of the process input variables
into a normalized domain. This is called input normalization. Furthermore; output
denormalization maps the normalized value of the output variable (K, & Kji) into its
respective physical domain. For the system under study the universe of discourse for both
inputs e(t) and ce(t) is normalized to the range -1 to 1 as the range of the universe of discourse
for the membership functions is selected to be from -1 to 1, and the linguistic labels(fuzzy
sets) are defined as{NB (Negative Big), NM( Negative medium), NS (Negative small), ZE
(Zero), PS (Positive small), PM (Positive medium), and PB (Positive Big) } and are referred
to in the rules bases as {NB,NM,NS,ZE,PS,PM,PB }as it is shown in Figure 4.19. The
linguistic labels of the outputs Ky; and Kj; in the range 0 to 1 are {Zero, Medium small,
Small, Medium, Big, Medium big, very big} and referred to in the rule bases as {Z, MS, S,
M, B, MB, VB}. The membership functions of the inputs fuzzy sets and output fuzzy sets are
shown in Figure 4.19 and 4.20. These membership functions are chosen based on intuition,
simply derived from the capacity of humans to develop membership functions through their

own understanding.
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The precise shapes of the membership function curves are not so important in their utility.
Rather, it is the approximate placement of the curves on the universe of discourse, the number
of membership functions used, and the overlapping characteristics are the most
important[5][34].

input variable "2"

Figure 4.19: Member ship functions of inputs (e, Ae).
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Figure 4.20: Member ship functions of outputs (Kp1, Ki1).
C. Fuzzy rules

The principle of designing fuzzy rules is that the output of controller can make the PMSM
drive system output response dynamic and static performance optimal. Formulation of the
fuzzy rules is according to the simulation analysis of the PMSM drive system. The rule base

is expressed as IF (antecedent)-THEN (consequent) rules shown in equation (4.41).

IF e(t) is NB and ce(t) is NB THEN Ky and K, are ZE (4.41)
where

NB is the linguistic label of input, and ZE is the linguistic label of output.
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Tables (4.4) shows the control rules for determining Kp; and Kjsthat are used to tune the PI

controller gains in the FL-PI controller.

Table 4.4: Rule bases for determining the gains Kp; and Kj;.

ce\e NB NM NS ZE PS PM PB
NB ZE ZE MS MS S S

NM ZE MS MS S S

NS MS MS S S M

ZE MS S S M B MB
PS S M B B MB MB
PM S M B B MB MB VB
PB M B B MB MB VB VB

Self tuning PI

(mamdani)

Kp1

FIS Marne: Self tuning Pl FIS Type

And method = Current Wariable

Or method Marme

T
Implication 1re

Range
Aggregation

input

F1 1]

Defuzzification centroid = ‘ Help

Close | ‘

Opening Membership Function Editor

Figure 4.21: Fuzzy inference block.
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Figure 4.22: Variation of Ky; and Kj;with respect to error and change in error of speed.
4.5.5 Design of Current Controller

4.5.5.1 Introduction

For decoupled torque and flux control the rotor flux and torque current have to be properly
controlled, which makes current regulator very important part of the field oriented based
control system In order to design the regulator the existing delays in the system need to be
taken into account. These delays in the case of a motor drive are due to the digital
implementation of the control (which implies the sampling of signals), the use of filters, the

processing of the control algorithm and the use of Pulse Width Modulators (PWM).
4.5.5.2 iy’s PI controller design

For the design of Pl-controllers it is necessary to know the closed loop transfer function.
Using the g-axis voltage equation, torque equation, and Mechanical equation, The Block

diagram of permanent magnet synchronous motor (PMSM) in g-axis is shown in Figure 4.23.
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Figure 4.23: Block diagram of PMSM in g-axis.

Here, the design objective is to determine the PI’s gains K, and K; (or T;) so as to achieve a
good closed loop response. The transfer function between torque component, iy and input
voltage, Vq in g-axis is:

iR w2
Vq 7S +1

For the design of Pl-controller of current loop in g-axis, the block diagram in Figure 4.24 is

used.
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Figure 4.24: Block diagram of g-axis Current loop.

where

Tr IS the inverter time constant which is given by or it is the delay before the demand voltage
(Vq) appears on the motor lines

Tsp is PWM sampling period

e (electrical time constant) =L¢/Rsand t+ is current filter time constant

Kp, Ti are the proportional gain and Integral time constant of the PI controller

Since the delays associated with the inverter and filter are very small when compared to
current time constant (LJ/Rs) their dominance on the performance is small and can be

neglected. As the result the controller block diagram can be simplified as shown in Figure
4.25.
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Figure 4.25: A simplified iy’s loop for PI controller design.

Design specification

Peak overshoot(MP)=20%, rise time( t;) =0.0012sec =10T,
where, T is sampling time of the current (inner)loop = 12ps.
From the design specification the damping coefficient ({) and un damped natural frequency
(mn) are assigned as in equation (4.43).

>=0.48, wn>=1500 rad/sec (4.43)
Using equation (4.43) the damping coefficient and natural frequency are chosen to be:

{=0.7 and @n=1500 rad/sec (4.44)
From Figure 4.25 the overall transfer function between the torque component iy and its
reference iq* is as:

iq Ko (TiS + l)

o _ 4.45
iq Til_qS2 +Ti(Rs + Kp)S + Kp ( )

Comparing the 2nd order closed loop system performance in equation (4.46) with equation
(4.45), the values of K, &T; in terms of the motor parameters in Table B1(Appendix B) are
found in equation (4.47).

2
On

$% + 2EanS + an®

(4.46)
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Kp = Zga)n Lq —Rs
Ko (4.47)

4.5.5.3 ig’s Pl controller design

Using the d-axis stator voltage equation the block diagram of permanent magnet synchronous

motor (PMSM) in d-axis is shown in Figure 4.26.
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Figure 4.26: Block diagram of PMSM in d-axis.

The transfer function between flux component, iy and input voltage, Vq in d-axis stator current

is given by equation (4.48).

\'/—"d - % (4.48)
In the constant torque operation region of PMSM due to the presence of the constant flux of
the permanent magnet, there is no need to generate flux by means of the iy current, i.e. iz=0,
which decreases the stator current and increases the efficiency of the drive. In order to design
the PI current regulator in d axis it is followed the same procedure as g axis and K, and T; are
the same as equation(4.47) since Lq=Lg4 in surface Permanent Magnet Synchronous Motor
(SPMSM).
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Figure 4.27: The overall PMSM Control Structure.
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CHAPTER FIVE
SIMULATION RESULTS AND DISCUSSIONS

This chapter of the thesis is concerned with the simulation results of the closed loop control of
the system using Fuzzy-Logic with Matlab/Simulink. In the simulation part only the operation
below the base speed will be explained. SIMULINK® is a toolbox extension of the
MATLAB program. It is a program for simulating dynamic systems. Simulink has the
advantages of being capable of complex dynamic system simulations, graphical environment
with visual real time programming and broad selection of tool boxes. Its graphical interface
allows selection of functional blocks, their placement on a worksheet, selection of their
functional parameters interactively, and description of signal flow by connecting their data
lines using a mouse device. Simulink simulates analogue systems and discrete digital systems.
It is also gives the opportunity to transform other programming language and .m files of
Matlab in to a block to use in the Simulink environment. This is achieved by transforming the
codes into s-function, which is .m file of Matlab.

The motor control algorithm is developed for Texas Instruments™ C2000™ DSP with
Target Support Package™ TC2. In addition to the simulation an attempt is made to
formulating software that will be used to simulate in the F2812 device simulator.

5.1 Simulation of the drive system

This section deals with the simulation results of PMSM drive system using the motor
parameters in Table B1 of Appendix B. The system built in Simulink for a PMSM drive
system has been tested at the constant torque regions of operation.

5.1.1 Simulink model of PMSM Drive system

The overall Matlab/Simulink model of the PMSM drive and Control system is shown in
Figure 5.1. All the components of the real drive system are modeled to study the simulation

result.
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Figure 5.1: Matlab/Simulink Model of the PMSM drive.

Figure 5.2: shows the block diagram of Fuzzy Logic-PI Controller for speed and P1 Controller
for current of PMSM drive system, which is the Simulink block implementation of Figure

4.27.
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Figure 5.2: The Matlab/Simulink model of Fuzzy Logic-Pl Speed Control structure.
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Figure 5.3: The overall speed and current controller in Matlab/Simulink.
5.1.2 The IQmath and DMC libraries

The two libraries included in the Target for TI C2000 package for developing embedded
control system are the 1Qmath and the DMC (Digital Motor Control) library. The blocks in
these libraries correspond to functions in the TI C28x IQmath and DMC assembly code
library which are written to optimize the processors in the C2000 family.

a. IQmath library

Texas Instruments TMS320C28x 1Qmath Library is collection of highly optimized and high

precision mathematical functions for C/C++ programmers to seamlessly port a floating-point

algorithm into fixed point code on TMS320C28x devices. These routines are typically used in
computationally intensive real-time applications where optimal execution speed and high
accuracy is critical. By using these routines you can achieve execution speeds considerable
faster than equivalent code written in standard ANSI C language. In addition, by providing
ready to- use high precision functions, Tl 1Qmath library can shorten significantly your DSP
application development time. Some of the blocks used for the implementation are fixed point
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multiplier, fixed point integrator and differentiator, data type transformers, and data type

convertor.
b. DMC library

To use a digital controller for motor control, the system needs a little more computing power.
Like the IQmath libraries, the blocks in the DMC library are also efficient for digital motor
controller implementation. The function that are implemented by the blocks in these libraries
are for example Clark and Park transformations, a space vector generator, ramp control, and
ramp generator. This implies that the code generated from blocks in these libraries is very
efficient and optimized in comparison to writing algorithm that substitutes the blocks in these
libraries. The blocks in these libraries can also be used in simulink simulation together with
some of the basic Simulink blocks. In general all input and output signals for the IQmath and

DMC blocks are fixed point numbers.
5.1.3 Software Organization

Overall algorithm of simulation is divided into two: initialization and running the model. The
initialization step defines and initializes the control parameters and constants while the second
step is running the model. Discrete simulation has been carried out for the implementation of
the drive using Matlab/Simulink. The following flow chart is followed to investigate the

control of PMSM over a constant torque operation region.
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Figure 5.4: Flow chart of the system.
5.1.4 Simulation Results

The overall Matlab/Simulink model of the PMSM drive allows simulating the behavior of the
machine using sensored feedback and Fuzzy Logic-Pl algorithm for different operating
modes. First, response of the system is tested for step speed input and the speed response for
consecutive step levels is tested. Second, the impact of machine speed response for torque
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variation is simulated. Then, the effect of parameters variation (moment of inertia and friction
coefficient) on the speed response is simulated and is compared to the speed response using
the Pl Controller. Figure 5.5: shows the speed response of the motor when the motor is

commanded at a reference speed of 100rad/sec.
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Figure 5.5: Speed response of the machine for 100rad/sec reference speed.

Figure 5.6 shows the developed electromagnetic torque. The starting torque until 0.03 sec is
around 2.5 Nm which is due to primarily the acceleration of the rotor to reach to the steady
speed of 100 rad/sec. The starting torque is higher when compare to the steady state value. So
this generated torque is meant to support acceleration of the rotor and the friction retard
without the load torque (T =0). However, after 0.03sec the generated torque is reduced

almost to 0 Nm to support only the approximately zero retard friction.
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Figure 5.6: Developed electromagnetic torque for a step speed input.

It is clear that the current is non sinusoidal at the starting and becomes sinusoidal when the

motor reaches the controller command speed at steady state. Figure 5.7 shows the two phase

currents (i, and i,) drawn by the motor when the motor is operating at a reference speed.

Qurert ia, ib (&)

0.05 0.2 0.25

Time (sec)

0.3
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Figure 5.7: i, & ip Currents as motor accelerating to 100 rad/sec speed input.

Figure 5.8 shows the speed response of the Motor for 100 rad.sec reference speed input for Pl

controller and FL-PI controller.
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Figure 5.8: Speed response of Pl and FL-PI Controller for 100 rad/sec reference speed input.

Figure 5.9 shows the speed response of the machine for two ramped step speed level desires.
First the speed desire is set to be 100rad/sec. Then the speed changes instantly at t = 0.5s and
attains it steady speed of 160 rad/sec. Figure 5.10 shows the speed response for two ramp
speed level commands and Figure 5.11 shows the current drawn by the machine for the two

ramped step speed level command.
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Figure 5.9: Reference speed and speed response at two ramped step speed levels.
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Figure 5.10: Reference speed and speed response for two ramp speed levels.
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Figure 5.11: Current drawn by the motor for two level speed commands.
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Figure 5.12: Electromagnetic torque generated for the two step level speed input.

Figure 5.13 presents the speed response of the system when motor moment of inertia is
increased by 50% of the nominal value and Figure 5.14 presents the speed response of the
system when motor friction coefficient is increased by 50% of the nominal value without load
torque. As it is shown from Figure 5.13 and 5.14 the performance of the controller decreases
to some extent i.e. peak overshoot increases, settling time increases, and rise time is
decreased.
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Figure 5.13: Speed response when moment of inertia is increased by 50%.
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Figure 5.14: Speed response when friction coefficient is increased by 50%.

Figure 5.15 and 5.16 illustrates the speed and torque response of the system in load torque
variation. The drive system is started at no load torque and a constant load of 3N.m applied at
t=0.5s, again a zero load torque is applied at t=1s, and a step load torque of -3N.m is applied
at t = 1.5s. The speed response of the machine in the variation of the load torque applying
Fuzzy Logic based tuning Pl and PI controller is shown under Figure 5.15. As the figure
illustrates, at t= 0.5 the speed would decrease while a positive external load torque applied,
and vice versa at t=1.5. It shows that Pl controller cannot obtain a rapid recovery of the
external load disturbance. Figure 5.16 depicts the torque generation for the application of the
load torque. Figure 5.17 shows current drawn by the motor for the load disturbance explained

above.
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Figure 5.15: Speed response in load torque variation.
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Figure 5.16: The Electromagnetic Torque generated and load torque.
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Figure 5.17: Two of the three phase currents of the machine in load torque variation.
5.1.5 Stability and Performance evaluation of the FL-PI Controller

a. Stability and Performance evaluation by observing the response

Stability and performance evaluation of FLC is studied by observing the response curve of the
system. The response curve shows the dynamics of the system responding to changes in its
inputs. A small set of standard signals like unit step, and unit ramp are studied. If a system
responds well to these signals, a control engineer judges it as a good system. In control theory
there are many methods to analyze the system stability such as Nyquist’s stability criteria,
Routh’s stability criteria, describing function approach, and phase plane method.
Unfortunately these methods cannot be used for stability analysis of fuzzy control systems all
of them require a special mathematical model of a control system prior to stability analysis
[4].

b. Stability and performance indicators

The stability and performance is evaluated by observing the system responses in the above
simulation results and its parameters like overshoot, rise time, settling time, and steady state
error (ess). The simulation results show that the FL-PI controller have shorter regulating time,
and fast recovery from speed changes and load disturbance. As it is shown from the results
the designed FL-PI controller is stable.
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Figure 5.18: The FL-PI Controller Performance parameters.

Table 5.1: Performance Comparison of FL-PI and P1 Controllers.

NO. | Performance parameters Pl FL-PI

1 Overshoot(MP) at 100 rad/sec, no load torque applied 17.5% 2.5%

2 Settling time(ts) at 100 rad/sec, no load torque applied | 0.366 sec | 0.1692 sec

3 Overshoot at 100 rad/sec, 3 N.m Load torque applied 35% 17%

4 Settling time at 100 rad/sec, 3 N.m Load torque applied | 0.4224 | 0.1824 sec
sec

5.2 DSP based controller

With the rapid development in microprocessor, the high performance digital signal processor
(DSP) has become a popular area of research in the field of the digital control for ac drives

due to their high-speed performance, simpler circuitary, on-chip peripherals of a micro-
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controller into a single chip solution. Especially, the new generation DSP controller
TMS320F2812 produced by Texas Instrument, which provides the advantages of high speed
(150MIPS), up to 128Kx16 flash, two sets (total 12 lines) of PWM outputs, two sets (total 6
lines) of QEP inputs, a 16-channels 12-bit A/D converter (200ns conversion time) and a 56-
bits GPIO is very suitable to develop a fully digital controller and a complicated intelligent
control algorithm in AC motor drives[22][29].

5.2.1 F2812 Device Simulator

F2812 Device Simulator simulates the TMS320F2812 digital signal processor in
Matlab/Simulink after code generation using processor in the loop method. The simulator
checks weather the controller algorithm works or not on the real DSP.

5.2.2 Code Composer Studio

Code Composer Studio (CCS) is the standard Integrated Development Environment (IDE) for
all families of DSPs. It provides an interface between Matlab and T1 DSPs. Code Composer
Studio allows projects to be designed and tested using Simulink, generate code for Texas
Instrument (TI) DSPs directly from the model, and evaluate their performances and
optimized. The c-code of the Matlab/Simulink model of PMSM drive is generated using an
application suite Real Time Workshop (RTW) embedded coder and Code Composer Studio.
The following versions of the application suites are used for this thesis.

> Real-Time workshop Embedded Coder v5.2

» Code Composer Studio v3.3

» Embedded IDE Link to Code Composer Studio v3.3
The relationship between Matlab, Code Composer Studio, and a Texas Instruments DSP is

shown in Figure 5.19.

Matlab Simulink Build and

Model down load
Embeded Code Texas
Target for Composer Instruments
TIs DSP + Studio DSP
RTW P . < >

RTDX RTDX
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Figure 5.19: The relationship diagram of Matlab, CCS, and T1 DSPs.
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Figure 5.20: Implementation model built using TI C2000 Toolbox.
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Figure 5.21: a) The output control Voltages Vs and Vet of the Controller in Simulink model. b) The
output control voltages Vger and Vs 0f the Controller from the F2812 Device Simulator.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The thesis presented a complete review of the Permanent Magnet Synchronous Machines.
The PMSM servo system is a nonlinear and time-varying complex system. The results of
traditional PI controller as speed control of PMSM are not satisfactory to the higher degree of
accuracy condition. The fuzzy control not only has the prominent advantage In complex,
time-varying and nonlinear system control but also don't need the mathematical model of
controlled object.

A self-tuning fuzzy logic controller (FLC) that tunes the gains of PI controller was developed
according to the PMSM drive system characteristic, which has the advantages of PI control
and fuzzy control. The controller is used as the speed controller in PMSM control system,
which can adjust the PI controller parameters on-line according to the speed error and the
speed error change rate.

The complete system has been simulated using the software package Matlab/Simulink. The
simulation encompasses the entire system: the controller, the inverter, and the machine.
Simulation results for system are presented in the fifth chapter. Three modes of operation are
investigated: the behavior with a load torque variation at a constant speed, the performance
with a speed change for a constant load torque, and speed response for friction coefficient and

moment of inertia variation.

The simulation results show that fuzzy logic based self tuning PI controller have
improvements in terms of zero steady-state error, small settling time, low overshoot, and fast
recovery from load changes and parameter variations compared to the traditional P1 controller
with fixed gains. Since, PI controller is still widely used in industry; the developed FLC can
be applied to the available PI controller for optimization purposes once the implementation is
carried out successfully.
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After the simulation phase, stability analysis of the results using some performance
parameters, and generating the c-code of Matlab/Simulink model of the controller through
code composer studio is presented. The different software packages necessary for the
automatic code generation are also explained.
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6.2 Recommendations

The main recommendations for this thesis are summarized as:
v’ If all equipments are available, the developed fuzzy logic based tuning PI speed controller
can be implemented for sensor based PMSM control using the DSP board

v" Sensorless control can also be (with no rotor position sensor) implemented.

v' The thesis can also extend to operate the motor in the speed region beyond the rated
speed; in field weakening region. A flux-weakening technique is applied when extension

of the motor speed beyond base speed is desired.
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Appendices

Appendix A

THE GENERATED C-CODE OF THE CONTROLLER ALGORITHM
§ /72812 Device Simulator/CPU = TMS320C28xx (Simulator) - Code Composer Studio - [DSP281x CpuTimers.c] . I = &) X

O file Edit View Project Debug GEL Option Profile Tools DSP/BIOS Window Help
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] DSP281x CodeStartBranc Jhis function ipitializes all thres CPU timers to & Lnowr state.
(4] DSP281x CpuTimers.c void InitCpuTimers(void)
1 SP281x_Defaultlsr.c o T s
v ) s G Timer
1] D5P281x GlobalVariable! o Initialize address pointers to respective timer registers: J
-] DSP281x_PieCtrl.c CpuTimer(.Regsiddr = &CpuTimerORegs:
| F : < fnitialize timer period to maximun.
SP2BL PieVectc CpuTinerORegs PRD.al] = DxFFFFTFEE;
, ] DSP281x_SysCtrl.c < Ipitislize pre-sesle conster to divide by 1o pSIRULAONT).
b %] DSP281x usDelayasm CpuTinerORegs TPR.a11 = 0;
W 2B sl 4 CpuTimerORegs.TPRH.all = 0;
- - 3 < Make sure timer 15 stopped
B | PMSMcontroller.c CpuTimerOReys TCR.bit I35 = 1;
.| ¥ PMSMcontroller data.c < Relaad &40 counter register with period valus:!
B . CpuTimerORegs TCR.bit . TRB = 1;
ol -+ PMSMcontroller_main.c o Beset Interrupt coumters:
o - PMSMcontrollercmd = CpuTimerD. InterruptCount = 0;
® | Il b
L oo Cpalimer I oand Cpuliwer? are resenved for O5F FIOF & otber RIS v
[ File View |, #Bookmarks q y
<Linking» j

Build Complets,
0 Errors, 0 Warnings, 0 Remarks.

[{[> ]} Build/ I
% 25 RUNNING File: C:\Program Files\MATLAB\R2008b\toolbox\rtwAtargets\ceslink Ln 1, Col ==
Appendix B

SPMSM PARAMETERS

Table B1: PMSM Motor Parameters.

Parameters Values Parameters Values
Number of poles (p) 2x4 Friction (B) 0.00005396N.m/(rad/s)
Inductance (Lg=Ly) 8.5x10°H  PM magnetic flux (%) 0.175wb
Stator resistance 2.875Q Rotor Inertia (J) 0.0008Kg.m?
Rated Power 0.7kw

89



