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ABSTRACT

Adeguate control of the position of the plasma column within the STOR-M
tokamak isachief requirement in order for experimenta quality dischargesto be
obtained. Optimal control over tokamak discharge parameters, including the plasma
position, is very difficult to achieve. Thisisdue in large part to the difficulty in
modelling the tokamak discharge parameters, asthey are highly nonlinear and time
varying in nature. The difficulty of modelling the tokamak discharge parameters
suggests that a control system, such as a fuzzy logic based controller, which does not
require a system mode may be well suited to the control of fuson plasma.

In order to improve the quality of control over the plasma position within the
STOR-M tokamak, the existing andog PID controller was modified. These
modifications facilitate the application of a digita controller by apersond computer via
the Advantech PCL-711B data acquigtion card. The performance of the modified
plasma position controller and an Arbitrary Signal Generator developed by the author
was evaluated. This modified plasma position controller was applied successfully to the
STOR-M tokamak during both norma mode and A.C. mode operation. In both cases, the
modified controller provided adequate control over the position of the plasma column
within the discharge chamber. Furthermore, the modified controller was more

convenient to optimize than the original, existing analog PID controller.



By taking advantage of the modifications that were made to the plasma position
controller, afuzzy logic controller was deve oped by the author. The fuzzy logic based
plasma position controller was also successfully applied to the STOR-M tokamak during
both normal mode and A.C. operation. Thefuzzy controller was demonstrated to reliably
provide a higher degree of control over the postion of the plasma columnwithin the

STOR-M tokamak than the modified PID controller.
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1. INTRODUCTION

1.1 Controlled Thermonuclear Fusion

Since the end of the Second World War, scientists and engineers have been
studying the release of enormous amounts of energy that occurs when light nuclei fuse
together. Their research led themfirst to the successful development of the H-bomb.
Many researchers at the time realized that rather than employing this uncontrolled
explosive processto destroy humanity, they could put it to use to serve humankind if only
they could find away to confine the reaction. Thus, the dream of controlled
thermonuclear fusion was born. While the progress has been slow, it has been steady.
For example, in 1991 the controlled production of over a megawatt of fusion power (two
megajoules of fusion energy were released) was demonstrated in the JET tokamak [8],
and in 1999 the JT-60U tokamak reported the reproducible production of an equivalent
fusion power gain of 1.25 [62]; that is, more power was released by the fusion reaction
than was required to sustain it. Asaresult of these successes, it is anticipated that the
next generation of experimental reactors, such asthe ITER reactor that is being planned
will yield the breakthrough that everyone involved in controlled thermonuclear fusion
research has been struggling to achieve. Thus, while it has taken many years and requires
still many more years, thereislight at the end of the tunnel, and the dream seems
increasingly certain to become aredlity.

Aswith athermonuclear explosion, controlled thermonuclear fusion involves a

reaction in which light nuclei (usually hydrogen isotopes) approach each other closely



enough to fuse together thereby forming heavier nuclear species and releasing energy in
the process. In order to accomplish this, however, the reacting nuclei must be moving
towards each other fast enough so that the repulsive Coulomb force between them can be
overcome. Thisrequiresextremely high temperatures, of the order of 100 million
degrees Celsius. The principal difference between the explosive reaction and the
controlled reaction isthat with the former, there is no need to confine the reaction, while
with the latter, confining the reaction is of the utmost importance.

The relevant quantity describing the production of energy for a given fusion

reaction isthe reactivity <ov> where o isthe cross-section for the fusion reaction

1o
between species 1 and 2, v istheir relative vdocity, and the bracketsindicate averaging
over the Maxwell distribution, fi(v;), of the speciesinvolved; that is:

(ov),, = J’J’a (|v1 —v2|)|v1 =V, |, (v )F 5 (v, )PPy, ms™ (L.1)
where v; and v, are the velocities of species 1 and 2 respectively [1]. The reactivity for
several reactor relevant fusion reactions between hydrogen isotopes and *He versus
temperature are shownin Figure 1.1. Clearly, the deuterium-tritium fusion reaction isthe
easiest to achieve in terms of the fusion reactivity and the temperature required for the
reaction. Thisreaction isgiven by [2]:

T+D-*He(35MeV) +n(14.1MeV). (1.2)
Deuterium is stable and is readily available as it occurs naturally in seawater from which
it can easily be extracted. Tritium, however, is mildly radioactive; it decays through [3-
emission with ahalf-life of about 12.33 years[3]. Asaresult of itsrdatively short half-
life, tritium must be manufactured. A fuson reactor can “breed” its own fud if thefuson

reaction chamber is surrounded by alithium blanket. In this case, the neutrons produced
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Figure 1.1 Maxwell averaged fuson reaction crosssections. [E. Teller, “Fusion”,
Volume 1 Magnetic Confinement Part A, Academic Press, Inc., New York, 1981, p. 6]

by the deuterium-tritium fusion reaction react with the lithium to produce tritium
according to the following reaction [4]:
°Li+n - T(2.7 MeV)+*He(2.1MeV). (1.3)

In order to achieve fusion, there are threeimportant criteria that must be met.
First, as was aready mentioned, the temperature must be sufficiently high that the
repulsive Coulomb force between the reacting nuclei can be overcome. However,
wherever high temperatures are present, many technical difficultiesarise. Infact, the
high temperatures required for fusion reactionsto occur are such that the gasis fully
ionized; that is, it isplasma. Second, the density of the plasma must be high enough that
the reaction rate is sufficient to ensure that the reaction is self-sustaining. Finally, the

energy confinement time must be long enough that the reacti ons have enough time to



occur. Theoverall performance of aparticular fusion device istypically assessed by the
fusion triple product, n,r.T,,, where nip and T are the centrd ion densty and
temperature respectively, and te isthe energy confinementtime. Thefuson triple
product as afunction of the centrd ion temperature obtained in several experimenta

reactorsis shown in Figure 1.2. This figure clearly indicates the progress achieved over

the years.
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Figure 1.2 Progress of controlled fusion research. [B.B. Kadomstev, “ Tokamak Plasma:
A Complex Physical System”, Institute of Physics Publishing, London, 1992, p. 48.]

In order to be economically viable, afus on reactor must be capabl e of producing
anet output of power with a sufficient gain over the total input power that isrequired to
sustain the reaction. Aswell, the power must be produced at a sufficiently high power

density and in the case of magnetic confinement schemes, at arealistic magnetic field



strength. In the steady-state the fusion power gainisgivenby: Q, = P where P is

R ’
the power produced as aresult of the fusion reactions, and P; isthe input power. For the

deuterium-tritium fusion reaction the power produced is given by [6]:
P =17.6 MeV ><J’nDnT (ovidv evs™, (L4

where np and ny are the number densities of deuterium and tritium respectively, and the
integral istaken over the volume of the plasma. The externally supplied input power
must make up the difference between the power that is lost from the plasmaas aresult of
radiation and particles leaving the plasma, and the power gained by the plasma due to the
“*He (a-particles) that are produced in the fusion reaction and captured by the plasma; this

isgiven by [6] as:

P = 3 J’(neTe +n,T,)dV -35MeV xn,, [non: (ovidv evs™ (1.5)
21,

where ne and n; are the electron and ion number densities, T and T; are the e ectron and
ion temperatures (expressed in €V), and n, = 1listhe efficiency with which the power
from the a-particles is transferred to the bulk of the plasma. To see the importance of the
fusion triple product on the fusion power gain for the deuterium-tritium fusion reaction,
Qor, the differences between the electron and ion densities and temperatures can be
neglected, i.e. n=ne=nand T = Te = T;. Aswell, the differences between the density
profiles and the temperature profiles of the electrons and the ions can be neglected.
Furthermore, by noting from Figure 1.1 that for the deuterium-tritium fusion reaction that

when T; isin the 10 — 30 keV range, (ov) isapproximately given by (ov) OkT?, where

K, having units of m®s*eV 2, isa constant of proportionality. It follows, then, that by



dividing each termin Qpr by NT/  that Qpr depends strongly on the fusion triple

Te

product; that is
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The curve Qpr = 1 represents energy break-even; this landmark has been approached

Qpr U

(1.6)

(Qot=0.27) in the Tokamak Fusion Test Reactor (TFTR) at the Princeton Plasma Physics
Laboratory in 1994 [7], and in the Joint European Torus (JET) tokamak (Qpr=0.62) in
1997 [8,61]. The curve labdedignition, Qpt = oo, represents the case in which the power
balance is satisfied without the need for any external heating source and hasyet to be
achieved in alaboratory reactor. The following parameters would be required for a
practical steady-state deuterium fusion reaction [6]:
Tio=30keV, Te = 3s, nigTioTe = 7x10% keV sm™.

By taking into account the conversion of thermal power into electrical power and the
power that isrequired to operate a power generating station, afusion power gain Q; > 15
isrequired in order for atokamak reactor to be commercially successful [5]. A schematic
diagram of atokamak-based power plantis shownin Figure 1.3.

Following the discussion of the principal requirements for achieving a steady-
state controlled thermonuclear fusion reaction, it is now appropriate to extend the
discussion to examine methods of satisfying these requirements. Perhaps the most

important issue to be resolved isthat of confining the extremely hot plasmathat is
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Figure 1.3 Schematic of afusion power plant. [J. HugillNuclear Fusion Research,

“Plasma Physics and Nuclear Fusion Research, Edited by R.D. Gill, Academic Press Inc.,
London, 1981, p. 27.]
required for the fusion reactionsto occur. Clearly, the use of any solid materid for the
confining walls is precluded, as at the temperatures required for the fusion reactionsto
occur any material would simply vapourize. Fortunately, however, asthe plasma consists
of charged particles (electrons and ions) it is possible to confine it using suitably arranged
magnetic fields.
1.2 Magnetic Confinement — The Tokamak Configuration

Since research into thermonuclear fusion began in the 1950’s, there have been
several magnetic confinement configurations proposed to confine the plasma, including:
mirror machines, stellarators (proposed by Spitzer), and tokamaks[10]. Of the various
schemes proposed to date, the tokamak configuration is considered to be the most
promising [9]; and the next generation tokamak, the International Thermonuclear
Experimental Reactor (ITER) is expected to demonstrate controlled ignition [10,12].

First developed in Russiaduring the early 1950's, the tokamak configuration is a toroidal

shaped system in which the plasma is confined magnetically. Inthe early years of fuson



research, progress was slow as aresult of the secrecy that wasimposed on the
researchers, astheir research was classified for reasonsof national security. Fortunately,
however, after the Second Atoms for Peace Conference in 1958, all fusion research was
declassified [1,10]. Since then, work on controlled thermonuclear fusion research has
been furthered by open and full cooperation among severa countries[1]. For example,
after the 1968 |AEA Conference at Novos birisk, where Artsmovich reported the highly
promising results of electron temperatures up to 2 keV inthe T-3 tokamak, he invited a
group of well reputed researchers from the Culham Laboratory in England to confirm his
results using their newly developed laser diagnostic system, which they did [10,63].

It iswell known that charged particles follow magnetic field lines by spiraling

around them with an orbital frequency known as the cyclotron frequency, given by:

W, = G s* (L7)
m

where |q| isthe charge of the particle, misits mass, and B is the magnitude of the

magnetic field densty. Furthermore, the orbita radius of the particles about its guiding
centre, commonly referred to asthe Larmor radius, is given by:

mv
B

ro=Yo= (1.8)
wC

where vy isthe velocity component of the particle in the plane perpendicular to the
magnetic field.

In considering a purely toroidal magnetic field, as shownin Figure 1.4,itis
evident that the magnetic field lines are dosed, and at first glanceit appears that this
configuration should be sufficient to confine the plasma. Upon closer examination,

however, it becomes clear that thisis not the case; in fact, this configuration does not
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Figure 1.4 Particle motion in atoroidal field. [F.F. Chen, “Introduction to Plasma
Physics’, Plenum Press, New Y ork, 1981, p. 284.]

have a stable equilibrium. Thisinstability isthe result of the fact that in any toroidal
device the magnetic field is stronger at smaller radii than it is at larger radii, and since the
particleswill tend to move to regions of weaker magnetic field, they will not be confined.
This can be seen by considering Equation 1.8 from which it is evident that asthe particles
spiral around the magnetic field lines, they will have dightly sharper orbitsat smaller
major radia posgtions (larger B) than at larger major radial positions (smaller B), causing
them to drift vertically. Thisdrift, which is due to both the curvature and the gradient of
the magnetic field, is given by [4] as:

_mBxOB >, 4
VR+DB —ET%VD +V” Q ms (19)

where v, isthe velocity component of the particle in the direction parallel to the magnetic
field. Furthermore, since this drift depends on the charge, theions and electrons spiral in
opposite directions; their guiding centres will tend to drift vertically in opposite directions

asisshown in Figure 1.4. Thisdrift results in a separation of charge and a corresponding



electric field E; this electric field will eventually become strong enough to stop the
drifting motion. Despite this, however, an electric field would exist that is perpendicular
to the magnetic field; this givesrise to another type of particle drift known as E x B drift,
in which the electrons and ions move in adirection that is perpendicular to both the
electric and magnetic fields at a velocity given by:

_ExXB
ms ~.

VExB - 82

(1.10)

The overall result, obviously, isthat the plasma moves toward the outer wall, and is not
confined.

It is possible to overcome the difficulty just described by superimposing a
poloidal magnetic field, B, on the toroidal magnetic field, B, 1n the tokamak
configuration atoroidal current, Ip, within the plasma, produces this poloidal magnetic
field. Thisistraditionally accomplished inductively by transformer action, as shown
schematically in Figure 1.5, with the plasma acting as the secondary winding of the
transformer. The resultant helically shaped magnetic field lines now form nested closed
magnetic surfaces, as shown in Figure 1.6. This helical magnetic field can confine the
plasma; this is because as the dectrons and ions spiral along the helical magnetic field
lines, there will be a continuing change of the inhomogeneity of the magnetic field, and
consequently, the driftsthat had caused the separation of charges will only persist for a
short time before being reversed, and in the time average they will cancel out. The
resultant magnetic field has ahelicity described by the rotationa transform angle, 1,
which isthe poloidal angle traversed by the magnetic field line after one compl ete

revolution in the toroidal direction and isshown in Figure 1.7. It can be shown that the
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Figure 1.5 Resultant magnetic field in the tokamak configuration. [J. Hugill, Nuclear

Fusion Research, “Plasma Physics and Nuclear Fusion Research, Edited by R.D. Gill,
Academic Press Inc., London, 1981, p. 415.]

Figure 1.6 Resultant nested magnetic surfaces. [F.F. Chen, “Introduction to Plasma
Physics”, Plenum Press, New York, 1981, p. 287.]
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Figure 1.7 Rotationd transform angle. [K. Miyamoto, “Fundamentas of Plasma Physics
and Controlled Fusion”, lwanami Book Service Center, Tokyo, Japan, 1997, p. 46.]

rotational transform is given by [11]:

=52 (1.11)

The stability provided by the rotationd transform is only provided if the therma motion
of the particles is substantially larger than the E x B drifts. The rotationa transform in
the STOR-M tokamak, for example, isabout 90° in the plasma edge region. Looking at it
from another perspective, it can be said that the resultant helically shaped field lines
connect regions of positive charge with regions of negative charge, thereby, short-
circuiting the electric field which otherwise would result in the plasma not being confined
[4].

It should be pointed out that there are al so non-inductive means of producing the
toroidal plasma current, but the transformer action described above is the simplest and
most common technique; it is also the technique used in the STOR-M tokamak described
inthisthesis. Inthiscase, atransformer having a primary current, 1oy, isused to induce
the toroidal plasmacurrent. In addition to producing the poloidal magnetic field, the
toroidal plasma current serves to chmically heat the plasma with nJ? power being
dissipated per unit volume, where: n isthe resistivity of the plasma, and J is the plasma

current density. In fully ionized plasma, as isthe case in atokamak, the resistivity is

12



given approximately by Spitzer as:

N :5"10_5w om (1.12)

where Teisin eV, Zg isthe effective charge, and In A isthe Coulomb logarithm given

by:
InA = Infl2m A3 ), (1.13)
in which:
Ay = |Sle m (1.14)
ne

isthe Debye length, where e isthe elementary charge, € isthe permitivity of free-space,
and Te isin J. Dueto the strong dependence of the plasmaresistivity on temperaiure, as
seen in Equation 1.12, the resistivity rapidly decreases as the electron temperature
increases. Conseguently, beyond a certain temperature (=1 keV), ohmic heating becomes
ineffective as further increases in the plasma current do not significantly increase the
plasmatemperature. Additionally, the plasma current is limited in magnitude by
magneto-hydrodynamic (MHD) instabilities such as the kink instability. It can be shown

that the safety factor, g, against these instabilities occurring is given by:

2 _ 27szB¢

[ Rl

(1.15)

and that the minimum value of safety factor for stability isgiven by g > 1[36]. Clearly,
any further increase in the plasma temperature beyond a certain device dependent leve
must be accomplished by employing supplementary heating techniques in order to

achieve the temperatures necessary for fusion reactionsto occur.
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Figure 1.5 shows the main components of a tokamak; not shown is the toroiddl
vacuum chamber, which is usually constructed out of a conductor for reasons that will be
discussed in Chapter 2. Consequently, ceramic breaks are inserted in the vacuum
chamber to prevent any undesired toroidal currents from being induced within the
chamber itself. Thetoroidal magnetic field is produced by aseries of coils that are
wound poloidally around the torus. Additional magnetic fields present on most tokamaks
but not shown in Figure 1.5 are the vertical and horizontal fields. It will be shown in
Section 2.3 that the vertical magnetic field provides the necessary J x B force to counter-
balance the horizontally expanding plasma column due to the plasma pressure and
magnetic forces. Similarly, the horizontal magnetic field actsto correct any plasma
deviation from the vertical equilibrium position.

The vertical field present on the STOR-M tokamak consists of two components:
the vertical equilibrium field, Byg, which is pre-programmed, and the vertical feedback
field, Bvr, which isdynamically applied by an active feedback control system. The
horizontal magnetic field of the STOR-M tokamak consists of a pre-programmed field,
the horizontal equilibrium field, Bye. These fields play avery important role in ensuring
the stability of the plasma position within the discharge vessel. If these fields are not
properly optimized, the plasmawill not be confined. Thus,itiscritica in tokamak
research that these fields be properly controlled. This has been the topic of much
research over the decades, and the need to have ahigh quality of control over these fields

isthe primary motivation for, and the focus of, the research presented in this thesis.
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1.3 Thesis Goals and Objectives

The primary goal of thisthesis isto contribute to the advancement of research into
controlled thermonuclear fusion and ultimately to the development of a controlled
thermonuclear fusion reactor. To achieve thisgoal, three main objectives have been set
out in the performance of the research described within thisthesis. The first objective
was to improve the current method of controlling the postion of the plasmawithin the
tokamak discharge chamber. The second objective of thisresearch was to determine
whether or not afuzzy logic based controller could be successfully applied to control the
position of the plasmawithin atokamak device. The third objective wasto develop a
controller that would be capable of providing near optima control in all modes of
tokamak operation, particularly during transient conditions such as that which occurs
during A.C. operation of the STOR-M tokamak.
1.4 Thesis Outline

From the discussion in Section 1.2 it should be clear that the requirement of
confining extremely hot plasma is one of the most significant technical problems being
faced by controlled thermonuclear fusion researchers. Oneissue that is closely related to
the confinement problem is that of maintaining the postion of the plasma as cose to the
centre of the torus as possible. In fact, the control of the plasma position is quite a
complex problem and is the principle objective of the research described herein. Inthis
first chapter abrief history of the research effort over the years towards the goal of
producing acommercially viable controlled thermonuclear fusion reactor wasgiven. The

requirements for a fusion reactor were discussed, and an introduction to the tokamak,
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magnetic confinement scheme, was presented. Thefirst chapter aso presented the
objectives of the research described herein and outlined the remainder of the thesis.

Chapter 2 deals with the topic of plasma confinement in greater detail with
emphasis being placed on the subject of plasma position control. The STOR-M tokamak
is described in detail, and existing plasma position control schemes employed on various
tokamaks around the world will be discussed. Chapter 2 also presents the two modes of
STOR-M operation, namely: the normal mode and the A.C. mode. The design
requirements for the plasma position controller on the STOR-M tokamak are also
described in this chapter.

Chapter 3 discussesthe classical analog Proportional-1ntegral-Differential (PID)
controllers. More specifically, the existing andog PID controller deve oped for
controlling the position of the plasma in the STOR-M tokamak will be discussed. Its
performance during both steady-state and transient conditions will be examined. In
addition, modifications made to enhance the existing analog PID controller will be
presented.

In Chapter 4 the subject of fuzzy logic based controllersisdiscussed. A fuzzy
controller developed by the author to control the postion of the plasmawithin the STOR-
M tokamak is presented in detail. Results of performance validation experiments are also
presented in this chapter.

In Chapter 5 the performance of the modified analog PID controller is compared
to that of the fuzzy controller. This comparison focuses on the quality of the plasma

position control achieved by each controller during both modes of STOR-M operation.
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Chapter 6 highlights significant conclusions made as aresult of the research described

herein and presents recommendations for future improvements.
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2. PLASMA CONFINEMENT

2.1 Introduction

Aswas mentioned in Chapter 1, confinement of the plasma within the controlled
thermonuclear fusion reactor is of the utmost importance. Consequently, it is necessary
to investigate this issue in greater detail. One aspect of plasma confinement within the
tokamak deviceis that of controlling the postion of the plasma within the discharge
chamber. Plasma position control is necessary to ensure that the plasma column does not
approach too closely to the wall of the discharge chamber since if it did, the plasma
would most certainly be disrupted or at least sSgnificantly degraded. Due to the
symmetry of the tokamak device during equilibrium, the plasma postion can be
decomposed into two components:. the vertical position, AV, and the horizontal position,
AH, where the vertical position of the plasma represents the vertical displacement of the
centre of the plasma column from the cross-sectional centre of the discharge chamber.
Similarly, the horizontal position represents the horizontal displacement of the centre of
the plasma column from the cross-sectional centre of the discharge chamber. The vertical
and horizontal plasma positions areillustrated in Figure 2.1.

In the STOR-M tokamak, to be discussed in the next section, the position of the
plasmain the vertical direction is adequately controlled by a pre-programmed open-loop
analog controller and, therefore, will not be discussed in greater detail here. The

horizontal position of the plasmain STOR-M, however, requires dynamic control in
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Figure 2.1 Plasmadisplacement inside the toroidal vacuum chamber.
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order that the horizontal position of the plasma is maintained within suitable limits. The
horizontal position of the plasma columnin atoroida device, such as atokamak, will be
discussed in detail in Section 2.3.
2.2 The STOR-M Tokamak

The Saskatchewan Torus - Modified, STOR-M, tokamak is the descendant of the
smaller STOR-1M tokamak [22], Canada s first construction of atokamak. STOR-M
was completed in 1987 [14] and upgraded in 1994 [23]. The STOR-M tokamak, like its
predecessor, was built primarily to study the effects of turbulent heating and the
associated physicsin tokamak plasmas [22]. The STOR-M tokamak is shown
schematically in Figure 2.2, and Appendix A hasacompletelist of its parameters. Since
its construction, over 140 000 discharges have been logged. In this section, the STOR-M
tokamak and its diagnostic systems are presented.
2.2.1 Machine Description

The discharge chamber of the STOR-M tokamak is constructed of two 0.156" (4
mm) thick type-304L stainless steel elbows with circular crosssection having an outer
minor diameter of 12.750" (324 mm) [24,25]. To reduce mechanicd stresses each elbow
is connected on one end to astainless steel belows to form the two halvesof the
discharge chamber. The two chamber halves are separated by two 20 mm thick alumina
(Al,03) ceramic breaks in order to prevent current from being induced in the walls of the
discharge chamber by the ohmic heating current that formsthe primary winding of the
tokamak transformer [26]. The resulting discharge chamber isatoroid having a major
radius of 460 mm [14] and an inner minor radius of 158 mm. The STOR-M tokamak is

equipped with acombination of a circular and rail limiter. Thislimiter is segmented,
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allowing for either biasing or measuring of the floating potential while also measuring the
limiter current [26]. The segmented limiter is shown in Figure 2.3 and limits the plasma
column to approximately 11.7 cm in the vertical direction and 12.3 cm in the horizontd
direction.

In order to minimize the amount of impurities in the plasmathe use of ultrahigh
vacuum compatible componentsis required for all components that come in contact with
the vacuum. The vacuum chamber is evacuated by a turbomolecular pump with a
pumping speed of approximately 1000 L/s[27] backed by arotary vane pump [28]. The
typical base pressure within the STOR-M tokamak is about 1.0x10™ Torr; however, an
ultimate pressure of 1.2x10°® Torr has been achieved [14,15] after baking the system at
about 60 °C. During operation the chamber is filled with ultrahigh purity hydrogen
(99.999%) to a pressure of about 1.8x10™ Torr. The chamber pressure is held constant
using a Veeco Automatic Pressure Controller [29]. The vacuum chamber is filled
through a PV-10 piezodectric valve [30]. The PV-10 valve has a response time of about
2ms. STOR-M isalso equipped with two additional PV-10 valves, located
approximately 180 toroidal degrees apart, which are used in conjunction with a pre-
programmed open loop controller for the purpose of performing gas puffing during the
discharge.

The discharge chamber is Stuated such that it encloses one leg of the tokamak
transformer core asshownin Figure 2.2. The ohmic heating winding (transformer
primary winding) consists of 8 turns of ¥4" x 1%2" copper busbar wound around the leg of
the transformer core that is enclosed by the discharge chamber at the locations shown in

Figure 2.2. The ohmic heating winding typically carries apeak current of about 3.5 kA
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with arise time of about 8 ms. The circuit, which is used to produce the ohmic heating
current 1oy, will be discussed in detail in Section 2.4. The ohmic heating current induces
avoltage inside the tokamak, which causes the hydrogen gasfilling it to break down.
The resulting plasmathen carries the induced plasma current, |p. Figure 2.4 showsa
typical time evolution of the initial stages of the discharge in the STOR-M tokamak.

The first stage of the discharge is the breakdown of the hydrogen gas filling the
vacuum vessel. The sudden drop in the loop voltage, which correspondsto the drop in
the plasma resistance as the hydrogen becomesfully ionized, characterizes this region.
Following the breakdown, the plasma current increases until the peak current is reached;
thisisreferred to asthe current ramp-up stage of the discharge. The breakdown stage
and the current ramp-up stage are collectively referred to in this thesis as the transient
region of the discharge. Thetransient region of atypical STOR-M discharge typically
lasts about 8to 9 ms. The stages of the evolution of the discharge after the transient
region has passed depend on whether the STOR-M tokamak is being operated in the
normal mode or the A.C. mode and will be discussed further in Section 2.4.

Enclosing the discharge chamber of the STOR-M tokamak isthe toroidal field
winding. Thistoroidal winding consists of 16 spools each having 9 turns of ¥4' x 234"
copper for atota of N =144 turns. Thetoroidal winding spools are evenly spaced along
the toroidal direction. The temporal evolution of the toroidal field is shown in Figure

2.5(a). Thetoroidal field inthe centre of the discharge chamber isgiven by:

_ HoNIg,
B, T=

=0.0631 5 kA (2.1)

and hasapeak vaue of B, =0.7T corresponding to apeak toroidal field current, | B,
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of just over 12 KA. Thetoroidal field current isproduced by the circuit shownin Figure
2.5(b) and has arise time of about 6.5 ms and a decay time of about 400 ms. The ohmic
heating circuit isusually triggered about 14 ms after the peak in the toroidal magnetic
field has occurred.

The magnetic fields required to control the position of the plasmawithin the
vacuum chamber are produced by three sets of windings. The verticd plasmapostionis
controlled by ahorizontd magnetic field, Bur, which is produced by the current I 4r
flowing in the horizontal field windings. The horizontal field windings are constructed
from 2 AWG stranded copper cable. The horizontal field produced is shown in Figure
2.6. The horizontd plasma postionis controlled by two vertical magnetic fieldsthat are
produced by separate sources. The vertical equilibrium field, Byg, is produced by 4 turns
of ¥/4" x 132" copper busbar. The location of each of the four turns of the vertical
equilibrium winding is shown in Figure 2.2. The current in the vertica equilibrium
winding, lve, isproportional to the ohmic heating current and is produced by the circuit
shown in Figure 2.7. The second source of vertical magnetic field isthe vertical
feedback current, Ive, which produces the vertical feedback field, Byr. This current flows
in the windings, shown in Figures 2.6, which are made of 2 AWG stranded copper cable.
The vertical feedback field that is produced is also shown in Figure 2.6. The locations of
the horizontal field winding and the vertical equilibrium and vertical feedback windings
areshown in Figure 2.2. The vertical feedback field and the horizontal field will be

discussed in greater detail in Section 2.4.
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2.2.2 Diagnostic Equipment

The STOR-M tokamak is equipped with a standard set of diagnostic equipment
for measuring both the plasma parameters and the machine parameters. The majority of
the diagnostics employ non-invasive techniques; in fact, it is highly desirable to
determine as many of the plasma parameters as possible without sgnificantly disturbing
the plasma. This requirement stems from the fact that an object (probe or sensor) that is
inserted into hot plasmawill tend to be vapourized; thus, not only is the probe destroyed,
but also the plasma is contaminated by the impurities that are released in the process.
This contamination causes a degradation of the plasma, which then requires along period
of conditioning to become of a quality that is suitable for experimentation.

Consequently, probes are only inserted into the cooler, plasma edge region (p = 123 mm),
including the region that is in the shadow of the limiter known as the scrape off layer @ >
123 mm).

Diagnostic instruments used with the STOR-M tokamak include: a4-mm
microwave interferometer [16], a hard X -ray detector [14], adouble array soft X-ray
camera[14], an optical spectrometer [67], aset of Mirnov coils (m = 2) [67], RogowsKi
coils[15], and various configurations of Langmuir and magnetic probes[14], all of which
are noninvasive except for the Langmuir and magnetic probes. Of these diagnostics, the
hard X-ray detector, the soft X-ray camera, the Mirnov coils, and the magnetic probes are
not routinely used on STOR-M and, therefore, will not be discussed further. What
follows in this section isagenera discusson of those diagnostics that are regularly used
on STOR-M. In addition to these sensors, the sgnd conditioning circuits that are

employed and the data acquisition system that is used to storethe signals for later
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analysiswill also be presented. Figure 2.8 shows the locations of the diagnostic
equipment on STOR-M.
2.2.2.1 Current Measurements - Rogowski Coils

Rogowski coils are used to measure the current in the various field windings of
the STOR-M tokamak and within the plasma itself. A Rogowski coil isan N turn cail
wound upon anonmagnetic core, whose windings are perpendicul ar to the plane of the
coil, and that completely encircles a conductor through which atime-varying current
flows. The Rogowski coil produces avoltage signal, Vgg, that is proportional to the

product of the number of turns, N, on the Rogowski coil and the time rate of change of

the magnetic flux, ¢, linking it; that is: V. =-N % By integrating thissignal the

magnetic flux as a function of time isobtained. Ampere’sLaw givesthe current enclosed
by a Rogowski coil having arectangular cross-section having width, a, and thickness, b,

as:

s = fH* =8 - A (2.2)

where R isthe major radius of the Rogowski coil and L is the permeability of free space.
The shape of atypical Rogowski coil isshown in Figure 2.9(a).

On the STOR-M tokamak, all of the Rogowski coils are constructed with 26
AWG enameled wire, except for the plasma current Rogowski coil, which is constructed
with 18 AWG wire wound on atoroidal former having arectangular cross -section. To
reduce the pick-up of unwanted magnetic flux, areturn winding is also wound on each

Rogowski coil in the opposite toroidal direction. The number of turns and the
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dimensions of the former for each Rogowski coil used with STOR-M were chosen so that
sufficient sensitivity could be obtained without sacrificing their high frequency
performance [18]. Table 2.1 liststhe main parameters of the Rogowski coils used on
STOR-M. The measured signals are carried to the control room via 20 m of RG 58/U
coaxial cable wherethey are integrated with gated, active integrators before being
connected to the data acquistion system. The schematic diagram for the Rogowski coil
circuit isshownin Figure 2.9(b). The frequency response of each coil is linear up to 800
kHz [14], which is more than adequate for the parameters of STOR-M that they monitor.
The Rogowski coilson STOR-M were cdibrated against acommercid Rogowski coil
manufactured by Pearson Electronics before being installed, and the accuracy of each
Rogowski coil isabout 5% [14].

Table2.1 STOR-M Rogowski coil parameters.
Current Measured Ip IB(p loH Ive lve J¥7= ITH

Resistance, R Q 15 1689 368|842 | 363|385 | 40

Inductance, L mH 011 693 |5.15| 934 | 478 | 5.09 | 0.02

Number of turns, N [14] | 600 | 1187 | 750 | 1187 | 1187 | 1187 | 180

Major radius, R mm 170 | 70 | 70 | 70 70 70 | 170

Thickness, amm 10 15 15 15 15 15 10

Width, b cm 35 | 25 | 25| 33 25 25 | 35

Calibration Factor kKA/V | 100 | 10 10 10 10 10 | 100




2.2.2.2 Plasma Loop Voltage and Transformer Core Hux
A single loop on the top of the vacuum chamber, Figure 2.8, measures the plasma

loop voltage. The voltage picked up by thissingle turn consistsof both the resistive and
inductive components of theloop voltage, andis givenby: V, = 1,R, +%(I oLp), Where
Re, the plasmaresistance, and Lp, the plasma inductance are given by [1]:
2TR R l. 0
R.=n— Q and L,=p,Rpn +-27 H 2.3
p=N B2 p = Ho E E%Q"’ 2 B ( )

where R isthe major radius of the plasma column and a is its minor radius, 1 isthe
plasmaresistivity, and |; isthe plasmainternal inductance parameter, which will be
discussed in Section 2.3.2. The plasma current and loop voltage can therefore be used to
estimate the plasma resistivity, and with suitable approximations, the electron

temperature which, as can be seen from Equation 1.12, is given by Spitzer [13] as:

T% =5x10 Zer NN o % 2.4)
n

where the Spitzer resistivity, n isin Qm, the eectron temperature, Teisin eV, Zg isthe
effective ion charge, and for STOR-M the Coulomb logarithm may be assumed constant
at InA\ = 15[15].

On the STOR-M tokamak, this single turn loop consists of the centre conductor of
alength of RG 59/U coaxial cable, with the outer conductor acting as an electrogtatic
shield. Theresistance of the loop aoneis 1.2 Q and the inductance is12 uH. The output
voltage is attenuated using a 100:1 voltage divider (a 1000:1 voltage divider is used when
turbulent heating experiments are being performed) and then carried to the control room

via20 m of RG 58/U triaxial cable, where it is connected directly to the data acquistion

35



system. The frequency response of this configuration is flat beyond 1 MHz. The
schematic diagram of this measurement system is shown in Figure 2.10.
2.2.2.3 Position Sensing Coils

The quality of the discharge in the STOR-M tokamak is dictated by the quality of
the control of the postion of the plasma column within the vacuum vessel. I1ntheSTOR-
M tokamak, the position of the plasma column is measured using six magnetic probes,
which are located just outside the vacuum vessel at a minor radius of 170 mm, as shown
in Figure 2.11(a). Four of the probes are oriented to detect the poloidal magnetic field
and are separated poloidally by 90°, asis shown in Figure 2.11(a). The remaining two
magnetic probes are oriented to detect the radial component of the magnetic field at the
poloidal anglesof 8=+90° and are also illustrated in Figure 2.11(a). Each of the
magnetic coils has aresistance of about 22 Q and an inductance of about 1 mH. The
magnetic probes are constructed of 34 AWG enameed wire, wound on a cylindrica
Teflon former [15]. When terminated by 2 kQ, the frequency response of each coil
extends to about 200 kHz [15], which is quite sufficient for the purpose of performing
plasma position control.

The magnetic field measured by the posgtion sensing coils consists of the desired
magnetic field produced by the plasma current aswell as unwanted magnetic fields such
asthat produced by the toroidd field coils. This happens primarily asaresult of
misalignments of the coils. In order to iminate, or at least to reduce, these stray
magnetic fields, the waveformsto which they correspond are added with suitable polarity
to the measured signals via an adjustable gain passive mixer. To accomplish this, the

gains are adjusted in the absence of the plasma, while all other fields are present, until the
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coil signalsare zeroor as close to zero aspossible. Onthe STOR-M tokamak, it isonly
necessary to cancel the contribution of the toroidal field from each of the postion sensing
magnetic probes. A schematic diagram of the probe and compensation circuitis givenin
Figure 2.11(b). The frequency response of the postion sensing circuit including the
compensation circuit has been reported to be linear up to about 100 kHz [14,15]. The
probe signals are transmitted to the control room via20 m of RG 58/U coaxia cable,
where they are compensated and integrated by gated, active integrators. The integrated

signals correspond to the magnetic field at the probe locationsthat is produced by the

~(Vdt
% = _‘T"[alT where a; isthe radius of the i probe’s

plasma current, as seen from B, =
cross-section, and V; is the voltage induced in the i magnetic probe. The outputs of the
integrated signals were calibrated against a known, uniform magnetic field produced by a
Helmholtz coil. The details of how the vertical and horizontd plasma postion signalsare
determined from these measurements will be presented in detail in Section 2.4.
2.2.2.4 Density — 4-mm Microwave Interferometer

The electron density in the STOR-M Tokamak is measured using a4-mm
microwave interferometer [16,31]. This system, shown in Figure 2.12, provides a direct
reading, real-time output without the requirement of source modulation, thereby
increasing the high frequency response. In this system a cavity stabilized IMPATT
oscillator (ELVA-1) operating at 76 GHz and 100 mW [ 32] produces microwaves, which
travel along the three paths, Ep, Eri, and Er, as shownin Figure 2.12. The reference
signals Egrs, and Eg, are split off from Ep by 10 dB directiond couplers. The sgnd Ep is

guided to the chamber whereitis verticaly i ncident on the plasma through ahorn

antenna. After passing through the plasma, the transmitted wave isreceived by a
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horn and passed through an E-H tuner before being split into the two paths, Es; and Es
by a0.46 dB directiond coupler [16]. The reference signals Er; and Er, are each passed
through a phase shifter and an attenuator. Finally Es; and Eri, and Es; and Eg; are then
mixed in hybrid “magic” tees. The signals at the sum and difference ports of both of the
hybrid tees are detected with IN53 silicon point-contact diodes operating in the “sgquare-
law” regime. In order to compensate for the different efficiencies of each diode, the
signals are then passed into buffer amplifiers with adjustable gains. The frequency
response of thiscircuit is essentially limited by the frequency response of the detecting
diodes[31]. It can be shown that the final output of each amplifier is given by:

V;, =K, cosb, ,, where 0, ; arethe phase angles of the detected microwave signals.

When the phase shifters are correctly adjusted, the outputs become: V, = K, SnA®, and
V, = K, cosA® , where AD is the phase shift caused by the plasmaitself. By measuring

these two signals, the phase is determined, from which a fringe counting circuit isused to
determine the line averaged electron density, aswill be shown below. The fringe
counting circuit isdiscussed in detail in [16] and [31] and has aresolution of a quarter
fringe.

When the microwave signal passes through the plasma, it undergoes a phase shift
as aresult of the change inthe index of refraction. This phase shift, which can be

measured by the method just described, is given by [31]:
Ig _n (X) mix rad (2.5)

where ng(x) isthe electron density, and n is the cutoff densty which gives an upper limit

to the density measurement. In STOR-M, with the use of a 76-GHz microwave source,
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ne = 7.0x10" m™; thus, this interferometer can measure densities up to 7.0x10™° m?, and
if the plasma is assumed to extend up to the limiter, then the fringe counting circuit can
resolve the measured density in steps of 5.6x10*" m™. If the plasma position is assumed
to be stationary then, since ne(x) and A® arerelated by anintegrd, the measurable

quantity isthe centrd line averaged electron density and is given by:
I -3
n, = aJ’ne(x)dx m (2.6)

The output of the fringe counting circuit therefore corresponds to the line averaged
electron density. Thissignal istransmitted to the control room via20 m of RG 58/U
coaxial cablewhere it is received by the data acquisition system.

2.2.2.5 Quiality of Confinement - Spectrometer

Measuring the intensity of line emissions from hydrogen and from impurity
elements can give aquditative indication of the quality of the plasma confinement and
the plasma purity. The Hy emission corresponds to the recycling process of the plasma
particles in the edge region [14,67]; thus, alower Hy, emission indicates better plasma
confinement. In addition, since carbon and oxygen outgasfrom the inner surface of the
vacuum vessel, they are often used for impurity studies in tokamaks.

The STOR-M tokamak is equipped with a SPEX-1702, 0.75 m focal length
Czerny-Turner scanning spectrometer having arelative aperture of f/7 and a disperson of
10 A/mm at 5000 A [33]. The diffraction grating, manufactured by Bausch & Lomb, has
1200 lines'mm and is blazed at 5000A [33]. A fiber optic probe is used to transmit the
radiation emitted from the plasmato the entrance dlit of the spectrometer. The opticd

probe is made of bundles of glass fiberswith optical lensesat each end. The
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spectrometer has a lens at the entrance to image the plasma onto the entrance dit and a
diaphragm to match the relative aperture of thelens with that of the spectrometer. The
entrance and exit slits of the spectrometer have awidth of 100 um and a height of 10 mm
[33]. Thedispersed light is detected by a photomultiplier, which is shielded by a p-metal
from the magnetic field, and isenclosed in a brass and copper housing. Figure 2.13(a) is
a schematic diagram of the spectrometer system. The photocathode and the shield are
both negatively biased with 1.2 kV, while the anode is grounded through the 5.6 kQ
output resistor, asshown in Figure 2.13(b). Since only the relative intensity is important,
it is not necessary to have a calibrated output signal. The raw signd is transferred to the
control room via 20 m of RG 58/U coaxial cable where it isamplified to an acceptable
level before being received by the data acquisition system.
2.2.2.6 Langmuir Probes

Langmuir probes are widely employed to sudy various plasma parameters in the
edge region of tokamak plasmas. These probes are rather diverse as, depending upon
how they are configured, they can provide informati on about the el ectron density, the
electron temperature, and the floating potentia of the plasma, aswell as the fluctuation of
these parameters. Langmuir probes are also highly favoured because they are relatively
inexpensive and simple to construct, they are easy to use, and they provide good spatial
resolution. Their use, however, isrestricted to the cooler edge region of the plasma
where their presence does not cause significant perturbations of the plasma.

Langmuir probes essentially consist of a conductor (or an array of conductors)
that is inserted into the plasma and biased relative to the wall of the discharge chamber,

as shown in Figure 2.14(a). Inorder to maintain the quasi-neutrality of the plasmaa
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Bohm sheath is developed around the biased conductor. If the undisturbed ions and
electrons both follow a Maxwellian distribution, ignoring the effects of the magnetic

field, the current dengity that flows into the surface of the probeis given by [65]
(V_VS)E
J=J,+J, eE T 0 Am™ (2.7)

where J; isthe ion current density, Jeo iSthe electron saturation current density, Visthe
potential to which the probe is biased, Vs is the plasma space potential, and T isthe
electron temperature in units of eV. Depending upon how the probe is biased, aswill be
shown below, any of the parameters mentioned above can be obtained.

A typical 1-V characteristic for a Langmuir probe inserted into plasmais shown in
Figure 2.14(b). This curve can be divided into three regions, as shown in Figure 2.14(b).
The first region corresponds to the probe being sufficiently negatively biased such that all
electrons are repelled and, hence, the probe collects only ion current. Thus, thisregion is

called the ion saturation region. Under this operating condition, the electron density can

lo=Jd,,S=nevS=ne ’ZrI:'eS (2.8)

where | isthe ion saturation current (the current collected by the probe), and Sisthe

be obtained from:

surface area of the probe.

From Figure 2.14(b) it can be seen that as the probe bias voltage isincreased from
that in the ion saturation region, a point where the probe current isequa to zero will be
reached. The bias voltage at which the probe current is zero isthefloating potential, Vi,

of the plasma at that |ocation. As the bias voltage continues to increase, the expon ential
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term of Equation 2.7 isdominant. Inthisregion the electron temperature can be
determined from:
Te - e(vf _Vs)
|n I i0
I e0

This situation correspondsto region two of Figure 2.14(b)

eVv (2.9

Asthe bias voltage of the probe is further increased, the probe will eventually
become so positively biased that all of the ionsarerepelled. Inthisthird region, as
shown in Figure 2.14(b), the probe current is solely due toelectrons. Thus, thisregion is
known as the electron saturation region. Asshown in Figure 2.14(b), the plasma space
potential marks the beginning of the electron saturation region.
2.2.2.7 Data Acquisition System

As has already been indicated, all data signals are routed to the control room via
20 m of either coaxial or triaxial RG 58/U cable. Once in the control room, all required
signal conditioning, such as amplification and integration, is performed. The conditioned
signals are then passed to the data acquigtion system for and og todigital conversion and
subsequent storage. All of the data signals reported in this thesis were sampled and
digitized by aLeCroy 8212A Fast Data L ogger module. Thismodule has 32 input
channels and is capable of simultaneous sampling at a sampling rate of up to 40 ksamples
per second (25 us per sample). However, asis normally the case during the operation of
STOR-M, al of the signals reported here were sampled at 100 us per sample using 16
channels of the LeCroy 8212A module. In addition, the LeCroy 8212A has 12-hit
resolution which for the £5.0 V input range corresponds to 2.4 mV resolution. Theinput

impedance of the LeCroy 8212A is1 MQ. The sampled, digitized signals are stored in a
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LeCroy 8800A Memory module until they are transferred to a 486 PC computer viathe
LeCroy 8901A GPIB (IEEE-488) Interface module, where they are ultimately stored on
the hard drivefor later analysis. All of the LeCroy modules are mounted in aLeCroy
CAMAC Instrumentation Mainframe 8013A. The datatransfer isfacilitated by the
LeCroy Catalyst software package, which savesthe dataas a FORTRAN binary file.
These binary files are opened by a MATLAB routine written by the author. Once the
files are opened any analysis of the data, including plotting that is required, may be
performed using MATLAB, or the datamay be saved in a suitable format for use with
any other package or platform.
2.3 Plasma Confinement in STOR-M

Aswas discussed in Chapter 1, the tokamak configuration is the most promising
candidate for aviable commercial fuson reactor. Before thisvery promising energy
source can be harnessed, many scientific and engineering problems must first be
resolved. One of the principal problems facing magnetic confinement schemes such as
the tokamak configuration isthe issue of stably maintaining the plasma column within
the discharge chamber. Inorder to accomplish this, a suitably shaped magnetic field
structure must be produced. What follows in this section is a discussion of the plasma
confinement issue in general and the maintenance of the equilibrium of the plasma
column in the major radia directioninthe STOR-M tokamak in particular.
2.3.1 Plasma Confinement

The confinement of the plasma within the discharge chamber of a tokamak
requires a suitably structured magnetic field configuration. This magnetic field will act

as amagnetic bottle only as long as certain conditions are satisfied. The confinement of



the plasma within the discharge chamber can be thought of as a problem of controlling
the equilibrium postion of the plasma column and the position of the plasma column
with respect to its equilibrium position. |If the equilibrium postion of the plasma column
can be made to be at the cross-sectional center of the discharge chamber, then a necessary
condition for the plasmato be well confined is that the position of the plasma column
from the center of the discharge chamber be maintained to be less than a suitably small
displacement. For the STOR-M tokamak it has been found that a displacement of £5 mm
can be tolerated without significantly affecting the quality of the discharge. The
displacement of the plasma column from the cross-sectional center of the vacuum vessel
can be decomposed into a vertical displacement component and a horizontal
displacement component, as was shown in Figure 2.1. The control of the vertical plasma
displacement in the STOR-M tokamak isrelatively straightforward and is adequately
controlled by a pre-programmed, open-loop, analog controller. The control of the
horizontal displacement, however, is nontrivial and forms the impetus of the research
discussed in thisthesis.
2.3.2 Expansion Forces in the Major Radial Direction

The tokamak plasma is subjected to several forcesin the mgor radial direction
that must be dynamically counterbalanced by an appropriate magnetic Lorentz force in
order to maintain equilibrium in the horizontal direction. The mechanism of plasma
confinement in the tokamak device was described briefly in Chapter 1; in what follows a
detailed discussion of the forces acting on the plasma columnin the major radia

(horizontal) direction will be presented. The majority of these forces tend to cause the
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plasmato expand in the major radial direction and must be counteracted if the plasmais
to be confined.

The current carrying tokamak plasmatends to expand radially so asto increase its
inductance. The self inductance of the plasma column can be separated into two

components: the externd self inductance, which is due to the magnetic flux outside of the

plasmacolumn,L,, = ?ﬂ and the internal self inductance, which results from the
P

2
magnetic energy within the plasma column (J’ ZBI dv = % L 12). Withthe plasma
Ho

column being modelled as a thin conducting ring, it can be shown that the plasma

external self-inductance, Lex, iSgiven by [34,35]:
R U
L. =uRINERE Y H 2.10
et — Ho E Oa [ B ( )

where Ly isthe permeability of free-space, and R and a are the major and minor radii of
the plasma column respectively. Theforce, F, acting on the plasma due to the externd

self-inductance, is given by:

Flzi%Lextlﬁ,Q N (2.11)

F = I anEﬁa—lﬁ N (212)

It can also be shown that the internal self-inductance of the plasma column is given by

[35]:

L, =g, R+ H (2.13)
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where |; isthe internal inductance parameter given by [36]:
a 2
i
_ By _ 9 2H,
B, (@) mZEBaa)E
2/,

where Bg(p) and Bg(a) are the poloidal magnetic field as a function of distance, p, from

(2.14)

the center of the plasma column and at the edge of the plasma column, p = a,
respectively. The internal inductance parameter depends on the toroida current density
profile; the internal inductance parameter rangesfrom zero for a skin current, to greater
than one for a centrally peaked current distribution, and I; = 0.5 for an uniform current
profile. Figure 2.15 showsthe internal inductance parameter for various radial profiles of
the toroidal plasmacurrent. The force, F,, acting on the plasma column as aresult of the

internal inductance of the plasmais:

_ 0 2[1_ Hol2 [,
Fz_aR@%LilP@_ > %@ N (2.15)

Thereisalso aforce, F3, acting on the plasmaas aresult of thermal energy of the
plasma. Thisforce, the so-called ballooning force, tendsto expand the plasma col umn.
Only the plasma pressure perpendicular to the plasma column can contribute to the
expansion of the plasmacolumn. Theforce, F3, that resultsisthe radial component of

the thermal expansion force, Fr, and isgiven by:

2

F BR=P J'ZIT(R +acosf)add dRcosf =F,dR J (2.16)
6=0

where P= P(p)2mpdp isthe mean value of the plasma pressure averaged over the

1
g

Ol
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Figure 2.15 Dependence of the internal inductance parameter on the radial profile of the
toroidal plasma current. [K.C. Mark, M.A.Sc. Thesis, University of Saskatchewan, Apr.
1993, p. 34]
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cross-section of the plasma column. Integrating Equation 2.16 and smplifying gives:
F,=2ra’P N (2.17)
Asaresult of the variation of the toroidal magnetic field over the plasma column,

the tokamak plasmawill experience aradially outward force, Fa4, given by:

_iDl(

F, -B 2T[2Ra N 2.18
" o B B Jorera’): (2.19)

where 1 82 isthe mean energy density (toroidal magnetic pressure) stored in the
24,
toroidal magnetic field averaged over the cross section of the plasmacolumn.

Furthermore, the force balance in the minor radid direction requires that:

Pa (2.19)

In addition, it can be shown from Ampere's Law that the poloidal magnetic field at the

edge of the plasma column is given by:
B,(a)= Hole T (2.20)
o :

21

Substituting Equations (2.19) and (2.20) into Equation (2.18) and simplifying gives:

Fo= (G- DBEE N (221

where the By isthe poloidal beta factor defined as the ratio of the average thermal

pressure to the poloidal magnetic pressure [36], and is given by:

2ni’P(r)rdr 5
-
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From Equation 2.21 and 2.22itis evident that if on the one hand the therma pressure of
the plasma column exceeds the magnetic pressure on the plasma column, then the plasma
column will expand and F4 is directed outward; however, if the thermal pressure of the
plasma column isless than the magnetic pressure on the plasma column, then the plasma
column will be compressed and F4 will be directed inward.
2.3.3 Major Radial Force Equilibrium

The net force, Fg, tending to cause the tokamak plasmato expand in the radial

direction isgiven by:

2
Fr=F, +F,+F,+F, :IJO_ZIPQnEEQ—1+ I + 2 (27'[2325)-'-%([39 - )E (2.23)

2227'12a2|_D I_Dz
K Euolp E Bez(a)%
ma’ 24,

Thus, substituting (2.24) into (2.23) and simplifying givesthe net radially outward force

1
=25 (2.24)

acting on the tokamak plasma column as:

_Mole O [BR 3 I
F, = n —+ + -1 N. 2.25
4 @ DE'la o (2.25)

2

In order for the position of the plasma column to be in equilibrium, the Lorentz force that

isinduced by the net vertical magnetic field must counterbalance this force; that is:
F,=2mRI,B, N. (2.26)

Thus, the net vertical field, By, that isrequired for the position of the plasma column to

be in equilibrium in the major radid (horizontd) direction is obtained by substituting



Equation (2.25) into Equation (2.26) and rearranging to give [34]:
o ﬁ -2y % (2.27)

From Equation (2.27) it becomes obvious that the control of the plasma postion
in the horizontal direction is quite complicated. Not only does the net vertica field
required for equilibrium depend on the magnitude of the plasma current; it also depends
on the poloidal beta factor and the internal inductance parameter, both of which are also
dependent on the plasma current. Further complicating mattersis the fact that the plasma
parameters, including the plasma current, are not static. The tempord variation of the
plasma parameters demands continuous, dynamic regulation of the net vertical field that
isrequired for equilibrium. Thisisavery difficult technical problem, particularly if the
parameters of the plasma column change quickly. Thisis the primary motivation for the
research presented in thisthesis.

For atokamak such as STOR-M, eddy currentsthat are induced in the conducting
wall of the discharge chamber by the motion of the plasma column will produce a
significant portion of the net vertical field required for equilibrium. In addition, image
currents in the conducting transformer core will produce asignificant portion of the
vertical field. For STOR-M it has been estimated that nearly half of the required vertical
field isproduced by the image currentsin the transformer core[15]. Findly, to ensure
the equilibrium of the pogtion of the plasma column, a portion of the requisite vertical
magnetic field is produced by two sets of externd windings. the vertica equilibrium
winding and the vertical feedback winding. In STOR-M the majority of the remaining

vertical field required is provided by the vertical equilibrium field, Byg, which isroughly

55



proportional to the plasmacurrent. The vertica feedback field, By, providesthe
remaining vertical field.

When the plasma column expands in the mgor radial direction, it approachesthe
outer wall of the discharge chamber, which for STOR-M is made of stainless sted, a
good conductor. As the plasma column approachesthe outer wal, so to do the poloidal
magnetic field linesthat are produced by the plasma current. Asthese magnetic field
lines begin to cut across the chamber wall, an electromotive force is induced in the
conducting wall that is proportional to the rate of approach. Thisemf produces eddy
currentsin the chamber wall. The net image current flows in the direction opposte the
plasma current and produces a magnetic field equal in magnitude and oppositein
direction to the magnetic field that istrying to penetrate the conducting wall, thereby
cancelling the component of the magnetic field that isnormd to the surface of the
chamber wall [2]. Thiseffect isillustrated in Figure 2.16 [37]. Since the wall of the
discharge chamber does not have infinite conductivity, the poloidal magnetic field of the
plasma column will eventually penetrate the chamber wall. While for an idedly
conducting, unbroken discharge chamber the equilibrium position of the plasma column
isstable, for apracticd discharge chamber this method of stabilizing the pogtion of the
plasma column does not have a steady state equilibrium position, and it becomes
ineffective after the poloidal magnetic field of the plasma column penetratesthe wall.

The time required for the magnetic field to reach the wall, 14, and the time required to

penetrate through the wall, 7, are given by [2,34,38] respectively as.

— anOdwO-w

5 and 1, =p,d20, S (2.28)

Ty
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Figure 2.16 Image current produced in the conducting wall of the discharge chamber upon
the displacement of the plasma column from the equilibrium position. [L.A. Artzimovich,
“Elementary Plasma Physics’, Blaisdell Publishing Company, Waltham, Massachusetts,
1965, p. 151]
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For the stainless sted vacuum chamber of STOR-M the conductivity is

0, =1.39x10°Sm™ [66] which corresponds to the time required for the magnetic field
to reach thewall of 7, =550 us, and the time required for the magnetic field to penetrate
through thewall of 7, =28 us. The stabilizing effect of the conducting chamber wall is

further reduced by the insulating breaksthat are necessary to prevent atoroidal current
from being induced in thewall. The magnetic field produced by the eddy currentsin the
wall of adischarge chamber having two insulating sections, as isthe case with STOR-M,
can be estimated by treating the conductivity of thewall asbeing infinite; in this case, the

magnitude of the magnetic field in the vertical direction isapproximately [2,34]:

L =MolefH e, 28 H g (2.29)
ol 0 2R,

Assuming that the plasma current is constant, and allowing for the finite conductivity of
the chamber wall, theforce on the plasma column in the horizontal direction that results

from this magnetic field is approximately:

WoR,I2 0AH 2a,
F, ~—Holole Py ~ 98T L 1 N . 2.30

The equilibrium postion of the plasma coreisaso maintained, in part, by the
interaction between the transformer core and the plasma current. Thiseffect occurs
because a core having ahigh rel ative magnetic permeability, p, >>1, tendsto
concentrate the magnetic field lines surrounding the plasma column. The concentration
of magnetic field lines generates a force that attracts the plasma column towards the core,

that is, inwards in the major radid direction. By modelling the transformer core asan

58



infinite cylinder of radiusr., then, the forcein the major radia direction is approximately

given by [34] as:

F. = -l f E?E N (2.31)

where f %Béisacomplicated function expressed in terms of the integral of modified

Bessel functions[34]. Furthermore, this force does not lead to a stable equilibrium since
the accidenta displacement of the plasma column from the equilibrium position towards
the core results in adirectly proportional increase in the force of attraction, while an
accidental displacement away from the core relative to the equilibrium position resultsin
an inversely proportional decreasing force of attraction. Nevertheless, thisforceadsin
the horizontal equilibrium of the plasma column.

The facts that the wall of the STOR-M discharge chamber isnot anided
conductor and that it has toroidal gaps not only means that the magnetic field due to the
plasma column can penetrate the wall of the dscharge chamber, but it also means that the
magnetic field of the various current carrying windings outside of the discharge chamber
(such as the ohmic heating winding and the various control windings) can penetrate the
wall of the discharge chamber and exert forces on the plasma column. In addition, the
forces due to these externd currents are augmented by the presence of the iron
transformer core. Thisaugmentation isthe result of the image currents that exist in the
iron core. The exact forces that are produced are very difficult to express analytically
and, therefore, must be measured experimentally; it has been estimated that for STOR-M
these image currents account for about 50% of the vertica magnetic field that is required

to maintain the position of the plasma column in a stable equilibrium [15]. The
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remaining portion of the required verticd field must be supplied by the magnetic field
produced by the control windings.

As has already been mentioned, the vertical magnetic field necessary to ensure the
stable equilibrium pogtion of the plasma columnin STOR-M is provided by two sets of
control windings: the vertical equilibrium winding and the vertical feedback winding.

The magnetic fields produced by the control windings are subject to adelay dueto the
penetration time of the stainless sted discharge chamber and are approxi mately given by:

B, = _MoKyelye _ 0By 1, T ,and B, = _HoKyelye 0By, 1, T (232
21 ot 21 ot

where Kye and Kyr depend on the number and locations of the vertical equilibrium
windings and the vertical feedback windings respectively. The resulting forces dueto
these fields in the major radia direction are then:

Fe=2mRI B, N ,and F,=2mRI,B, N (2.33)
Thus, it isclear that provided that suitable control currents are used, the postion of the
plasma column in the horizonta direction can be maintained in, or around, a stable
equilibrium position. For STOR-M, the force produced by the verticd equilibrium field
isroughly proportional to the plasma current; thus, the vertica equilibrium field can be
thought of as providing coarse control of the position of the plasma column, while the
vertical feedback winding provides fine control. Adjusting the shunt resi stance shown in
Figure 2.7 controls the relative magnitude of the vertical equilibrium current. The quality
of the discharge in the STOR-M tokamak is actually quite sensitive to the quality of the
fine control of the plasma postion, and this requires the use of agood controller.
Furthermore, aswill be discussed in greater detail in Section 2.5, the analysis of the

forces acting on the plasma column just presented requires the use of severa
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assumptions, most of which are only marginally valid in a practical system such asthe
STOR-M tokamak, and their experimental measurement is very complicated in practice.
2.4 Determination of AH

In order to control the position of the plasma column within adevice, such as the
STOR-M tokamak, it is necessary to have some way of measuring it. Not surprisingly,
given the anaysis of the previous section, the theory regarding the experimental
determination of the position of the plasma columnis quite complicated. For the
approximation of atokamak device with a thin walled discharge chamber having toroidal
gaps (as isthe case with the STOR-M tokamak), it can be shown in the first order of the
inverse aspect ratio (a/R) that the poloidal and radial components of the magnetic field on
the contour I which is defined by a circle of radiusr,, whose center coincides with that

of the discharge chamber (refer to Figure 2.11), are given by [ 34,39]:

s R
__ “opd %,%Bu % E»ZRAH T (2.35)

respectively, where A =, + |—2' —1. Thus, by measuring B, (6 =0), B,(6 =),

2RAH D

(2.34)

B,(6=172), and B, (6 =317/2) using appropriately aligned magnetic probes placed at
these poloidal locations on the contour I, the plasma position signal AH and 3, + |—2' can

be estimated. Using thisfour probe method it can be shown by rearranging Equations

2.34 and 2.35 that [39]:
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2 2 |:| 2 2
AH =2 fEm —15-2inEE e (B, )AL - S5 (B, )AL+ 5 m(2.36)
4'RO m ZHOIPD r‘m rm

B, +|§‘=1+In%3% LR {<Bg>+<Bp>} (2.37)

Hol o

where (B,)=B,(0=0)-B,(6=m) T and (B,) =B,(6=1/2)-B,(0=32) T. The

determination of the horizontal plasma position in the STOR-M tokamak is accomplished
using thistechnique. In fact, since thistechnique isrelatively simple, it isoften used in
tokamaks[39]. In STOR-M, however, this measurement is complicated somewhat by the
unique ability of STOR-M to be operated in the A.C. mode.
2.4.1 Normal Mode Operation of STOR-M

Most of the world’ s tokamaks operate in a pulsed manner. They have adischarge
time that lasts anywhere from a few milliseconds in smaller tokamaks like STOR-1M
[40] and SINP [41] to several seconds in larger tokamaks such as JET [42] and TFTR
[43]. The discharges in these tokamaks all have ardatively long duty cycle, with several
minutes between discharges. This pulsed operation is the normal mode of tokamak
operation. Inthe STOR-M tokamak, the normal mode lasts up to 200 ms and has a peak
current of about 50 KA (during turbulent heating). The ohmic heating circuit used for the
normal mode operation of STOR-M is shown in Figure 2.17. Waveforms of atypical
normal mode discharge are shown in Figure 2.18. The norma mode discharge can be
broken into three main regions. Thefirst region, the transient region, was discussed in
Section 2.2.1 and consists of the breakdown stage and the current ramp-up stage.
Following the transient region isthe steady state region of the discharge. Relatively

constant plasma current and anearly constant, low loop voltage characterize the steady
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Figure 2.17 Ohmic heating circuit for normal mode operation of STOR-M.
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state region. The final region of the discharge isthe termination region. Typically the
normal mode discharge in STOR-M isterminated after about 35 ms by applying a strong
gas puffing pulse in order to prevent the production of runaway electrons. The three
regions of atypical normal mode discharge are shown in Figure 2.18.

In order to measure the position of the plasma column during the norma mode of
operation of STOR-M, instrumentation based on the theory discussed in the previous
section was developed by Emaami-K honsaari et al. [21]. The measurement of B, (6 = 0),
B,(0=m), B,(8 =192), and B, (6 = 3ry/2) is accomplished using the magnetic probes
and the compensation circuit that was discussed in Section 2.2.2.3. The plasma paosition
signal is determined from these signals using the and og circuit shownin Figure 2.19,
where the gains are obtained by rearranging Equation 2.36 asfollows:

KK|2 {(Be>—K1<Bp>} m (2.38)

3'P

AH = AH, +

This represents the original horizontal plasma position measurement circuit developed for
use with STOR-M.
2.4.2 A.C. Mode Operation of STOR-M

Thetoroidal plasma current that is necessary for plasma confinement in tokamak
devices may be either driven inductively or non-inductively. Inductive current driveis
when the plasma current is produced by transformer action, as isthe case in STOR-M.
Inductive current drive has the advantage of being technologically smple; however, itis
restricted by the fact that the flux capability of the transformer islimited. This givesrise

to the pulsed nature of tokamaks that defines the normal mode of operation. Asafusion
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power generator, the pulsed nature of tokamak operation has the disadvantages that in
order to maintain continuous electricity production, alarge thermal energy storage system
isrequired [44]. While the problems related to inductive current drive can be alleviated
using non-inductive current drive techniques [45], thefus on power produced per unit
capital investment would likely prohibit such techniques from acommercia tokamak
based fusion reactor [46].

In order to reduce the requirements of the thermal storage unit, it is desirable to
reduce the downtime of the fusion burn in inductive current drive tokamaks. Using A.C.
tokamak operation can significantly reduce this downtime [44,47]. In A.C. tokamak
operation there is no need to recharge the transformer flux as after the available flux has
been consumed in one direction of plasma current, the current isterminated and smoothly
reversed in direction. Thus, in A.C. operation the downtime is reduced to the sum of the
plasma current ramp-down time, the dwell time, and the current rise times. Theworld's
first successful demonstration of A.C. tokamak operation was achieved at the Plasma
Physics Laboratory at the University of Saskatchewan in the STOR-1M device [48,49].
This demonstration prompted the JET team to perform A.C. operation experimentsin
order to evaluate this mode of operation under reactor rdevant conditions [46]. In JET a
full cycle of A.C. operation was achieved with a plasma current of +2 MA with a period
of nearly 30 sand dwell times as short as 50 ms with no apparent degradation of the
plasma purity [46]. Thus, A.C. mode operation holds the promise of atokamak fusion
reactor with a minimum plant recirculating power.

Further studies into the A.C. mode of operation have been performed both on the

STOR-1M [50] and the STOR-M [51-53] tokamak at the University of Saskatchewan, as
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well as at other institutions[54,55]. One of the important issues related to A.C. tokamak
operation revolves around the current reversa regime. In order to reduce the dwell time,
or to eliminate it altogether, it is necessary to control the position of the plasma during
thisregime [44,53]. While the exact mechanism(s) that maintain the equilibrium of the
plasma during the current reversd regime are not well understood, it isclear that the
proper optimization of the horizontal plasma position during this regime is quite
important.
2.4.2.1 Requisite Hardware Modifications

In order to produce Alternating Current operation in the STOR-M tokamak it was
necessary to modify the ohmic heating circuit. The modified ohmic heating circuit used
for 1.5 cycle A.C. operation of STOR-M is shown in Figure 2.20, and waveforms of a
typical A.C. mode discharge are shownin Figure 2.21. Furthermore, in order to control
the position of the plasmaduring A.C. operation it is necessary to have a method of
accurately measuring it. The plasma position measuring circuit described above was
designed only to measure the plasma current during the norma mode. In order for the
plasma position in STOR-M to be measured during both the positive and negative half-
cyclesof A.C. operation, the circuit had to be modified in order to account for both the
change in the current direction and the change in the stray fields during each half-cycle.
Mitarai et al. [53] developed the modified plasma position measuring circuit, and it is
presented in Figure 2.22. Inthiscircuit, AHo. isadded to AH; when the plasmacurrent is
positive and AHo. is added to AH; when the plasma current is negative. In addition, the
absolute value of the plasmacurrentisused in order to prevent misinterpretation of the

position signal. Using this circuit, the plasma position signal AH, will be positive when
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Figure 2.20 Ohmic heating circuit for 1.5 cycle A.C. operation of STOR-M.
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the plasma column is mgor radidly outward and the plasma current is positive, whereas
it will be negative when the plasma column is major radially outward and the plasma
current isin the negative direction. Thiswas done because when the plasma current isin
the reverse direction, the vertical field required for equilibrium must also be in the
reverse direction; in thisway, the anadog PID plasma postion controller can befooled
into providing the correct polarity control sgnd without also having to be modified.

2.5 Existing Position Control Schemes on Other Tokamaks

The control of the parameters and properties of the plasma columnin a tokamak
discharge is quite complex. Not only are the properties difficult to measure, they are
highly interdependent. Thus, changing or attempting to change one of the plasma
parameters results in changes to several of the other plasma parameters. Further
complicating the matter isthe fact that the system is highly nonlinear, making a high
quality controller difficult to design.

In early tokamaks the plasma position was maintained in equilibrium by the use
of aconducting discharge chamber. Aswas shown in Section 2.3.3, the resulting eddy
currents are able tomaintain the equilibrium position of theplasma. This equilibrium,
however, is not stable as once the poloidd magnetic field of the plasma column
penetrates the chamber wall the equilibrium islost. Thus, these early tokamak discharges
were limited in duration by the resistive diffusion time of the discharge chamber, which
was typically lessthan a few tens of milliseconds. While technically simple, this
configuration is not suitable for use as a commercial reactor, and thus, the use of an
externally produced vertical magnetic field is required to stably maintain the position of

the plasma column in themgor radial direction.
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One method of adjusting the externally produced vertical magnetic field isto use
an open loop controller. That is, the temporal evolution of the magnitude of the vertical
field is pre-programmed based on the expected plasma parameters. While this technique
may be suitable for some tokamak discharges, it lacks the ability to takeinto account
unexpected changes in the plasma parameters. In reactor relevant tokamaks, and in fact
in most modern tokamaks, the plasma parameters are quite dynamic and may change
quite drastically during adischarge. For example, when the STOR-M plasmais
turbulently heated, it is common for the plasma current nearly to double in less than a
millisecond [14,67]. Clearly, it is quite difficult to pre-program the vertical field for each
type of discharge that may be performed in a particular tokamak device. Therefore,itis
desirable to have closed loop feedback control of the plasma position.

In addition to being able to measure the position of the plasmawithin the
discharge chamber (a difficult task itself) in order to design atraditional controller, it is
necessary to have a model of how the actuators affect the quantity to be controlled; that
is, the transfer function of the plant must be known. The transfer function describing
plasma position as a function of the applied vertical feedback field can be obtained by
linearizing the equations that were obtained in Section 2.3; however, the assumptions
required to accomplish thisare seldom valid in reality. Theresult isgenerally a
moderately good controller, which requires considerable fine-tuning in order to provide
merely adequate, not optimal, control of the plasma position.

One of the obvious difficulties associated with controlling the position of the
plasmawithin the discharge chamber is that of accurately measuring it. As has been

shown above, thisrequires a system model that has to be simplified before it can be
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implemented. Furthermore, it is necessary to have accurate models describing the
dynamics of the system being controlled. The controllers implemented to datefor
controlling the position of the plasmawithin tokamaks have almost exclusively had a PID
structure [68]. The design of these controllers wasfacilitated by the introduction of
assumptions to smplify the physical system model. They employed detailed enough
models that the primary physical phenomena were still represented but simple enough to
keep the design of the controller straightforward. The systems of Partid Differentia
Equations (PDES) describing the system dynamics were decoupled in order that Ordinary
Differential Equations (ODES) were obtained. The system models were often further
simplified so that single input single output (SISO) controllers could be employed. Once
implemented, these controllers were optimized during tokamak operation. Thisisthe
method of controller design that was originally performed for use with the STOR-M
tokamak. There has been considerable interest in recent years in evaluating existing
tokamak parameter controllersin order that a suitable controller can be designed for the
next generation of tokamaks. Consequently, there are severa very good literature
surveys discussing this subject. Rather than repeating that information here, the reader is
referred to references[68-70].

It would be highly desirable to have a plasma postion controller that does not
require an analytical system modd. Artificid Intelligence (Al) based controllers, such
as. Artificial Neural Networks (ANNS), Genetic Algorithms (Gas), Fuzzy Logic
Controllers, and Expert Systems offer this feature. In fact, one of the primary goals of
thisthesisisto determine if equivalent or better control over tokamak parameters can be

obtained using a controller that does not require asystem model; that is a fuzzy
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controller. To date, the application of Al based controllersto fusion plasmas has been
quite limited. Thisis quite likely to change in the near future, as recently, the Office of
Science of the United States Department of Energy “has asked the Fusion Energy
Sciences Advisory Committee (FESAC) to assist in defining a major new initiative ...
recognizing the programmatic importance of developing predictive capabilities for fusion
systems, the goal of the initiative would be to improve substantially the capabilitiesfor
integrated simulation of fusion systems based on verified and validated models of the
underlying physica processes’. For adiscusson of the plasma controllers being
proposed for use with the next generation of tokamaks the reader is referred to references
[71-74].

The application of Al based control techniques is already being considered for
fusion plasma. For example, the Large Helical Device (LHD) has been designed with the
goal of evaluating fuzzy logic controllers and ANN controllersfor the feedback control
of plasma current, postion, and cross-sectional shape [76-78]. In addition, recently, an
ANN has been developed for fast, reliable plasma position control in KSTAR tokamak
[79,80]. The ANN that was developed was applied to a simulation of the KSTAR
plasma, and was successfully demonstrated to predict the plasma postion, thus,
indicating that ANNS may be capable of serving as areliable plasma postion control
system. Certainly the application of Al based techniques such as ANNsand fuzzy logic
controllersto the control of fusion plasma merits investigation. 1t waswith thisin mind
that the research described herein was performed.

Fuzzy logic controllers are known for their ability to provide a high quality of

control over systemsthat are both nonlinear and time varying [84]. Fuzzy controllers

75



have recently been applied to several electrical power systems control problems. For
example the Electrical Power Research Institute (EPRI) Inc. holds a patent for a * Steam
Turbine Fuzzy Logic Cyclic Control Method and Apparatus Therefor” [92]. In addition
to their application to electrical power generation, fuzzy logic controllers have aso been
applied to the optimal distribution of electric power [93,94]. Given the success of fuzzy
logic controllers to the control of these nonlinear, time varying electrical power systems
problems, it is natural that the suitability of fuzzy logic controllers to fuson plasmasbe
investigated.

2.6 Design Requirements for STOR-M Plasma Position Controller

In designing the fuzzy logic based plasma position controller for use with the
STOR-M tokamak, several performance criteriahad to be met. First, and most
importantly, the fuzzy logic based controller had to be able to reliably maintain the
position of the plasma column within £5 mm from the equilibrium postion.
Furthermore, the controller had to be capableof providing near optimal control in all
modes of STOR-M operation, especially during transient conditions such as that which
occursduring A.C. operation. Asareference, the fuzzy logic based controller should be
ableto provide a qudity plasma column position control within STOR-M that is as good
as, or better than, that provided by the original analog PID controller.

Based on the author’ s experience with the STOR-M tokamak, it was decided that
the controller should be capableof producing a new control decision at the most every
800 ps, but it wasfelt that anything faster than 200 pswas not necessary. It should be
pointed out here that the rise time of the vertical feedback current driver circuit ranges

from 100 psto afew milliseconds depending on the current demand. A constraint that
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was imposed on the design of the fuzzy controller wasthat it had to interface with the
existing hardware without permanently changing it. That is, any hardware changes that
were made had to be transparent and easily reversible. Thisrestriction resulted in the
development of slightly awkward actuator design modifications, aswill be discussed in
the next chapter.

The process of designing a fuzzy logic based controller for maintaining the
position of the plasma within the STOR-M tokamak began with the modificationsto the
hardware of the existing andog PID controller. Asapart of validating the modifications,
the modified analog PID controller was optimized in order to control the position of the
plasmaduring A.C. mode STOR-M tokamak operation. Aside from verifying the
hardware modifications, this stage of the devel opment permitted the modified controller
to be evauated and its performance compared withits effectiveness before the
modifications were made. The process followed during this stage of the deve opment of
the plasma position controller will be discussed in detail in Chapter 3.

2.7 Summary

In this chapter, the issue of plasma confinement within atokamak device has been
addressed. The STOR-M tokamak has been presented, and its primary operating
parameters and diagnostic complement have been introduced. Theforces acting on the
plasma column in the mgor radial direction were discussed in detail. This led to the
consideration of force balance in the major radia direction. From this, it became
apparent that in order to maintain the horizontal position of the plasma column stably
within atokamak deviceitis nec essary to apply an externally generated, dynamic,

vertical magnetic field. The modes of operation of the STOR-M tokamak were discussed
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next, and the unique requirements that they impose on the plasma position measurement
and control were consdered. This was followed by alook at the existing position control
schemes that have been implemented on other tokamaks, and a discussion of future Al
based control schemes. Finally, the design requirements of the fuzzy logic based plasma

position controller developed for use with the STOR-M tokamak were presented.

78



3. ANALOG PID CONTROLLER

3.1 Overview

Traditional automatic feedback controllers operate in asimple manner. They
compare the actua value of some property of the system to be controlled (the plant) with
the desired valuefor that property. The difference between these two values is computed
and called the error sgnal. The controller then produces acontrol signa that is suitable
to reduce the error sgna to zero, or toless than some acceptable value. Theblock

diagram of atypical analog feedback control system is shown in Figure 3.1.

i + alf i3
Desired AD@QP Controller EP Actuator ——W» Plant > Anctual
Value 'y Value

Figure 3.1 A typical andog control system.

Sensors [

There are various techniques by which the control signal can be produced. The
simplest of the traditional analog control techniques is that the controller smply produces
acontrol signa that is Proportiond to the error signal. A proportional controller hasthe
advantage that it issimple, and thus, easy to implement; however, it is limited in its
ability to control asystem. Furthermore, increasing the gain of a proportional controller
reduces the rise time (the time required to respond to a sudden change in the error sgnal),
and also reduces, but never eliminates, the steady state error. A related drawback with
proportional controllers isthat they may require a long time to converge to astable

control signal for agiven set of system parameters, and while settling down, a
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proportional controller oscillates around the steady state control signal. It should also be
mentioned that the magnitude of the overshoot during thistransient period might be quite
large for a purely proportional controller.

For asystem where the transient performance of the proportional controller alone
is not satisfactory, marked improvement can be obtained by adding Derivative control.
As itsname implies, aderivative controller produces a control signal that is proportional
to the time rate of change (derivative) of the error sgnd. When combined with a
proportional controller, it iscommonly referred to asaPD controller, and can be
optimized to have an improved transient response over pure proportional control. The
PD controller, while offering improved transient performance, still suffers from aless
than ideal steady state performance; that is, the PD controller, like the proportional
controller, may have an unacceptably high error signal during the steady state for agiven
set of system parameters.

In order to reduce the steady state error to zero, or to avaue that is smaler than
some acceptable vaue, an Integrd controller may be used. Combining an integral
controller with a PD controller givesaPID control. The PID controller is probably the
most versatile and most commonly used of the traditional analog controllers. By varying
the relative weighting of the proportional, integral and differential contributions to the
control signal (that is by adjusting their respective sgnd gain), an optimal controller may
be obtained. The block diagram of atraditional analog PID controller isshown in Figure
3.2. A PID controller is the type of controller that was originally implemented for the

purpose of controlling the horizontal position of the plasmawithin the STOR-M
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Figure 3.2 An andog Proportional-Integral-Derivative (PID) controller.

tokamak, and one of the main objectives of the work presented in this thesis was to
improve the performance of this controller.
3.2 Analog PID Position Controller

Various design techniques for PID controllers are well established as control
systems engineers have studied these systems for decades. References [56-58] provide
very good information and analysis of these controllers, dthough there are countless
other referencesfrom which to choose. In order to use aPID controller most effectively,
consideration must be given to the system to be controlled, the actuatorsthat are to affect
the control, and the sensors that will detect the behaviour of the system being controlled.
Each of these subsystems is represented by a transfer function, and these transfer
functions can be substituted into the respective blocks of Figure 3.1. Inthisway, a
complete model of the entire system is obtained. The modelling of each of these
subsystems, that is, the determination of their appropriate transfer functions, will be
discussed in the next section.

Once the system model has been obtained, the analog PID controller must be
optimized. In essence, the optimal design of a PID controller involves the determination
of the values of the controller gains, Kp, K; and K, such that the properties of the plant

that are to be controlled are controlled as desred. There are several wel-established
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techniques for accomplishing thistask such as the “root locus’ technique or the “state-
space” approach, and again the author refers the reader to References [56 -58] for further
information on these approaches. It should aso be pointed out that when designing a
controller, one must not be only concerned with the system performance but also with the
system stability.
3.2.1 System Modeling

In order to optimally design aPID controller, one must first have a model of the
system to be controlled; as mentioned above, thisincludes not only the plant but also the
sensors and the actuators. Typicaly the determination of the respective models (transfer
functions) requires the linearization of the behaviour of each subsystem. From the
discussion in Chapter 2 it should be evident that for asystem such as a tokamak, thisis
not atrivial process. An additional point that must be mentioned is that a PID controller
is optimized based on a particular system model. If the parameters of the system change,
the PID controller will no longer be optimally configured. Thus, the optimal design of a
PID controller requires that the system being controlled is both linear and time-invariant;
that is, the system must be aLinear Time-Invariant (LTI) system.

Obtaining a complete system modd for acomplicated device such asthe STOR-
M tokamak isextremely difficult. Making several simplifying approximations, however,
can make the task manageable. 1nthe design of the existing PID controller used to
control the position of the plasma column in STOR-M two major assumptions were first
made. The first assumption that was made in the design of the existing PID controller
used for STOR-M isthat the system isin fact atime-invariant system. This

approximation is reasonable during the steady state of the normal mode of operation;
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however, it fails completely during A.C. operation. Thus, the existing analog controller
that had been previously designed is only suitable for use during normal mode STOR-M
operation. It should be pointed out, however, that the designer of the existing PID
controller did not have A.C. mode STOR-M operation in mind while designing the
controller. Thesscond assumpti  on that was made in the design of the existing PID
controller was that the system could be modelled by aset of linear ordinary differentid
equations. Thisassumption isalso not grictly valid for STOR-M, but if one restricts the
analysisto small perturbations around the equilibrium, then this approximation becomes
less unreasonable. Using these two approximations, the system transfer functions for
STOR-M were obtained by Emaami-Khonsaari [15], and it was based on this analysis
that the existing and og PID controller was developed. The reader isreferred to
References[15,21] for acomplete description of the system modelling that was
performed in the design of the existing PID controller.

The existing anaog PID controller was designed and implemented based on the
analysis of the major radia force equilibrium presented in Chapter 2, and the
approximation that for the STOR-M tokamak they, along with the sensors and actuators
could betreated asan LTI system. Since this controller was based on only partially valid
approximations, its performance is not very good unless the controller gains are
empirically tuned. Thisisarather tedious and time-consuming process, often requiring
several weeks. The problem of the control of the horizontd plasma position in STOR-M
is further compounded by the fact that the existing anal og controller is only capabl e of
providing optimal control (or near optimal control) when the system parameters are near

their equilibrium values. Thus, the problem arises asto how to arrive at the equilibrium
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with acontroller that isincapable of providing good control away from the equilibrium.
Using asignal generator to pre-program the control signd during theinitid stages of the
STOR-M discharge initially solved this problem. With thistechnique, the PID controller
would be switched on once the discharge reached the steady state.
3.2.2 Existing Hardware | mplementation

The original analog PID controller circuit is shown in Figure 3.3 and Figure 3.4.
This controller has asingle input and asingle output. The input, the plasma position
signal, is determined from the circuit that was described in Section 2.4. Thefirst stage of
the PID controller calculates the error sgna by comparing the plasma postion signd
with the “ Set Point” (the desired valued). The REF input isnot connected. The error
signal is held at zero at all times except for a 100-ms control window during the
discharge. Thiswindow is delayed from the positive going edge of the trigger signal by a
4-msdelay. During the control window the error signal is split into three paths. Thefirst
path multipliesthe error sgnd by the proportional gain. The proportiona gain can be
adjusted by aten-turn potentiometer to take any value in therange: —1.7 < Kp < 0.0.

The second path performs the integration and has the following transfer function:

Vio K
E 15+l

(3.1
That is, the output is essentially given by the average of theinput signal taken over the
timet, [59]. Thisdiffersfrom pure integration in that an integrator ideally averages over
an infinite amount of time. This circuit implementation has the advantage, however, of
eliminating or reducing the output drift voltage offset that results from both the input

offset voltage and the input bias current of the active integrator. The integrator aso

features areset that is active outside of the control window. In fact, theintegrator isreset
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whenever the Tp signal is low. Like the proportional gain, the integral gain of the PID
controller can be adjusted by aten-turn potentiometer over the range: -467 < K, <-2.7.
Thetime constant of thisintegrator is. T, = 5.6 ms.

The third path performs the differentiation, and has thefollowing transfer

function.

Vv, K oS
Vo _ 3.2
E (32

(tous+1)(to.5+1)
Note that this modified form of differentiation is used in order to help reduce the
sensitivity to noise. This modified form of differentiation reducesto ideal differentiation
in the case where 1p; and 1p, are much smaller than the discharge time, asthey may then
be neglected. Both the gain and the time constant of the differentia branch can be
adjusted. The gain can only take the following vaues: Kp = -12 x [107, 10, 10°, 10].
The time constant, Tp;, can be adjusted using aten-turn potentiometer over the range:
(0.47 ms< Tp1 < 20ms) x [10°, 107, 10%, 10| depending on the value of the differential
gain. Thetime constant, Tpy, isfixed at 0.12 us.

The proportional, integral and differential signals are then passed through unity
gain buffers before being summed by an active mixer. In order tofacilitate the pre-
programming of the initial stages of the discharge, an additional input to the mixer is
provided; this input is used to apply an externally generated waveform, as discussed
earlier. Finally, the summed signal is passed to avariable gain active mixer where it is
added to aDC Biaslevd. Appropriate adjusgment of the DCBias level facilitatesthe
breakdown of the hydrogen gas filling the discharge chamber by helping to compensate

for stray fields. The gain of this active mixer can be adjusted by aten-turn potentiometer
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from: 4.2 < K< 0.0. Theresulting signd is the control signd, u(t), andis passed on to
the actuator circuit.

The actuator circuit uses abipolar, 30 V, battery bank and atransistor array
designed to supply +800 A in 10 A steps. This system was proposed in Reference [15],
and the reader isreferred to that reference for a complete description of the circuit
implementation. The transfer function of this actuator is approximately given by [15] as:

G,=w = Ko pyn 3.3)
U Q+r1,9

Equation 3.3 appears to represent a LTI system; however when one considers that the
response time of the actuator, 15, is approximately given by [15] as:

L
,=—%F s (3.4)
Ry + "

n
where Lyvr and Ry are respectively the inductance and resistance of the vertica feedback
windings, Res isthe effective load resistance, and n isthe number of transistorsthat are
switched on at a particular instant, then it becomes clear that thisisonly an LTI system if
T, along with the relevant circuit inductance and resistances are assumed to be constant.
Figure 3.5 showsthe actud response of the actuator circuit for different magnitudesof a
sguare wave control sgnd, u(t). It should also be no ticed from Figure 3.5 that the time
constant of the actuator circuit ismuch shorter during the decay phase thanitis during
the storage phase for this actuator, another nonlinearity that is difficult to model and was,
therefore, neglected in favour of obtaining the simple model described by Equation 3.3.
It should also be pointed out that given the non-constant and relatively long rise time of

the actuator circuit, asindicated in Figure 3.5, any digitd controller designed for use
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Figure 3.5 Evolution of the vertical feedback current, |y, for various values of the
magnitude of a square wave control signd, u(t).
with STOR-M will be capable of providing agood quality of control over the horizontd
position of the plasma columnin STOR-M as long as it can arrive at acontrol decison
faster than the actuator can implement it; hence, the choice of 800 puswas made as the
maximum time permitted between successive control decisonsas outlined in Section 2.6.
Furthermore, it should be pointed out that the actuator circuit isnot actually capable of
supplying +£800 A; rather, it saturates at around Iyg = £350 A. This represents another
nonlinearity of the circuit that was not included inthemodd for the sake of simplifying
the design of the existing ana og PID controller.

Given the difficulty associated with modelling this relatively simple actuator
device, it is not surprising that obtaining a practical model of a complicated device, such
asthe STOR-M tokamak itself, or even the control of the horizonta position of the

plasma column within the STOR-M tokamak, isavery difficult task. Clearly, if ahigh
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quality controller could be developed that would not rely upon amode of the system
under control, then this controller would represent a great advantage over the traditional
analog PID controllers. A fuzzy logic based controller is such a controller; thisisthe
main motivation for the research presented in thisthesis. For if afuzzy controller is
capable of providing a high quality of control over the horizontal position of the plasma
column in the STOR-M tokamak, then it might be suitable for application to control other
tokamak discharge parameters, and perhaps, more importantly, a fuzzy controller might
be suitable for use on larger, reactor relevant, tokamak devices.
3.2.3 Requisite Hardware Modifications

When STOR-M was first configured for 1.5 cycle, A.C. operation, the ability to
add up to two more externaly generated signals was incorporated into the PID controller
circuit. These signalswere necessary in order to account for the differences in the stray
fields produced during each of the three half cycles. These three, externally generated
stray field compensating signals were each produced using a separatesignal generator.
These signal generators were gated and set to produce a square wave pulse. In order to
obtain a good discharge, the delay, width, and magnitude of each of the three pulses had
to be optimized. It was decided that this process could be made easier if asingle arbitrary
signal generator was developed to replace the three separate signal generators.

The author produced an Arbitrary Signa Generator (ASG) using Borland Turbo
C++ version 3.0 and the PCL-711B data acquistion card (to be described in Section
4.3.1). Inorder to interface this ASG with the existing PID controller, severa hardware
modifications were required. The ASG was designed in such away that not only wasit

capable of outputting an arbitrary waveform, but it also had a VETO signal which could
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be used to override the output of the PID controller by forcing the Tp signal to be low.
As mentioned, whenever the Tp signal is low, the integrator of the PID controller isreset.
In thisway the arbitrary waveform can either be added to or completely replae the PID
control signal, a feature that was not present in the existing PID controller circuit. The
modified PID control circuit isshown in Figure 3.6 and Figure 3.7. It should be pointed
out that three undergraduate students performed the modifications made to the PID
controller as part of the EP 425.3 course offered at the University of Saskatchewan.
These modifications were reported in [60] and are repeated here for completeness. This
work was guided in part by the author.

The arbitrary waveform was passed through the final stages of the PID controller
by using the original external signal input connection. Appropriate logic was
implemented so that the VETO signal produced by the ASG could disable the PID
controller at any time during the discharge. As can be seen from Figure 3.6, the PID
controller only operates when the VETO signal islow and T is simultaneously high.
Figure 3.8 shows the time evolution of the relevant signals of the modified PID
controller. From Figures 3.3, 3.4, 3.6 and 3.7 it should also be clear that the
modifications made to the existing PID controller were made in such away that the
modifications could be completely reversed smply by throwing a switch: the mode
switch. Furthermore, these hardware modifications permit the implementation of any
type of digital control algorithm simply by replacing the ASG program with an
appropriate control algorithm. Inthe case of the research presented in this thes's, afuzzy

logic based controller was implemented and will be discussed in detail in Chapter 4.
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3.3 Performance Validation

The performance of the modified PID controller was verified offline using the
ASG program written by the author. During this round of testing the performance of both
the modified hardware and the PCL-711B itself were verified. The modified PID
controller was installed in aNIM crate, and the various signal lines were connected toit.
The VETO signal was connected to channel 14 of the digital output port of the PCL -
711B, and the Digital D1 signal was connected to the digital to analog converter port of
the PCL-711B. The ASG program operated on a PC 486 — 66 MHz, in which the PCL -
711B was installed.

With the mode switch set for digital, the gains and the offsets of the modified PID
controller were adjusted and the output calibrated. The and og output of the PCL-711B
varies from 0 V to 10 V; thus, the Digita Offset had to be adjusted in order to permit
D1A tovary from-5V to 5V. Thiswasaccomplished by setting the PCL-711B to
output 5V and adjusting the Digital Offset until the D1A signal was0.00 V. The digital
gain, Kgg, Was then adjusted such that D1A became 5.00 V when the PCL-711B was set
to output 10 V. After thisadjustment, it was verified that D1A was still 0.00V when the
PCL-711B was set tooutput 5V and dso that D1A was equa to —5.00 V when the PCL -
711B was set to output O V. The pacer dock of the PCL-711B data acquisition card was
set a 25 kHz. The ASG program was triggered by atrigger signal connected to channel
0 of the PCL-711B; the triggering of the PCL-711B will be discussed further in Section
4.3.1.

The next step of the validation of the performance of the modified PID controller

was performed in order to ensure that the logic associated with the VETO signd was
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working well and also to ensure that the ASG program did in fact function as intended.
With this in mind the ASG program was set to override the PID controller after adday of
about 40 ms from the time that the modified PID controller wastriggered. After this
delay, the VETO signal would then alternate between high and low, staying in each state
for about 6 ms. During thistime, the ASG program was set to output a bipolar square
wave train having a magnitude of 0.5V, aperiod of 2 ms, and aduty cycle of 50%. The
relevant signals of the modified PID controller are shown in Figure 3.8. Figure 3.9 shows
signals during the time interval just before, during, and just after the arriva of the trigger
pulse.

In Figures 3.8 and 3.9it can be seen that themod ified PID controller behaves as
designed. Thedelay T1 goes high 677.6 s after the trigger to the modified PID
controller, TRIG, goeshigh. Thesignal Tp (enable/reset) goes high 6.8 psfrom the
falling edge of T1. Notethat Tp goes high because the VETO (TD2) was initially set to
be low by the ASG program. About 3.0 pslater, the control signal, u(t), then begins to
become nonzero; that is, it is attempting to control the position of the plasma column.

After the pre-programmed delay of about 40 ms, as mentioned above, the ASG
program setsthe VETO (TD2) high. Figure 3.10 shows azoomed in view of the relevant
signals during a 10 ms window surrounding this transition. Within about 0.2 psthe
signal T, (enable/reset) goes low, asindicated in Figure 3.10. The ASG program setsthe
output signal (D1A) to 0.5V within 21.0 usof TD2 being set high. It can also be seeniin
Figure 3.10 that as the square wave pulse output by the ASG goesfrom0.5V to -0.5V,
the control signal goesfrom: u(t) = 0.5V to u(t) =-0.5V within 0.8 us, essentially

instantaneously when one cons ders the response time of the actuator circuit.
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Thistest was repeated several times (as were several variations of it), and in every case
the modified PID controller performed as expected, with little deviation from the results
just presented; that is, the ASG program and the modified PID controller reliably and
repeatedly functioned as desired.

Having successfully verified the performance of the modified PID controller
hardware as well as the interface between the PCL -711B and the controller, the modified
PID control system was ready to be put into service. The modified PID controller was
applied to both the normal and A.C. modes of STOR-M operation with the use of the
ASG software. The performance of the modified PID controller will be discussed in
detail in Chapter 5.

3.4 Summary

The existing and og PID controller used to contral the horizontd postion of the
plasma column inthe STOR-M tokamak has been described. In particular the operation
of an analog PID controller has been considered and its applicability to the problem of
controlling the position of the plasmain STOR-M examined. Some drawbacks, or
limitations, of this approach were presented and a possible solution to these drawbacks
using adigital computer was proposed. The implementation of this solution and the
requisite hardware modifications were also discussed. Finally, the performance of the
modified hardware was validated, and the modified PID controller was shown to be

suitable for service on STOR-M.
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4. FUZZY CONTROLLER

4.1 Overview

To overcome the difficulties inherent in controlling a system that is both non-
linear and time varying, a controller based on fuzzy logic was implemented. Fuzzy
controllers are known for their ability to provide very good control of thistype of system
[84]. Fuzzy controllers are particularly suited to applications whereit is not necessary to
find the global optimum solution, that is, where a near optimum solution is sufficient.
Thisisthe case here. Fuzzy controllers have their origin in the concept of fuzzy sets,
which was first proposed by Zadehin 1965 [81]. The concept was quickly expanded and
there exist today extensive theories related tofuzzy sets and ther corresponding fuzzy
logic. While mathematically more complicated than classical sets, fuzzy sets provide a
more natural representation of the world.

The notion of agroup of objects, or set, is second nature to us; we are used to
thinking of things as belonging, or not belonging, to a particular group. It wasfrom this
everyday experience that classical set theory was born. According to classical set theory,
there are only two possibilities; either an elementx does or does not belong to aset A.
Our everyday experiences, however, tell usthat the world is not so easily described.
Most often, an element x is more accurately described as only partially bel onging to a set
A; that is, the element x has some degree of membership in aparticular set. Furthermore,
the degree with which a particular element belongs to a given set may be somewhat

subjective. Consider as an example the statement “Thisroom is cold.” According to
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classical set theory for any room there can only be two possibilities. Either theroom is
“cold” or it is“not cold.” Fuzzy settheory is more general. One person may say that the
room s “cold,” while another person may claim that the roomis merely “cool,” that is; it
is neither “cold” nor “not cold,” but instead it isabit of both. Fuzzy set theory providesa
mathematical tool for implementing the reality that the temperature of aroom might be
deemed cool, in which case it only partially belongsto the set of “cold” rooms. Fuzzy set
theory is merely ageneralization of classical set theory. While fuzzy sets permit amore
realistic representation of reality, they present a higher computational burden, and thus
they are not suited for every application.

Classical setsaretypically represented either by listing all of the elements of the
set or by stating some membership rule. According to the listing method, al of the non-
zero elements of a particular set arelisted. For example, aset A may be described by:

A={x1,x3,x5,x6} (4.2

The order in which the elements are listed is not important, and each element should be
listed only once. The same set can also be described by a membership rule, where the
members of the set are any elements that satisfy one or more properties [84]. For
example, using the membership rule method, the set A could equivalently be described
by:

A= {x|x satisfies some property or properti es} (4.2)
which reads A contains all elements x such that x satisfies some property or properties
[84]. A classicd setis said to becrisp since its membership function can only take on

two values; O or 1.
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Like classical sets, afuzzy set can also be described by some membership rule or
rules, typically referred to as the membership function. Unlike classical sets, however, a
fuzzy set cannot in general be described by simply listing the elements of the fuzzy set, as
every element does not necessarily belong wholly to any set. Thus, in order to describe a
fuzzy set by listing its elements, an ordered par consisting of the element x and its degree
of membership in A isused. Inthisway the fuzzy set A representing the classical set A
would be described by:
A= {(Xl 11)1 (Xs 11)1 (Xs 11)1 (Xs 11)1} (4.3
However, given the increased flexibility of the fuzzy set, it may be morerealistic for the
fuzzy set A to be written as:
A ={(x,.2), (x,,0.3), (x;,0.95), (x;,0.8), (x,.1)} (4.4)
Thus, the fuzzy set A provides a more accurate picture of the domain over which it is
defined. Notethe inclusion of x;, in A that was excluded from A.
A fuzzy set could be equivalently described by its membership function as

follows[88]:

A ={(cma 0)x0 A, (0o} (45)
where p, (x) is the membership function that describes the degree of membership of
element x in the fuzzy set A and which can take any valueintherange [0,1]. Equation
4.5 readsthat A containsall elementsx, to adegree i, (x) such that x satisfies some

property or properties, and the degree of membership lies somewhere in the range of red
numbers from 0 to 1 inclusive. Thus, afuzzy set may be thought of as afunction defined
over adomain A that maps A into the range [0,1]. In the case of a cdlassical set, the

membership function is:
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It should be pointed out that in thisthesis upper case letters are used to denote all
sets, with fuzzy sets being distinguished from classical sets by the use of boldface type.
It should also be mentioned that the membership function of a fuzzy set is often referred
to asits characteristic function. Furthermore, it is customary for the membership
function to be normalized, so that at least one x [ A attains the maximum degree of
membership of 1. All of the fuzzy sets described in thisthesis, with the exception of the
aggregated fuzzy set described in Section 4.2.2, are normalized. Aswith classical set
theory, fuzzy set theory includes rules describing the relationship between fuzzy sets.
Properties such as the conjugate of afuzzy set and theunion and the intersection of two
or more fuzzy sets are defined, and in the special case of crisp fuzzy sets, these rules
yield the same results as their classical counterparts. For a more detailed discussion of
fuzzy set theory the reader is referred to References [81-88].

4.2 Fuzzy Plasma Position Controller

Rather than discussing the properties of a fuzzy controller for asimple arbitrary
system, the actud plasma position controller developed by the author will be presented.
Like the PID controller discussed in Chapter 3, the fuzzy controller developed uses the
plasma position signal, discussed in Section 2.4; however, unlike the PID controller, it
has a second input, the plasma current signd, discussed in Section 2.2,

In fuzzy control theory, an input variable is converted into afuzzy variable by a
process known as fuzzification. Each fuzzy variable consists of agroup of fuzzy sets.
For example, in the plasma position controller that isto be described here, the plasma

current will be one of the inputsinto the fuzzy controller. The plasma current can be
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described by agroup of partially overlapping fuzzy setssuch as TINY, SMALL,
MEDIUM, and LARGE, with each set having its own membership function. Inthis
way, for any given value of the plasma current, the degree to which it belongs to each of
these sets can be determined, and a control decison based on thisinformation can be
obtained. Typical fuzzy controllers have about three to seven fuzzy sets per fuzzy
variable [84]. While the membership function of each fuzzy set may take any suitable
shape, it iscommon to restrict the membership functions to triangular, trapezoidal or bell
shaped functions in order to reduce the computational burden required to determine the
degree of membership associated with a particular value of the input variable, such asthe
plasmacurrent [84]. In thisthesis, only triangular membership functions wereemployed
for the fuzzy sets associated with the input variables. The fuzzification of the two input
signalsisdiscussed in Section 4.2.1.

Once the input signals are obtained and fuzzified, the fuzzy logic rules can be
applied. Inthe control agorithm presented here, the fuzzy logic rules take the form of if-
thenrules. The fuzzy logic rules employed in this controller will be discussed in further
detail in Section 4.2.2.

After application of the fuzzy logic rules, acontrol decisonismade. Thiscontrol
decision isin terms of the fuzzy output variable and is described by the aggregated
membership function to be discussed in Section 4.2.2. Essentidly, each of thefuzzy sets
that make up the output variable will have some degree of membership associated with
them. Thus, it is necessary to have some defuzzification method. The defuzzification
algorithm essentially decodes or maps the control decison from thefuzzy variabletoa

crisp value of the control signd. The choice of defuzzification agorithm is not unique
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[84]. For thecontroller described herea novel defuzzification algorithm was
implemented which is computationally efficient. The defuzzification algorithm will be
discussed in detail in Section 4.2.3.

4.2.1 Membership Functions

The fuzzy controller designed to control the horizontal position of the plasma
within the STOR-M tokamak has two inputs and one output. The inputs are the
horizontal plasma position, AH, and the plasma current, |, with each of these inputs
corresponding to afuzzy variable. The output isthe control decison, u(t), andit aso
corresponds to afuzzy variable.

The fuzzy variable associated with the plasma current consists of seven fuzzy
sets: LARGE NEGATIVE, MEDIUM NEGATIVE, SMALL NEGATIVE, TINY,
SMALL POSITIVE, MEDIUM POSITIVE, and LARGE POSITIVE. The
membership functions making up the plasma current fuzzy variable are shown in Figure
4.1 (also Figure B.1). The fuzzy controller used the same plasma current membership
functions during both normal and A.C. operation of STOR-M.

The fuzzy variable associated with the plasma position signal aso consists of
seven fuzzy sets: FAR OUT, OUTSIDE, JUST OUT, VERY GOOD, JUST IN,
INSIDE, and FAR IN. Asaresult of the stray fields being different when the plasma
current is negative than they are when the plasma current is positive, it was necessary to
have two definitionsfor the plasma postion fuzzy variable during A.C. operation of
STOR-M. The membership functions that make up the fuzzy variable plasma position
when the plasma current is positive is shown in Figure 4.2 (also Figure B.2), and those

for the case when the plasma current is negative are shown in Figure B.3. Thereversa in
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the order of the fuzzy setsis due to the change in the direction of the plasma current, and
hence, the direction of the Lorentz force acting on the plasma column. Since it was
necessary to implement two definitions of the fuzzy variable for A.C operation of STOR-
M, it was decided that this could be taken advantage of in order to provide fine control
during normal operation. Thiswas accomplished by aso using two definitions of the
fuzzy variable representing the plasma position in normal operation. In order to
accomplish this, the normal mode discharge was broken down into two regions:. the
transient region and the steady-state region as was discussed in section 2.4.1. During the
transient region the same membership functions as those used for the plasma position
when the plasma current was postive in the A.C. mode of operation were used. The
membership functions used during the steady-state region are shown in Figure B.4.

The fuzzy variable representing the control decison consists of eight fuzzy sets:
HIGH POSITIVE, MEDIUM POSITIVE, SMALL POSITIVE, TINY, SMALL
NEGATIVE, MEDIUM NEGATIVE, HIGH NEGATIVE, and DC BIAS. Aswith
the fuzzy variable representing the plasma position, it was necessary to use two
definitions for the control decison variable during A.C. operation of STORM. The
fuzzy membership functions used for the positive half cycle of A.C. operation are shown
in Figure 4.3 (also Figure B.5), while those used for the negative half cycle are shownin
Figure B.6. Thefact that it was necessary to implement two definitions of the control
decision variable for A.C. operation was exploited by having a separate group of control
decision membership functions for the transient region and the steady-state region during
normal operation. The membership functions used during the transient region were

identical to those used during the positive haf cycle of A.C. operation. The membership
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functions used during the steady-state region are shown in Figure B.7. The
implementation of the fuzzy sets is based upon that presented by Rao and Rao [89].
4.2.2 Fuzzy Logic Rules

Having determined the shape of the membership functions, the number of fuzzy
sets representing each of the fuzzy variables, and the supporting intervals, or domains, for
each of the sets, the fuzzy representation of the control parameters, the inputs and the
output, iscomplete [84]. The next step in the design of the fuzzy logic based controller
was the determination of the fuzzy if-then inference rules. The architecture of thefuzzy
logic controller described in this thesisis primarily based on that presented by Bojadziev
and Bojadziev [84]. The number of fuzzy rulesthat are required is equal to the product
of the number of fuzzy setsthat make up the each of thefuzzy input variables. For the
fuzzy plasma position controller described here, the input variable representing the
plasma current consisted of seven sets, as did the input variable representing the plasma
position. Thus, 7x7 =49 fuzzy ruleswere required. The suitable choice of these rules
requires the knowledge and experience of someone who is familiar with the behaviour of
the system to be controlled. Thefuzzy inference rules are organized in adecison table as
shownin Table4.1.

As an example of how to read the decision table, consider the following example.
Suppose that at some sampling interval during the positive half cycle of A.C. operation,
the plasma current is measured to be 8.2 kA and the plasma pasition is measured to be
0.38 cmoutside. As can be seen in Figure 4.1, evaluation of the membership functions
making up thefuzzy input variable representing the plasma current shows that the current

value of the plasma currentis SMALL POSITIVE to degree ,  =0.20, and
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Table 4.1 Fuzzy decision table.

Large Medium Small Small Medium Large
Negative | Negative | Negative Tiny Positive | Positive | Positive
(O]
g i , ,
£ 2| DCBias | DCBias | DCBias | DC Bias Medium | High Hign
o) Positive | Positive | Postive
S i igh High
| pCBias | DCBias | DCBias | DC Bias | Medium | Hidl '9
8 Positive | Positive | Positive
S [ i High
% @ | pcBias | DCBias | DCBias | DCBias | ST | Medium 'd
il 8 Positive | Positive | Positive
>3 . . . . Small Small High
T 5 S
< $ g| PCBias | DCBias | DCBias | DCBIsS | pgive | positive | Positive
(O] .

B 2| DCBias | DCBias | DCBias | DCBias | Tiny Tiny | Medium
HE— Positive
() .

5= . . . . Small Small Medium
g DCBias | DCBias | DCBias | DC Bias Negative | Negative | Positive
(O] .
5 O . . . : Small Small Medium
L g DCBias | DCBias | DCBias | DC Bias Negative | Negative | Positive
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MEDIUM POSITIVE to degree 1, =0.45. Thisvalue of plasma current corresponds

to a degree of membership of zero in all of the other fuzzy sets making up thefuzzy
variable representing the plasma current. During the same sampling interval, evaluation
of the membership functions making up thefuzzy input variable representing the plasma
position shows that the current vaue of the plasmapostionis JUST OUT to degree

Hue,, =0.21, and OUTSIDE to degree [, =0.79, ascan be seenin Figure 4.2. This

value of plasma position corresponds to a degree of membership of zero in all of the other
fuzzy sets making up thefuzzy variable representing the plasma postion.

The fuzzy rulesthat this particular combination of inputs correspond to are
highlighted in the decision table shown in Table 4.1 and can be read from the decision
table by finding the intersection of the column associated with thefuzzy set of interest
corresponding to the plasma current, with the row associated with the fuzzy set of interest
corresponding to the plasma position. For example, therule “if the plasmacurrentis
SMALL POSITIVE and the plasma position is JUST OUT SIDE then the control
decisionisSMALL POSITIVE” can befound on the decison table shownin Table 4.1
by finding the intersection between the column associated with the SMALL POSITIVE
fuzzy set corresponding to the plasma current with the row associated with the fuzzy set
JUST OUT SIDE corresponding to the plasma position. At this intersection isthe output
decision SMALL POSITIVE. However, it must be pointed out that the degree to which
the control decision bd ongs to thesetSMALL POSITIVE still must be determined.

For every sampling interval, the degrees of membership of the present value of
both the plasma current and the plasma position must be evaluated for each of the fuzzy

sets that make up their respective fuzzy variables. This processforms the largest
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computational burden of the fuzzy logic control algorithm. The desire to reduce this
computational burden was the primary reason for the decision to use triangular
membership functions exclusively for the input variables in the controller described here.
Fortunately, as can be seen in Figure 4.1 and Figure 4.2, none of the fuzzy input variables
have more than three fuzzy sets overlapping for any actual value of the input variable.
Thus the degree of membership of the current vdue of theinput variables in most of their
fuzzy setswill be zero. By taking advantage of thisfact, the computation of the degree of
membership in each set is accelerated, as the degree of membership for only those sets
for which the degree of membership will be nonzero are computed. In addition, this fact
isalso used to speed up the evaluation of the fuzzy inference rules, as only those rules
that correspond to nonzero values of membership functions need to be evaluated. Thatis,
there will be at most only nine fuzzy inference rules that fire (need to be evaluated). The
fuzzy logic controller described in this thesis only evaluates those rules that are fired at
each sampling interval,

In following the above example we have the rule “if the plasmacurrent is
SMALL POSITIVE and the plasma position is JUST OUT SIDE, then the control
decisionisSMALL POSITIVE.” Infuzzy logic the min operator defines the
conjunction, or intersection, of two fuzzy sets[83]. Thus, if we define the rule strength

a, ; of the application of aparticular rule as:

o = min(l‘lla 1“AHJ) (4.7)
where i O[LP,MP,SP, T,SN,MN, LN] corresponds to the fuzzy sets that make up the

fuzzy variable associated with the plasma current, and j O[FO,0,JO,VG,JI,I,Fl]

corresponds to the fuzzy setsthat make up the fuzzy variable associated with the plasma
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position, then for the rule being considered, ag, ,, = min(0.20,0.21) = 0.20.

Furthermore, it isclear that for all the ruleswhere at least one of the degrees of
membership in the corresponding fuzzy sets are zero the min operator will produce a
result of zero, and therefore, these rules do not need to be analyzed. The intersection of
the ™ column and the | row of the decision table contains the corresponding fuzzy
output decision. Therule strength table is formed by substituting in the result of
Equation 4.7 for each of thei equals one to seven (the number of fuzzy sets making up
the fuzzy variable representing the plasma current) columns and the j equals one to seven
(the number of fuzzy sets making up the fuzzy variable representing the plasma position)
rows of the decision table. Since most of the cells will contain zero, only the nonzero
values need to be evduated. The rule strength table corresponding to our example is
presented in Table 4.2.

Table 4.2 Fuzzy rule strength table.

lp

LN | MN | SN | Tiny SP MP LP

FO| O 0|0 0 0 0 0

olo|0|o0| 0 |mn020p )| mn02Lp, )| 0

O[0] 0 /|0] 0 | mn(20u,,) | mn045u,,. )| O

5 |vG|o| o]0 O 0 0 0
Jlo|o|o]| o 0 0 0
Il ol o|o]| O 0 0 0
FFlo|lo|o0]| O 0 0 0
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The question of what the fuzzy control decision should be remains to be
answered. According to Bojadziev and Bojadziev [84], the control decison that results
from each rule is given by the conjunction operation applied to the rule strength and the
conclusion of the if-then statement; that is:

control decision = min(o(; Ky ¢, ) (4.8)

where k O[HP,MP,SP, T,SN,MN,HN,DCB] correspondsto the fuzzy setsthat make
up the fuzzy variable associated with the control decison. It should be pointed out that in
Equation 4.8 the min operation is being performed on anumber and amembership
function. For the rule being considered:

control decision = Min(0lgs 50 My (g ) = MIN(0.20, 1y ). (4.9)

This is shown graphically in Figure 4.4awhere the control decison is represented by the
shaded trapezoid. The result isa clipped fuzzy set, or more accurately anonnormalized
fuzzy set. The control decisonsfor thefour rulesthat have fired in our example are
shown in Figure 4.3. In order to combine the results of the rulesthat have fired, the fuzzy
sets of the output fuzzy variable are aggregated using the max operator [84]. Inthe case

of our example thistakes the form of:

oo = _ _ _ (4.10)
max(mln(O.ZO,uu(t)Mp), m|n(0.2L Hu(). ) m|n(0.20, M) ) m|n(0.45, uu(t)w))
where |, isthe overall, aggregated, membership function of the fuzzy output variable.

Here, the max operator is being performed on the fuzzy sets, and the resultis shownin
Figure 4.4b. Inorder to arrive at a crisp value for the control decision, this aggregated

fuzzy membership function must now be defuzzified.
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Figure 4.4 Fuzzy rule evaluation (a), and the formation of the aggregated fuzzy
membership function (b).

4.2.3 Defuzzification

Once the aggregated fuzzy set representing the fuzzy output variable has been
determined, an actual crisp control decision must be made. The process of decoding the
output to produce an actua value for the control signal isreferred to asdefuzzification.
For the control agorithm presented here, the primary god was to obtain a high quality
control decision in acomputationally efficient manner. Asaresult, anove
defuzzification algorithm based on the center of gravity defuzzification technique [84]
was implemented. This novel, approximate center of gravity defuzzification agorithm is
described below.

In the center of gravity defuzzification technique, the crisp value of the output is
given by the center of gravity of the aggregated membership function, thet is, the
horizontal component of the geometric center of the aggregated fuzzy membership
function shown in Figure 4.4b. An approach similar to thiswas implemented here.
Rather than applying Equation 4.9 to obtain an overall aggregated membership function,
the max operator was applied separately to each of the fuzzy sets making up the fuzzy
output variable for which the degree of membership was nonzero. Thus, instead of

obtaining a single aggregated membership by applying Equation 4.9, there wereas many
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membership functions obtained as there were nonzero fuzzy sets making up thefuzzy
output variable. Each of the resulting membership functions istrapezoidal. The final
aggregated membership function consisted, then, of these membership functions which
were allowed to overlap. Thefinal control decision was obtained by finding the center of
gravity of this modified aggregated membership function. The primary differences
between this technique and the center of gravity technique lie in the overlapping of the
fuzzy setsaswell asthe ease of computation. As aconsequence of the overlapping of
fuzzy sets, the crisp output decison will be pulled towards those regions in which thereis
overlap. Inaphysical system, the overlapping of two fuzzy setsis equivalent to a
doubling of the mass density of the overlapping regions. While it is not grictly correct to
have an aggregated fuzzy membership function that consists of overlapping sets, the
result is computationally simple, and intuitively sensible.
4.3 Implementation of the Fuzzy Controller

The fuzzy logic controller described here was entirely designed, implemented,
and evaluated by the author. The fuzzy controller was implemented in hardware using a
data acquigtion card, to be discussed in Section 4.3.1.1, asthe interface between the
controller and the sensors and the actuator. A block diagram of the fuzzy control sysem
that was developed is shown in Figure 4.5. Clearly, thefuzzy controller forms a closed
loop control system. One of the design requirements imposed upon this fuzzy controller
wasthat it be implemented without disturbing the existing control system. This
restriction and the required system modifications were discussed in section 3.2.3. All of

the software required to implement thefuzzy controller and to interface with the data
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acquisition card was produced by the author, with the exception of the dataacquisition
card’ sdrivers, which were supplied by the manufacturer of the data acquistion card.
4.3.1 Hardware |mplementation

The hardware implementation of the fuzzy logic based controller was facilitated
by the modifications made to the existing andog PID controller, as was discussed in
Section 3.2. The fuzzy logic based plasma position controller consisted of the Advantech
PCL-711B data acquigtion card which was placed in a 486 PC operating at 66 MHz
running in DOS mode. The PCL-711B has one 16-bit digital input port, one 16-bit
digital output port, eight 12-bit resolution analog to digital converters that accept single-
ended analog inputs, asingle 12-bit resolution digital to analog converter, and an on-
board programmable pacer clock. For greater detail about the PCL-711B and itsdrivers
the reader isreferred to References[90 and 91].

For the fuzzy plasma position controller, three analog inputs were used. The
plasma current signd, discussed in Section 2.2.2.1, was connected to channd 1 of the
analog to digita converter port. The plasmaposition sgnd, discussed in Section 2.2.2.3
and Section 2.4, was connected to channel 2 of the analog to digital converter port. The
third analog signal that wasinput to the PCL-711B was atrigger signal, which was
connected to channel O of the andog to digitd converter port. The trigger sgna was
connected to an analog to digital converter rather than adigital input port sothat a
suitable trigger threshold could be set. The magnitude of the trigger signal istypically
about 3.2V but may beaslow as2.2 V. The trigger threshold of thefuzzy logic based

plasma position controller wasset to 1.5 V.
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The fuzzy controller had two outputs: adigital output and an analog output. A
digital output signal was used asthe VETO signal, asdiscussed in Section 3.2.3. The
analog output was the control sgnal, u(t), which was sent to the actuator circuit discussed
in Section 3.2.2. The digital to analog converter of the PCL-711B was jumper selected to
have an output range of 0 to 10V, which was offset to a control signal between-5V and
5V aswas discussed in Section 3.3.

4.3.2 Software Implementation

The fuzzy logic based plasma position controller was implemented in software
using Borland Turbo C++ version 3.0. With the exception of the PCL-711B drivers,
provided by the manufacturer, al of the software was written and validated by the author.
In writing the software, every effort was made to produce computationally efficient code.
To this end, the object-oriented structure of C++ was taken advantage of; furthermore,
pointers were used extensively, and memory was allocated dynamically. The result was
computationally efficient, reliable and modular code.

The fuzzy membership functions for the fuzzy sets representing the fuzzy input
variables and the fuzzy output variable were restricted to triangular shaped membership
functions. Prior to beginning the control cycle, thefuzzy controller readsthe
membership information from atext file. Inthisway, the membership functions for each
fuzzy set associated with a particular fuzzy variable could be modified without the need
for recompilation. In fact, as the memory for the fuzzy variables was dlocated
dynamically, the operator was even free to change the number of fuzzy sets used to
define a particular fuzzy input variable. Examples of the text files containing the

definitions of the fuzzy variables are given in Figure B.8 and Figure B.9 for use during
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the normal and A.C. modes of STOR-M operation respectively. The fuzzy controller also
checks for inconsistencies or errorsin the fuzzy variable definition file. At each

sampling interval, every membership function associated with each of the two fuzzy

input variables isevaluated. The fuzzy controller keepstrack of which fuzzy sets have
nonzero degrees of membership for the current value of theinput variables.

The fuzzy logic rules are read into the controller from atext file such as those
shown in Figure B.10 and Figure B.11 for the normal and A.C. modes of STOR-M
operation respectively. The fuzzy logic rulesin thistext file are in theform of the
decision table discussed above. The contral program also checksfor inconsistencies and
errorsin the text file and echoes the decision table to the screen so that the operator can
view it prior to the beginning of the contral cycle.

When the control cycleis operating, the fuzzy logic rules are evauated at each
sampling interval. Since the fuzzy controller keeps arecord of which fuzzy sets have
nonzero degrees of membership during the sampling interva, only thosefuzzy rules that
will result in nonzero rule strength are evaluated. In addition, if more than one of the
fuzzy logic rulesresults in aparticular fuzzy set of the control decison variable, only the
one with the maximum rule strength is recorded, thereby inherently implementing the
aggregation process of the modified center of gravity defuzzification algorithm. The
routine that applies the fuzzy logic rules keepstrack of which fuzzy sets of the output
variable have nonzero rule strength.

The aggregation process of the defuzzification agorithm is perfamed while the
fuzzy logic rules are being applied. After application of the fuzzy logic rules, and the

aggregation process, the modified center of gravity defuzzification technique is applied.

121



Theresulting crisp vaue of the control decision is output by the digital to analog
converter of the PCL-711B. Oncethe control decison has been outputted, the control
cycle recommences with the sampling of the input variables. The control cycle continues
for 250 iterations, approximately 65 ms, after which time a shot counter is incremented
and the fuzzy controller waits for another trigger signal.
4.3.3 Performance Validation

Before the fuzzy controller was applied to control the STOR-M tokamak, its
performance was evaluated using a sgna generator to simulate the plasma position and
the plasma current input sgnals. During theinitial validation procedure, thefuzzy
control algorithm was modified so that it would record the sampled value of the two input
signals and the fuzzy sets to which the input variables had a nonzero degree of
membership, aswell as the corresponding degree of membership. The fuzzy controller
would also record the rule strength for the appropriate rules that fire as aresult of the
input signals and the crisp value of the control decison. The values were recorded in an
ASCII text file. In order to verify the fuzzy control algorithm, the fuzzy values for each
sampling interval were computed using MATLAB and compared with those recorded by
the fuzzy controller. Inevery casethe crisp vaues of the control decision agreed to at
least the 3 decimal place, that is, to the nearest millivolt. For example, when the plasma
position was 4.0 mm inside and the plasma current was 3.5 kA, the fuzzy controller
determined that the control decis on should have been -0.401984 V, while MATLAB
gaveavalueof -0.4020V. Consdering that the digital to anaog converter of the PCL -
711B has 12-hit resolution, corresponding to aresolution of 2.44 mV, thisaccuracy is

more than sufficient.
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Having verified that the fuzzy control algorithm performed as expected, the next
step in the performance validation process was determining the speed of the algorithm.

In order to accomplish this, asignal generator was again used to simulate the plasma
position and the plasma current input signas. During these tests, the trigger sgnal, the
simulated plasma current input sgnd, the crisp output decision signal, and the veto signal
were monitored and recorded using a LeCroy 9314M quad 300 MHz storage oscilloscope
with 8-bit resolution. In addition, the pacer clock of the PCL-711B was programmed to
operate at 25 kHz. Typical results of an entire ssimulated STOR-M discharge are shown
in Figure 4.6. Inthistest, the fuzzy controller, upon receiving atrigger, would raise the
veto signal and then begin the control process until 250 control cycles had been
performed. After the 250" control cycle, the veto signal was lowered, and the fuzzy
controller awaited another trigger signal. From Figure 4.6 it can be seen that the fuzzy
controller required approximately 65 msin order to perform 250 control cycles. This
corresponds to an average of 0.260 ms per control cycle. Asthetypical dischargein
STOR-M lastsfor about 50 ms, the number of control cyclesto perform was deemed
appropriate.

Since the number of fuzzy sets corresponding to each of the input variables that
have nonzero degrees of membership associated with them varies from control cycle to
control cycle, the time required per control cycle will aso change from control cycleto
control cycle. Inorder to get a better view of the range of variation, aswell asthe delay
time between the trigger signal and the beginning of the first control cycle, this second set
of tests was also performed while monitoring only the first 5 ms of the simulated

discharge, thereby increasing the sampling period of the LeCroy 9314M from 10psto
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0.5 pys. Typical results are presented in Figure 4.7. By doing this, it was determined that
the average time from the trigger sgna going high to the time that the VETO sgnal goes
high was 90.5 us, and the time required to complete a control cycle varied from a
minimum of 255.0 psto a maximum of 288.0 us, much less than the maximum permitted
time outlined in Section 2.6. Furthermore, the output signal is quite stable during the
entire control cycle. The small variations seen in Figure 4.6 and Figure 4.7 typicdly have
amagnitude of 0.0625 V, which corresponds to the bit noise of the LeCroy 9314M
storage oscilloscope. Having validated the performance of the fuzzy plasma position
controller on asimulated system, the controller was installed for the next step, control of
the actud plasma postion in the STOR -M tokamak.
4.4 Summary

In this chapter, the fuzzy logic based plasma position controller that was designed
and implemented for use with the STOR-M tokamak was described. The hardware and
software implementation of this fuzzy logic based controller was discussed in detail. The
characteristics of the fuzzy controller that were observed during its performance
validation stage were quite satisfactory. Infact, based on the results of the performance
validation, it was concluded that the fuzzy controller developed was suitable for
application to the control of the plasma pogtionin the STOR-M tokamak. The next step
towards this goal involved the installation of the fuzzy logic based controller and its
subsequent optimization. The performance of the fuzzy logic controller in actually

controlling the plasma position in the STOR-M tokamak is the topic of the next chapter.
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5. EXPERIMENTAL RESULTS

5.1 Overview

In this chapter, the performance of both the modified PID controller and the fuzzy
logic based controller are presented. More specifically, their ability to control the
position of the plasma column within the STOR-M tokamak during both the norma
mode and the A.C. mode of operation are presented.
5.2 Normal Mode

After successfully validating the performance of the fuzzy logic based controller
off-line, it wasinstalled for on-line application to control the postion of the plasma
column in the STOR-M tokamak. Based on the author’s experience, thefuzzy sets
describing the fuzzy variables of the controller were defined, and thefuzzy logic rulesin
the form of the decision table were constructed. Theseinitia definitions required
modification before the fuzzy logic based controller was capable of providing a high
quality of control over the position of the plasma column. The final fuzzy setsand
decision table used during norma mode operation of STORM (after this optimization
process was completed) are presented in FiguresB.1, B.2, B.3, B.4, B.5and B.7 and
Figure B.10 respectively.

The parameters of atypical normal mode discharge using the optimized fuzzy sets
and decison table are presented in Figure 5.1. Inthisfigure it isclear that the fuzzy logic
based controller is capable of providing a high quality of control over the position of the

plasma column inthe STOR-M tokamak. To get an indication of the quality of
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control, the performance of the fuzzy logic based controller is compared with the
performance of the modified PID controller.

The parameters of the modified PID controller were optimized during norma
mode operation of STOR-M. The typical discharge parameters, using the optimized
modified PID controller, are presented in Figure 5.1. The performance of the fuzzy logic
controller and the optimized modified PID controller are presented in Figure 5.2. From
Figure 5.2 it is clear that both controllers are capable of providing adequate (+ 5 mm)
control over the position of the plasma column during normal mode operation of STOR
M. It should be pointed out, however, that the performance of the fuzzy controller is
slightly better, as it maintains the position of the plasma column within acceptable limits
for alonger time than the modified PID controller. It should also be pointed out that both
controllers were optimized to provide control over the postion of the plasma column and
not any of the other parameters of the discharge, such asthe plasma current profile. It
can be seen from Figure 5.1, however, that the plasma current profile when thefuzzy
logic based controller is used has a flatter steady-state region.

Figure 5.3 shows the average plasma postion during the interva from 20.0 ms to
35.0 ms for 23 consecutive normal mode discharges. The average standard deviation of
the plasma position signal over these 23 discharges was 0.8 mm when the fuzzy logic
controller was used, and a 1.1 mm when the modified PID controller was used. Thus, the
fuzzy logic controller provides a better quality of discharge than the modified PID
controller. Thisisparticularly important when conducting experiments to study the
properties of tokamak plasmas. Another important feature of both of the fuzzy logic

based controller and the modified PID controller was their reliability. Both controllers
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were capable of providing repeatable discharges parameters throughout the course of a
day’s operation. However, with the modified PID controller, minor disruptions occurred
during both the tenth and the fifteenth discharges as can be seen in Figure 5.3.

When minor disruptions occur, the quality of the subsequent discharge may be
affected. A typical minor disruption, corresponding to the fifteenth discharge in Figure
5.3, isshown in Figure 5.4. During disruptionsthere is often an increase in the release of
impurities from the wall of the discharge chamber. This increase in the impurity
concentration often degrades the quality of subsequent discharges. Often several
additional discharges are required to recondition the plasma following the occurrence of a
complete disruption. The occurrence of disruptions makes it difficult to perform
experimental studieswithin the STOR-M tokamak, and istherefore, highly undesirable.
The ability of thefuzzy logic controller to permit the STOR-M tokamak to operate
without even minor disruptions for many consecutive discharges makes its performance
superior to that of the modified PID controller.
5.3A.C. Mode

The fuzzy logic based plasma position controller was also optimized for use
during A.C. operation of STOR-M. Again, based on the author’s experience, thefuzzy
sets describing the fuzzy variables of the fuzzy logic based controller were defined, and
the fuzzy logic rules in the form of the decision table were constructed. Theseinitid
definitions also required modification before the fuzzy logic based controller was
optimized for providing a high quality of control over the position of the plasma column.
The final fuzzy sets, and decison table used during A.C. STOR-M operation are

presented in Figures B.1, B.2, B.3, B5 and B.6 and Figure B.11 respectively.

132



eel

30 T T T

_5 | 1 1
0 10 20 30
time [mg]

Figure5.4 A typical normal mode STOR-M discharge with a minor disruption at about 19.5 ms.

40




In order to evaluate the quality of control provided by the fuzzy logic based
controller, the modified PID controller was also optimized for controlling the position of
the plasma column during A.C. STOR-M operation. In addition, using the ASG program
described in Section 3.2.3, an open-loop pre-programmed controller was also optimized
for use during A.C. operation of STOR-M. Figure 5.5 shows the typical discharge
parameters using each of the three controllers, and Figure 5.6 shows the plasma postion
obtained with each of the three controllers during the typical discharges.

From Figure 5.6 it can be seen that strictly from consideration only of the plasma
position, the fuzzy logic based controller again provided the highest quality of control.
The modified PID controller was not capable of providing a high quality of control over
the plasma position during A.C. operation of STOR-M. The average plasma postion
over the interval from 5.0 msto 15.0 mswhen the modified PID controller was used was
—26.6 mm, well beyond the acceptable range of £5 mm. The average plasma postion for
ten consecutive discharges where the fuzzy logic controller was used and for seven
consecutive discharges where the pre-programmed controller was used are shown in
Figure 5.7 for the interval from 5.0 msto 15.0 ms. The average standard devi&tion of the
plasma position signal during these discharges over the interval from 5.0 msto 15 ms
using the fuzzy logic controller was 2.6 mm. The quality of control using the opentloop
pre-programmed controller was not quite as good as that provided by the fuzzy logic
based control, the average standard deviation of the plasma postion signad was 3.0 mm
during the interval from 5.0 msto 15.0 msfor the seven consecutive discharges, but it

was still acceptable.
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When one considers the overall quality of the discharge, the operzloop pre-
programmed controller provides the best performance since during A.C. tokamak
operation, it is particularly desirable that the current reversa regime be assmooth as
possible with minimal dwell time. It should be pointed out, however, that unlike the
fuzzy controller and the modified PID controller, the open-loop pre-programmed
controller was not optimized with the control of the plasma postionin mind, but rather
with the goal of obtaining the best possible discharge parameters during the current
reversal regime. Thismakes it clear that there is atrade-off between the optimal
temporal plasma current profile and the optimal plasma postion during A.C. operation of
STOR-M.

It must be pointed out that the quality of discharge obtained with the fuzzy logic
controller was highly reproducible, whereas the quality of the discharge obtained with the
open-loop pre-programmed controller was not. For example, the eighth discharge in
Figure 5.7 suffered a complete disruption, and the plasmarequired severa subsequent
dischargesto be reconditioned. In fact, complete disruptions occurred at least every
seven discharges when the pre-programmed controller was used. Thus, while it was
possible to obtain a higher quality of discharge with the pre-programmed controller, these
discharges were not highly repeatable from discharge to discharge; thereby making this
controller unsuitable for most types of A.C. mode experimentsin STOR-M. Clearly the
reliability and quality of control provided by the fuzzy logic controller makeit more

robust and superior to the other controllersthat were evaluated.
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5.4 Summary

It has been shown that afuzzy logic based controller is capable of providing a
high quality of control over the position of the plasma column within the STOR-M
tokamak. Both the fuzzy logic based controller and the modified PID controller were
capable of reliably providing high quality of control during norma mode operation of
STOR-M. Furthermore, the quality of control as well asthe overall quality of discharge
during the normal mode of operation was better with the fuzzy logic based controller than
it was with the modified PID controller.

During A.C. operation of STOR-M, the fuzzy logic based controller again
provided the highest quality of control over the position of the plasma column. The
overall quality of the A.C. discharges, however, could best be provided using open-loop
pre-programmed control; this quality of control, however, was not reliably repeatable
from one discharge to another. Clearly, during A.C. operation, a choice must be made
whether a high quality of control is more desirable than a smooth transition between half
cycles during the current reversa regime. Overall, the fuzzy logic based controller
provided a superior quality of control over the position of the plasma column in the
STOR-M tokamak during both norma mode operation and A.C. mode operation of the

STOR-M tokamak.
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6. CONCLUSIONS

Currently the most viable candidate for ultimate devel opment as a commercial
controlled thermonuclear fusion reactor is the tokamak device. A tokamak isamagnetic
confinement device. That is, it employs a suitably configured magnetic field to confine
extremely high temperature plasma. One of the main requirements of such adeviceis
that it is capable of stably maintaining the equilibrium postion of the plasma column
within the discharge chamber. Itis with thisin mind that the research presented in this
thesis was undertaken.

For the toroidal geometry of the tokamak, the problem of controlling the position
of the plasma column within the discharge chamber is highly nonlinear. In fact, itiseven
quite difficult just to determine accurately the position of the plasma column. Asa
conseguence, the development of a controller based on traditiona control theory requires
numerous simplifying approximations to be made. Theresult isacontroller that must be
empirically tuned, and that can usually only provide agood qudity of control, not
optimal control. To improve the control of the plasma parameters within a tokamak
device therefore requires extensive system modelling and the implementation of an
adaptive controller.

It was thought that much of the problem of system modelling could be avoided if
afuzzy logic based controller could be implemented for the purpose of controlling the

position of the plasma column within a tokamak device. Tothisend, afuzzy logic based
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controller was developed for application to the problem of controlling the position of the
plasma column within the STOR-M tokamak.

Traditionally the plasma current within atokamak is produced by transformer
action; thisisreferred to asinductive current drive. W hile thisis not the only method of
producing the plasmawithin atokamak device, it is the most common technique. The
plasma current in the STOR-M tokamak is produced in this manner. However, the flux
capability of the transformer is limited. Thisresults in the pulsed nature of tokamak
operation. This pulsed operation requiresthat alarge thermal storage energy system be
used with acommercia tokamak reactor in order for it to be capable of continuoudy
producing an electrical output during the reactor downtime. One attractive method of
reducing this downtime isto operate the tokamak in A.C. mode. In A.C. tokamak
operation there is no need to recharge the transformer flux as after the available flux has
been consumed in one direction of plasma current, the plasma current is snoothly
reversed in direction. This greatly reduces the downtime to the sum of the plasma current
ramp-down time, the dwell time, and the ramp-up time.

One of the important issues related to A.C. operation of atokamak involvesthe
current reversal regime. It is necessary to maintain control over the position of the
plasma during this regime in order to reduce, or even better, to eliminate the dwell time.
Asaresult, one of the primary objectives of the research described in thisthesiswasto
improve the quality of control over the position of the plasma within the discharge
chamber. More specifically, the objective wasto develop a controller that would be

capable of providing near optimal control of the plasma position during all modes of
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tokamak operation, particularly during transient conditions such as that which occurs
during A.C. operation of the STOR-M tokamak.

The first step that was taken to this end was to modify the existing plasma
position control system on STOR-M. These modifications included the implementation
of the ability to interface adigital computer with the controller via a dataacquisition card.
The hardware modifications were accompanied by the development of an Arbitrary
Signal Generator that permitted operator intervention over the control signd. This
Arbitrary Signal Generator combined with the existing PID controller formed the
modified PID controller. This modified PID controller was implemented and applied to
the STOR-M tokamak, and its performance was evaluated. It was shown that this
controller was capable of providing agood quality of control over the position of the
plasma column within the STOR-M tokamak both during normal mode operation and
A.C. mode operation.

Having successfully demonstrated the performance of the modified PID
controller, it was used as a benchmark against which to evaluate the performance of the
fuzzy logic controller that was deveoped. It was shown that during normal mode
operation of the STOR-M tokamak, the fuzzy logic based controller was capable of
reliably providing control over the plasma position that was slightly better than that
provided by the modified PID controller. Over theinterva from 20.0 msto 35.0 ms the
plasma position signal had a standard deviation of 0.8 mm when the fuzzy logic
controller was uses, as compared to a standard deviation of 1.1 mm when the modified

PID controller wasused. Thus, it has been shown that fuzzy logic based controllers are
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suitable for application to control the plasma position during normal mode tokamak
operation.

In order to evaluate the performance of the fuzzy logic based controller during
transient conditions, the fuzzy logic based controller was also applied to the control of the
position of the plasma column within STOR-M during A.C. operation. It wasagain
demonstrated that the fuzzy logic based controller reliably provided the highest degree of
control over the plasma position. Over the interval from 5.0 msto 15.0 ms, the standard
deviation of the plasma position signal was 2.6 mm when the fuzzy logic controller was
used, and the standard deviation was 3.0 mm when the open-loop pre-programmed
controller wasused. The overall quality of the discharge was slightly better with the
open-loop pre-programmed controller than it was with the fuzzy logic based controller.
Thisisdue in part to the trade-off between optimizing the controller for control of the
plasma position versus optimizing the controller for obtaining the best possible discharge
parameters during the current reversad regime of A.C. tokamak operation. The pre
programmed controller could not reliably provide a high quality of control over the
position of the plasma column during A.C. mode discharges. The modified PID
controller was not capable of providing a high quality of control over the plasma position
during A.C. operation of STOR-M. Thus, the fuzzy logic controller is the superior
controller.

The research described in this thesis has resulted in the improvement of the
quality of control over the position of the plasma column within the STOR-M tokamak
over that which was previously available. Thisis particularly true for the A.C. operation

of STOR-M. Furthermore, it was demonstrated that afuzzy logic based controller could
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successfully be applied to the control of the postion of the plasma within atokamak
device. Thisopensup the possibility of applying fuzzy control to other tokamak
discharge parameters, potentially providing a marked improvement in the current quality
of control available to all aspects of the tokamak discharge. The fuzzy logic based
controller presented here was demonstrated to reliably and stably control the position of
the plasma column within the STOR-M tokamak during both normal mode and A.C.

operation.
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APPENDIX A — STOR-M PARAMTERS
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Typical Operating Parameters:

Toroidal Magnetic Field (B(pz 0.7 Teda)
Vertical Magnetic Field (B,, = 60 Gauss)
Plasma Current (I, = 25kA)

Loop Voltage (V=3 V)

Average Electron density (n, = 1019 mr3)
Average Electron Temperature (T = 150 eV)
Average lon Temperature (T, = 50 eV)
Energy Confinement Time (1. = 2 ms)

Discharge Duration
< 200 ms during normal operation (35 mstypical)
= 20 ms per half cycle during ac operation
Hydrogen Plasma
Minor radius (a= 11.5cm)
Major radius (R = 46 cm)

Wall thickness (d,, = 0.156 inch)
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APPENDIX B —FUZZY LOGIC CONTROLLER
PARAMETERS
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Figure B.1 Fuzzy membership functions that make up the fuzzy variable representing the plasma current. These fuzzy sets
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Figure B.2 Fuzzy membership functions that make up the fuzzy variable representing the plasma position during both the
transient region in normal operation and the positive half cycle in A.C. operation of STOR-M.
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Comments: This is a sanple file containing fuzzy nenbership

i nformation.

The values of "lowal", "mdval", and "highval" are the val ues of
The variabl e signal and nust be within a suitable range.

Vari abl e: Current

Set :
Set :
Set :
Set :
Set :
Set :
Set :

| arge_neg
nmed_neg
smal | _neg
tiny
snal | _pos
med_pos
hi gh_pos

| owal :
| owal :
| owal :
| owal :
| owal :
| owal :
| owal :

-10.0
-0. 150
-0. 095
-0. 020
- 0. 005
0. 050
0. 140

m dval
m dval
m dval
m dval
m dval
m dval
m dval :

-0. 150
-0. 100
-0. 030
0.0

0. 025
0.125
0. 200

hi ghval :
hi ghval :
hi ghval :
hi ghval :
hi ghval :
hi ghval

hi ghval

Comments: Fuzzy menbership info for the plasnma current.

Vari abl e: Pos_Position

Set :
Set :
Set :
Set :
Set :
Set :
Set :

far_out
out si de

j ust_out
very_good
just_in

i nsi de
far_in

| owal :
| owal :
| owal :
| owal :
| owal :
| owal :
| owal :

m dval
m dval
m dval
m dval
m dval
m dval

m dval :

hi ghval
hi ghval
hi ghval :
hi ghval :
hi ghval :
hi ghval :

hi ghval :

Conment s: Fuzzy nenbership info for the
plasma current is in region 1.

p05|ti0n si gnal

Vari abl e: Neg_Position

Set :
Set :
Set :
Set :
Set :
Set :
Set :

far_in

i nsi de
just_in
very_ good
j ust_out
out si de
far_out

| owal :
| owal :
| owal :
| owal :
| owal :

| owal :
| owal :

-0. 050
-0. 150
-0. 250
- 0. 450
- 0. 550
- 0. 650
-10. 00

m dval
m dval
m dval
m dval
m dval
m dval
m dval :

0. 050 highval:

- 0. 050
-0. 150
- 0. 300
-0.450
- 0. 550
- 0. 650

hi ghval :
hi ghval :
hi ghval :
hi ghval :
hi ghval :
hi ghval :

Conments: Fuzzy nenbership info for the
plasma current is in region 2.

position signal

Vari abl e:

Control _1

Set :
Set :
Set :
Set :
Set :
Set :
Set :
Set :
Comment s:

hi gh_pos
med_pos
snmal | _pos
tiny
smal | _neg
med_neg
hi gh_neg
DC Bi as

| owal :
| owal :
| owal :
| owal :
| owal :
| owal :
| owal :
| owal :
u(t) fuzzy menbership info for

-0 1
0.30

m dval
m dval
m dval
m dval
m dval
m dval
m dval
m dval
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hi ghval
hi ghval
hi ghval
hi ghval :
hi ghval
hi ghval
hi ghval :
hi ghval :
use in region 1.
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Vari abl e: Control _2

Set: high_pos

Set: med_pos
Set: small _pos
Set: tiny

Set: small _neg
Set: med_neg
Set: high_neg
Set: DC Bias
Commrents: u(t) fuzzy nmenbership info for

| owal :

| owal :
| owal :
| owal :
| owal :
| owal :
| owal :
| owal :

0.5

0.0
-1.
-1.
-2.
-2.
- 3.
- 0.

60

m dval ; 1.

m dval ;: 0.

0

5

m dval ;. -0.25
mdval: -1.0
mdval: -1.5
mdval: -2.0
mdval: -2.5

m dval :

-0.50

hi ghval :

hi ghval :
hi ghval :
hi ghval :
hi ghval :
hi ghval :
hi ghval :

hi ghv

- 2.
al :

use in region 2.

Figure B.8 Sample fuzzy variable information file for Normal operation.

167

' O ou1o




Comments: This is a sanple file containing fuzzy nenbership

i nformation.

The val ues of "lowal", "midval", and "highval" are the val ues of thg
vari abl e signal and nust be within a suitable range.

Vari abl e: Current

Set :
Set :
Set :
Set :
Set :
Set :
Set :

| arge_neg
nmed_neg
smal | _neg
tiny
snal | _pos
med_pos
hi gh_pos

| owal :
| owal :
| owal :
| owal :
| owal :
| owal :
| owal :

-10.0
-0. 150
-0. 095
-0. 020
- 0. 005
0. 050
0. 140

m dval
m dval
m dval
m dval
m dval
m dval
m dval :

-0. 150
-0. 100
-0. 030
0.0

0. 025
0.125
0. 200

hi ghval :
hi ghval :
hi ghval :
hi ghval :
hi ghval :
hi ghval

hi ghval

Comments: Fuzzy menbership info for the plasnma current.

Vari abl e: Pos_Position

Set :
Set :
Set :
Set :
Set :
Set :
Set :

far_out
out si de

j ust_out
very_good
just_in

i nsi de
far_in

| owal :
| owal :
| owal :
| owal :
| owal :
| owal :
| owal :

-3 0

m dval
m dval
m dval
m dval
m dval
m dval
m dval :

hi ghval

hi ghval

hi ghval :
hi ghval :
hi ghval :
hi ghval :
hi ghval :

Conment s: Fuzzy nenbership info for the
plasma current is in region 1.

position signal

Vari abl e: Neg_Position

Set :
Set :
Set :
Set :
Set :
Set :
Set :

far_in

i nsi de
just_in
very_ good
j ust_out
out si de
far_out

| owal :
| owal :
| owal :
| owal :
| owal :
| owal :
| owal :

- 0.
-1.
-1.

-2,
- 3.
- 5.

m dval
m dval
m dval
m dval
m dval
m dval
m dval :

0.0
- 0.
-1.
-1.
-2,
-2,
- 3.

hi ghval :
hi ghval :
hi ghval :

5.
0.

hi ghval :
hi ghval :
hi ghval :

hi ghval :

0.
-1.
-1.
2

5
0

5
0
5
0
5

5
0
5
-2.0
5
0
5
i

Comment s: Fuzzy nenbership info for the .mhen t he

plasma current is in region 2.

position signal

Variable: Control _1

Set :
Set :
Set :
Set :
Set :
Set :
Set :
Set :
Comment s:

hi gh_pos
med_pos
snmal | _pos
tiny
smal | _neg
med_neg
hi gh_neg
DC Bi as

| owal :
| owal :
| owal :
| owal :
| owal :
| owal :
| owal :
| owal :
u(t) fuzzy menbership info for

-0 1
0.30

m dval
m dval
m dval
m dval
m dval
m dval
m dval
m dval
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hi ghval
hi ghval
hi ghval
hi ghval :
hi ghval :

use in region 1.
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Vari abl e: Control _2

Set: high_pos lowal: -0.75 mdval: 0.0 hi ghval : 0. 75
Set: med_pos | owal: -1.50 mdval: -0.75 hi ghval : 0.0
Set: small _pos Ilowal: -2.25 m dval : -1.50 hi ghval : -0.75
Set: tiny l owal: -3.00 mdval: -2.25 hi ghval : -1.50
Set: small _neg lowal: -3.75 m dval : -3.00 hi ghval : -2.25

Set: med_neg | owal: -4.50 mdval: -3.75 hi ghval : -3. 00
Set: high_neg lowal: -10.0 m dval : -4.50 hi ghval : -3.75
Set: DC _Bi as lowal: -2.6 mdval: -2.5 hi ghval : -2.4
Comments: u(t) fuzzy nmenbership info for use in region 2.

Figure B.9 Sample fuzzy variable information file for A.C. operation.
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first pul se

current in colums

DHL in rows
LN

FO

O

JO

VG

Jl

|

FI

88888883
88888882
8888888
33333330

second pul se
current in colums
DH2 in rows

LN VN

Fl SN Ty
I VN Ty
Ji WN Ty
VG WN Ty
JO LN SN
O LN VN
FO WN Ty

Comment s:
Enter any comments here.

The order that DH and Ip | abel s appear here nust be the sane as the
order that they appear in vardef.fuz.

I f any changes in the nunber of fuzzy sets is nmade, then the file
d_table.cpp nust be nodified and the program reconpil ed.

Figure B.10 Sample decision table file used for Normal operation.
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first pul se
current in colums

LN MN SN

83888888
8888888<
83888888

second pul se
current in colums
DH2 in rows
LN WN SN
SN Ty
Ty
Ty
Ty
SN
VN
Ty

38388388
233330

Enter any comments here.

The order that DH and Ip | abel s appear here nust be the sane as the
order that they appear in vardef.fuz.

I f any changes in the nunber of fuzzy sets is nmade, then the file
d_table.cpp nust be nodified and the program reconpil ed.

Figure B.11 Sample decision table file used for A.C. operation.
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