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Abstract

One of the most promising devices for realizing power production through nu-
clear fusion is the tokamak. In order to maximize performance, it is preferable that
tokamaks achieve operating scenarios characterized by good plasma confinement, im-
proved magnetohydrodynamic stability, and a largely non-inductively driven plasma
current. Such scenarios could enable steady-state reactor operation with high fusion
gain, the ratio of fusion power produced to the external heating power needed to
sustain reactions. There are many experimental tokamaks around the world, each
exploring different facets of plasma physics and fusion technology. These experiments
have reached the point where the power released from fusion is nearly equal to the
power input required to heat the plasma. The next experimental step is ITER, which
aims to reach a fusion gain exceeding ten for short pulses, and to sustain a gain of five
for longer pulses (of lengths of ~1000s). In order for ITER to be a success, several
challenging control engineering problems must be addressed.

Among these challenges is to precisely regulate the plasma density and tempera-
ture, or burn condition. Due to the nonlinear and coupled dynamics of the system,
modulation of the burn condition (either during ramp-up/shut-down or in response to
changing power demands) without a well designed control scheme could result in unde-
sirable transient performance. Feedback control will also be necessary for responding
to unexpected changes in plasma confinement, impurity content, or other parameters,
which could significantly alter the burn condition during operation. Furthermore, al-
though stable operating points exist for most confinement scalings, certain conditions
can lead to thermal instabilities. Such instabilities can either lead to quenching or

a thermal excursion in which the system moves to a higher temperature equilibrium



point. In any of these situations, disruptive plasma instabilities could be triggered,
stopping operation and potentially causing damage to the confinement vessel.

In this work, the problem of burn condition control is addressed through the de-
sign of a nonlinear control law guaranteeing stability of desired equilibria. Multiple
actuation methods, including auxiliary heating, isotopic fueling, and impurity injec-
tion, are used to ensure the burn condition is regulated even when actuators saturate.
An adaptive control scheme is used to handle model uncertainty, and an online opti-
mization scheme is proposed to ensure that the plasma is driven to an operating point
that minimizes an arbitrary cost function. Due to the possible limited availability of
diagnostic systems in ITER and future reactors, an output feedback control scheme is
also proposed that combines the nonlinear controller with an observer that estimates
the states of the burning plasma system based on available measurements. Finally,
the control scheme is tested using the integrated modeling code METIS.

The control of spatial profiles of parameters, including current, density, and tem-
perature, is also an important challenge in fusion research, due to their effect on MHD
stability, non-inductive current drive, and fusion power. In this work, the problem of
kinetic profile control in burning plasmas is addressed through a nonlinear boundary
feedback control law designed using a technique called backstepping. A novel imple-
mentation of the backstepping technique is used that enables the use of both boundary
and interior actuation. The backstepping technique is then applied to the problem of
current profile control in both low-confinement and high-confinement mode discharges
in the DIII-D tokamak based on a first-principles-driven model of the current profile

evolution. Both designs are demonstrated in simulations and experimental tests.



Chapter 1

Introduction

1.1 Nuclear Fusion and the Tokamak

As the world’s population increases and more countries become highly industrialized,
the demand for energy rapidly rises. The increasing energy usage exacerbates the
major drawbacks of burning fossil fuels, which accounts for most of the world’s energy
production. The burning of fossil fuels results in the generation of vast amounts
of greenhouse gases, contributing to the problem of global warming, and creates
additional pollutants with harmful effects on the environment. Furthermore, although
the supply of fossil fuels is not likely to be totally depleted for a few hundred years,
extraction is becoming more difficult and an energy shortfall is predicted to occur in
the next few decades |1, 2]. While solar, wind, and hydroelectric power are attractive
alternatives to fossil fuels, they lack the energy density needed to satisfy growing
energy demands. Nuclear fission, the production of energy through splitting heavy
atomic nuclei, has a much higher energy density, and is a mature technology that
already accounts for a significant portion of the world’s energy production. However,

fission results in the production of long lasting and highly radioactive nuclear waste
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Figure 1.1: The D-T fusion reaction.

and can result in dangerous nuclear accidents. Nuclear fusion, on the other hand,
generates only short term, low-level radioactive waste and poses no risk of nuclear
meltdowns, while still possessing the desirable characteristics of high energy density,
abundant fuel supply, and no air pollution production. For these reasons, nuclear
fusion has been the focus of extensive research over the last several decades.

In nuclear fusion reactions, two light atomic nuclei combine to form a heavier
nucleus and, in the process, a significant amount of energy is released. Most present

day efforts consider the reaction depicted in Figure 1.1,

1D 43T —5 He +yn + 17.6 MeV, (1.1)

in which deuterium (D) and tritium (7°), two isotopes of hydrogen, fuse into a helium
(He) nucleus, releasing an energetic neutron and 17.6 MeV of energy. The fuel is
plentiful: deuterium can be obtained from seawater, and tritium can be bred from

lithium (a metal found in large quantities in the Earth’s crust) through bombardment



with a source of neutrons, i.e., through the reactions

TLi+on —5 He +3 T +¢n+ 2.5 MeV (1.2)

SLi+on —5 He+3 T +5n + 4.8 MeV. (1.3)

Indeed, tritium breeding could potentially be done within a fusion reactor by coating
the walls with liquid lithium.

Due to the strong Coulombic repulsion force experienced by the positively charged
D and T nuclei, the fuel must be heated to extremely high temperatures, on the order
of 100 million degrees, in order for a significant number of fusion events to occur
within a reactor. The major challenge to fusion energy has been to create a device
capable of achieving these high temperatures and subsequently confining the fuel long
enough for more energy to be released than is required by the heating process. Three
approaches to this are known: gravitational confinement - the method used by stars,
inertial confinement - the process of using inertia to implode the hydrogen gases long
enough for fusion reactions to occur, and magnetic confinement - the use of magnetic
fields to confine ionized fuel atoms. Currently, magnetic confinement is the most
promising approach, and magnetic confinement devices are the likely technology for
future fusion power plants.

At the temperatures required for fusion, the fuel becomes an ionized gas, called a
plasma. In an applied magnetic field, the individual charged particles of the plasma
travel along magnetic field lines in a helical path due to the Lorentz force. This effect,
illustrated in Figure 1.2 |, restricts particle motion perpendicular to the applied field,
but does not confine particles in the parallel direction. Building on this concept, the
tokamak [3], one of the most promising magnetic confinement devices, uses a system

of magnetic coils and currents to close and twist the applied magnetic field lines into
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Figure 1.2: Magnetic confinement of charged particles.

a helical structure to trap the plasma inside a toroidal vessel and create a magnetic
equilibrium.

A schematic of the coils and magnetic fields in a tokamak is shown in Figure 1.3.
The D-shaped toroidal field (TF) coils are in blue, while the poloidal field (PF) coils
are shown in gray. The current flowing in these coils as well as the plasma itself
produces the helical magnetic field needed to confine the fusion plasma. The plasma
current, which contributes to heating the plasma and generates the poloidal magnetic
field needed for confinement, is primarily sustained inductively by the ohmic heating
coil. Additional non-inductive current and plasma heating are obtained through the
injection of high energy neutral particles (uncharged fuel atoms) and electromagnetic
waves. Because present day tokamaks rely heavily on transformer action to generate
the critical plasma current, they cannot be operated in steady state. They are instead
operated in short pulses, usually referred to as discharges or shots. In present day
tokamaks, typical discharge lengths are on the order of seconds or minutes. During

discharges, the plasma is refueled through gas puffing valves at the plasma boundary,
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Figure 1.3: Cutaway view of a tokamak.

as well as frozen pellets of deuterium and tritium that can penetrate deep into the
plasma core before ablating. Operation of a successful tokamak machine requires
careful control over the fueling and heating, as well as the magnetic fields used for

confinement. A schematic of the heating and fueling actuators is given in Figure 1.4.

The 17.6 MeV of energy released by the D-T fusion reaction is distributed to
both products of the reaction. The neutron, which is not charged and therefore not
confined within the magnetic field of the tokamak, carries 80% (14.1 MeV) of the
fusion energy to the vessel wall. In an operational reactor, the wall would capture
the neutrons and convert their kinetic energy into the heat needed to drive electrical
generators. The other 20% (3.5 MeV) of the fusion energy is associated with the other
product of the reaction, a helium ion or alpha particle. These particles are charged

and are confined by the magnetic field. Through collisions with other particles, the
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Figure 1.4: Actuators used to control kinetic variables in tokamaks.

energy of the alpha particles self-heats the plasma. Given the right conditions, the
plasma can produce enough fusion power to completely heat itself. This situation, in
which no external energy is required, is termed an ignited plasma. While this would
be the ultimate goal of fusion research, a more modest goal is to create a plasma in
which a majority of the plasma heating comes from the alpha particle heating. This
is termed a burning plasma.

There are many experimental tokamaks around the world, each exploring different
facets of plasma physics and fusion technology. Devices like JET in the UK, Tore-
Supra in France, and DIII-D in the United States, have made significant progress
towards realizing the goal of fusion energy. Experiments have reached the point
where the power released from fusion is nearly equal to the power input needed to
heat the plasma (the so-called break-even condition). The next experimental step is
ITER, an international collaboration that is designed specifically to reach the burning
plasma state. A cut-away view of the ITER tokamak is shown in Figure 1.5. The

fusion gain, defined as the ratio of fusion power to heating power and denoted as (@),



Figure 1.5: Cut-away of the ITER tokamak (source: ITER.org).

is expected to exceed ten in certain I'TER operating scenarios, and to be sustained
at (Q = 5 for ~1000s. The ITER tokamak will be used to explore so-called advanced
tokamak (AT) scenarios. These operating modes are characterized by high plasma
confinement and pressure as well as largely non-inductively driven plasma current.

These characteristics are necessary for achieving steady-state operation.

1.2 Control Engineering Challenges for ITER

Advanced tokamak modes rely heavily on active control to reach high levels of perfor-
mance and to regulate the plasma density, temperature, and confinement in order to
maintain the fusion reaction. Mathematical modeling and control of tokamak plasmas
is extremely challenging because tokamak plasmas are high order, highly coupled, dis-
tributed parameter, nonlinear systems. Tokamak plasmas also have many instabilities
and a limited number of actuators and sensors. The control challenges are generally

separated into two groups: electromagnetic control and kinetic control. Electromag-



netic control refers to controlling the magnetic and electric fields to regulate the
position and shape of the plasma, as well as the total plasma current. Kinetic control
refers to controlling fueling rates and auxiliary heating to modify the plasma density,
temperature, and pressure. The density and temperature are critical reactor param-
eters, as they influence fusion power, heat loads to plasma facing components, and
plasma stability. Furthermore, since the tokamak plasma is a spatially distributed
system, it is important to not only control the volume averaged values of these phys-
ical quantities, but also their spatial profiles. Energy confinement, plasma stability,
and the fraction of non-inductive plasma current, can all be improved through control
of pressure and current profiles. This dissertation focuses on developing and studying
strategies for addressing the important problems of burn condition control, kinetic

profile control in burning plasmas, and current profile control.

1.3 Burn Condition Control

For nuclear fusion to become an economical alternative energy source, tokamak reac-
tors must be capable of operating for extended periods of time in a burning plasma
mode characterized by a large value of (), the ratio of fusion power to auxiliary
power. Achieving and maintaining such conditions will require precise control over
the plasma density and temperature. Due to the nonlinear and coupled dynamics of
the system, modulation of the burn condition (either during ramp-up /shut-down or in
response to changing power demands) without a well designed control scheme could
result in undesirable transient performance. Feedback control will also be necessary
for responding to unexpected changes in plasma confinement, impurity content, or
other parameters, which could significantly alter the burn condition during operation.

Furthermore, although stable operating points exist for most confinement scalings,

10



certain conditions can lead to thermal instabilities. Such instabilities can either lead
to quenching or a thermal excursion in which the system moves to a higher temper-
ature equilibrium point. In any of these situations, disruptive plasma instabilities
could be triggered, stopping operation and potentially causing damage to the con-
finement vessel. Thus, it will be important to implement an active feedback control
system that can ensure good transient performance as well as stability of the desired

operating points.

1.3.1 Prior Work

In past work on the problem of burn condition control, the physical and technological
feasibility of various potential actuators has been studied. Prior work, including
[4, 5, 6], considered modulation of the auxiliary power, modulation of the fueling rate,
and controlled injection of impurities as possible actuators. While these methods can
be effective approaches for burn control, each have unique drawbacks that must be
considered when developing a comprehensive burn control strategy.

Controllers based solely on auxiliary power modulation |7, 8, 9] are best suited
for sub-ignition operating points where the auxiliary power is nonzero. The ability of
these schemes to reject thermal excursions is restricted since the maximum heating
reduction is a complete shutoff of the auxiliary power and the ability to reject negative
perturbations is limited by the maximum installed auxiliary heating power. For
devices operating with very high fusion gain (), the amount of auxiliary heating
will be quite small compared to the total plasma heating, such that modulation of
auxiliary power may have a limited effect on the plasma temperature. In hybrid and
steady-state scenarios, the control authority may be further restricted by the need to
use some auxiliary power sources to drive plasma current. This essentially forces the

burn control system to respect a nonzero minimum auxiliary heating power constraint.
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Operating points characterized by an auxiliary heating power requirement very close
to the minimum required for current drive will be difficult to stabilize and control
with auxiliary power modulation alone. Similarly, auxiliary power modulation alone
will not be appropriate for future devices exploring ignited operation.

Controller designs based on the modulation of the deuterium-tritium fueling rate,
including [10, 11, 12, 13, 14|, can enable ignited operation (or operation near the
minimum auxiliary power required for current drive) by increasing or decreasing the
fusion power through changing the plasma density. Due to disruptive density limits,
the plasma density cannot be increased arbitrarily high. The approach is also limited
by the decay rate of the density, which can be quite slow when particle recycling rates
are high. Additionally, the plasma density is nonlinearly coupled to many plasma
parameters, such that changes in plasma density could lead to undesirable changes
in the reactor operating scenario. The nonlinear coupling is important to consider in
control design since, for certain conditions, increasing density results in a net increase
in heating while for others, heating is decreased. For example, in [15], where a PID
(proportional-integral-derivative) control law was used to regulate fusion power using
the deuterium-tritium fueling rate, the sign of the controller gains had to be flipped
when switching between thermally stable points and thermally unstable ones.

Controlled impurity injection can be used to cool the plasma and prevent thermal
excursions. Injecting impurities increases radiative power losses and contaminates
the plasma, decreasing fusion heating. Both effects lead to a reduction of the net
plasma heating, causing a reduction in temperature. For large perturbations in initial
temperature, this method can require large amounts of impurities to be injected. After
the excursion, additional heating power, with a consequent reduction in the fusion
gain (), is needed to compensate the excess radiation losses until the impurities are

completely removed from the reactor.
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Most existing burn control efforts make use of only one of the available actuators
(single-input control) and study the range of perturbations that can be rejected by
the actuator. Prior work combining actuation concepts include [16, 17, 18, 19, 15,
20| for zero-dimensional (volume-averaged) models. Studies of kinetic control and
thermal stability for 1-D (radial profile) models can be found in [21, 22, 23]. In
[24], a diagonal multi-input, multi-output linear control scheme for burning plasma
kinetics was developed by observing actuator influences during numerical simulations
of plasma physics codes. The approximation of the nonlinear burning plasma model
by a linearized one for controller design is a common denominator in previous model-
based controller designs. The model is linearized, a controller is synthesized using
linear techniques, and the resulting design is tested on the original nonlinear model.
When tested in nonlinear simulations, these controllers succeed in stabilizing the
system against a limited set of perturbations and disturbances.

In [25], a zero-dimensional nonlinear model involving approximate conservation
equations for the energy and particles densities was used to synthesize a nonlin-
ear feedback controller for burn conditions stabilization. The controller makes use
of all of the previously considered actuators simultaneously, using auxiliary power
modulation to prevent quenching, impurity injection to increase radiation losses and
stop thermal excursions, and fueling modulation to regulate the density to the tar-
get value associated with the chosen operating point. The use of nonlinear control
techniques removes the limits imposed by linearization in other works and the result-
ing controller can accommodate very large perturbations. The controller works for
suppressing both thermal excursions and quenches, can operate at sub-ignition and
ignition points (or points near the minimum power required for current drive), and
can drive the system from one point to another during operation. Only those works

that use non-model based control techniques, like neural networks [26, 27|, have also
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followed these guidelines. A zero-dimensional (volume-averaged) simulation study
was performed to show the capabilities of the model-based controller and compare it
with previous linear controllers.

Despite the advantages of the nonlinear controller designed in [25], a few draw-
backs remain. The control scheme relies on the use of impurity injection to reject
increases in temperature. This type of actuation could lead to undesirable accumula-
tion of impurity ions within the plasma core, which could reduce the efficiency of the
reactor long after the thermal excursion is rejected. Ideally, the injection of impuri-
ties would be used only when the other available methods fail to prevent a thermal
excursion. Also, the model used for design and simulation assumed an optimal 50:50
mix of deuterium and tritium within the plasma at all times and did not consider the
effects of particle recycling. Because experiments indicate that deuterium and tri-
tium may have different transport properties [28|, fueling efficiencies, and deposition
profiles, and because the isotopic mix in the core effects the amount of fusion heat-
ing, the deuterium and tritium systems should be modeled and actuated separately.
Additionally, since particle recycling will effect the response of the plasma density
and isotopic mix to the available actuators, recycling effects should be included in

the model used for design and simulation in some way.

1.3.2 Isotopic Fuel Tailoring

The isotopic fuel mix is a critical reactor parameter as it has a major influence on
the fusion power produced. The a-particle heating power, P,, from a burning DT

plasma is given as

Pa = Qa’y(l_/Y)n%T«jV% (14)
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where @, is the energy of the a-particles produced by the reaction (3.52 MeV),

Npr :nD+nT, (15)

is the deuterium-tritium density, (ov) is the reactivity, and

’j/:TLT/TLDT, (16)

is the tritium ratio, a measure of the isotopic mix. We note that for a constant
density and temperature, the fusion heating depends quadratically on the tritium
ratio, with the maximum fusion power at v = 0.5. Even with 50:50 DT injection,
the possible differences in deuterium and tritium transport or fueling deposition and
efficiency may lead to non-optimal fuel mix in the core, which would reduce reactor
efficiency. Additionally, depending on the operating scenario, it may be desirable or
even necessary to operate at a lower tritium fraction or modulate the tritium fraction
during operation.

To control the tritium ratio it is possible to use a method of fueling referred to
as isotopic tailoring, in which the relative mix of deuterium and tritium injected
by the fueling system is modulated in real-time [29]. While it is not possible to
adjust the tritium ratio within pellets on a fast enough time scale for control, the
pellet injection system for ITER will include two separate injectors - one with pellets
made of primarily deuterium and the other with pellets made primarily of tritium.
A gas injection system will be used to supply deuterium at the edge of the plasma.
Together, these systems will allow for fuel mix modulation. Diagnostics for measuring
the tritium ratio in both the edge and core plasma should be available and adequate
for the purposes of real-time control [30, 31, 32|. Therefore, feedback control of the

tritium ratio in ITER plasmas through isotopic fuel tailoring should be feasible.
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1.3.3 Results of This Work

In this work, a zero-dimensional (volume averaged) model of the evolution of the burn
condition in a tokamak plasma is presented and used to design a nonlinear burn con-
trol strategy that uses all of the available actuators simultaneously to stabilize desired
equilibria. The model includes a simplified model of particle recycling (refueling of
the plasma from the walls of the machine), which is used to study the potential use
of isotopic fueling as a means to reduce fusion heating during thermal excursions for
a range of model parameters. Impurity injection is considered as a back-up means of
rejecting excursions. The ability of the combined control scheme to move the system
between operating points, even when one or more actuators are saturated, is demon-
strated in both zero- and one-dimensional simulations. An adaptive control scheme
is then added to handle model uncertainty, and an online optimization scheme is
proposed to ensure that the plasma is driven to an operating point that minimizes a
given cost function. Due to the possible limited availability of diagnostic systems in
ITER and future reactors, an output feedback control scheme is also proposed that
combines the nonlinear controller with an observer that estimates the states of the
burning plasma system based on available measurements. Finally, the control scheme

is tested using the integrated modeling code called METIS.

1.4 Kinetic Profile Control

Most approaches to the control of kinetic variables in tokamaks begin by consider-
ing 0-D (zero-dimensional) models of transport within the fusion plasma in which
the governing equations of the system are averaged over the volume of the plasma.
This allows the problem to be approached with lumped-parameter control design

techniques. However, these 0-D control efforts do not take into account the 1-D (one-
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dimensional) effect of modulating the bulk heating, fueling, and impurity injection
on the shape of the spatial profiles. In a reactor, the heating, fueling, and impurity
injection rates are indeed distributed throughout the plasma and can be used to affect
the shape of the kinetic variable profiles. The shape of the temperature and density
profiles not only directly affect the burn condition and particle/energy transport, but
also play a significant role in determining the evolution of the current profile through
the temperature dependent resistivity and pressure gradient dependent bootstrap
current. It has been demonstrated that setting up a suitable spatial distribution of
the toroidal plasma current can, in turn, enable certain advanced operating scenarios
characterized by high fusion gain and non-inductive sustainment of plasma current
that could lead to steady-state operation (see [33]).

The importance of controlling the spatial profiles of density and temperature in
burning plasmas has been recognized in previous work, including [21], [22], [23], [34],
and [35]. In these pieces of work, a 1-D plasma model is represented by a set of
partial differential equations (PDEs) and various methods are utilized to reduce the
distributed parameter model to a lumped-parameter one. The resulting set of ODEs
are then linearized and conventional linear control techniques are used for controller
design. In contrast, the control methods presented in [36, 37| for non-burning plasmas
avoided linearization through the use of a backstepping boundary feedback technique

to stabilize and regulate density and temperature profiles.

1.4.1 Results of This Work

In this work, the backstepping boundary control technique is extended to enable
combined boundary-+interior feedback control and the combined approach is used to
develop a nonlinear control strategy for density and temperature profiles in a burning

plasma. With the addition of adaptive disturbance estimation, asymptotic tracking of
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an unstable set of equilibrium profiles is demonstrated in a simulation study, despite
the presence of input disturbances. Because burning plasma experiments are still sev-
eral years away, it is not currently possible to experimentally test the burn condition
control or burning plasma kinetic profile control approaches proposed in this work.
However, the backstepping boundary control technique can also be applied to the
important problem of current profile control, which is an active area of research in
present-day tokamaks. In this work, a backstepping current profile control algorithm
is designed based on first-principles-driven models of the current profile evolution
in the DIII-D tokamak for both L-mode (low confinement) and H-mode (high con-
finement) discharges. The effectiveness of these approaches is demonstrated in both

simulations and experimental testing on DIII-D.

1.5 Dissertation Outline

This dissertation is organized as follows.

Chapter 2

In this chapter, the use of nonlinear, multi-input-multi-output control design tech-
niques for stabilization of the burn condition of tokamak fusion reactors is studied. A
simplified burning plasma model is presented, and a control scheme is designed that
can overcome limitations due to actuator saturation by incorporating several available

actuation techniques (auxiliary heating, isotopic fueling, and impurity injection).

Chapter 3

The model-based control scheme designed in Chapter 2 relies on knowledge of several

model parameters that are, in practice, uncertain. This uncertainty could lead to
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poor controller performance if unaccounted for. In this chapter, a nonlinear adaptive
control strategy is used to couple the multi-input-multi-output control design with
a set of parameter update laws. The design ensures asymptotic tracking of desired
references. An online optimization scheme is also proposed to update the controller

references in real-time to minimize a given cost function.

Chapter 4

The nonlinear adaptive control scheme proposed in Chapter 3 relies on knowledge
of the states of the burning plasma system. However, in practice, only a limited
number of output measurements may be available. In this chapter, the nonlinear
control scheme is augmented with an observer that reconstructs the states of the

system based on the available real-time measurements.

Chapter 5

In this chapter, the nonlinear burn control schemes presented in the previous chap-
ters are tested more rigorously through closed loop simulations using METIS, an

integrated tokamak modeling code.

Chapter 6

In this chapter, a backstepping boundary control technique that includes interior
control and online disturbance estimation is developed and the approach is used to
design a nonlinear control law for the density (deuterium, tritium, and alpha-particles)
and energy profiles in burning tokamak plasmas. The ability of the controller to

stabilize an unstable equilibrium is demonstrated in a simulation study.
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Chapter 7

In this chapter, the problem of current profile control in L-mode discharges in DIII-
D is addressed through the design of a nonlinear backstepping boundary feedback
control law based on a first-principles-driven model of the current profile evolution.
The controller, designed using the backstepping technique, is demonstrated in both

simulations and experimental tests on DIII-D.

Chapter 8

In this chapter, the backstepping boundary-+interior feedback technique is used to
design a nonlinear controller for H-mode discharges in DIII-D. The performance of

the design is demonstrated in both simulations and experiments.

Chapter 9

In this final chapter, the contributions of this dissertation are summarized and po-

tential future research work is discussed.
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Chapter 2

Zero-dimensional Nonlinear Burn

Condition Control

2.1 Introduction

In this chapter, we consider the simultaneous use of auxiliary power, fueling modu-
lation, isotopic fuel tailoring, and impurity injection for stabilizing and controlling a
burning plasma. The isotopic fueling technique planned for ITER is used to control
the tritium ratio within the plasma. In addition, we exploit the effect of the tritium
ratio on the fusion heating power to modulate plasma heating and control the temper-
ature. Doing so allows the proposed scheme to, under certain conditions, maintain
control of the plasma temperature when the auxiliary power is saturated without
resorting to impurity injection. We note that a non-model based PID (proportional-
integral-derivative) algorithm for controlling the isotopic mix was presented in [19)],
however, the modulation of the isotopic mix as a means of controlling the plasma
heating was not considered. For scenarios in which the modulation of auxiliary power

and isotopic mix cannot achieve stability and performance requirements, we propose
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the use of impurity injection as a back-up actuator to augment the isotopic mix based
control. The combined control scheme simultaneously regulates the energy, density,
and tritium fraction (and consequently the fusion power), and can, through the use
of all of the available actuators, maintain stable control of the system despite sat-
uration of even several of the actuators. The controller synthesis is based on the
full nonlinear model, allowing the controller to deal with a larger set of perturba-
tions in initial conditions than linear model based controllers. The controller handles
both thermal excursions and quenches and depends parametrically on the equilib-
rium point, allowing it to be used to drive the system from one equilibrium point
to another. A zero-dimensional simulation study compares the performance of the
actively controlled system to the open loop system when switching between operating
points, showing a significant improvement in performance. A series of simulations is
performed to study the effect of different particle recycling model parameters on the
performance of the controller. A one-dimensional simulation study is also done which
shows that the control design based on a zero-dimensional model is potentially robust
to spatially varying parameters.

This chapter is organized as follows. The burning plasma model is given in Section
2.2. The control objective is described in Section 2.3. In Section 2.4, the controller
algorithm is presented. Sections 2.5 and 2.6 contain the results of zero-dimensional
and one-dimensional simulation studies, respectively. Finally, the conclusions are

discussed in Section 2.7.

2.2 Burning Plasma Model

In this work, we use a zero-dimensional model for a burning plasma that employs ap-

proximate energy and particle balance equations. The model considers the deuterium
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and tritium ion densities separately, allowing for the possibility of different confine-
ment characteristics and fueling rates for the individual species. It also includes an
approximate global model of particle recycling for the purposes of studying the effect

of recycling parameters on controller performance.

2.2.1 Particle Recycling

The particle balance describing the dynamics of the plasma density and isotopic mix is
affected (and under certain conditions dominated) by the recycling of particles from
plasma facing components of the confinement vessel walls. An important effect of
particle recycling is an increase in the effective confinement time of particles. While
a controller can quickly increase the density through increased fueling, the density
can be decreased no faster than the effective decay rate, which can be dominated by
the recycling effect. Recycling not only poses a problem for actively reducing the
total plasma density but may also lead to accumulation of helium ash in the core,
which could dilute the fusion fuel. In addition, since the recycled fuel will have a
particular isotopic mix, recycling reduces the dependence of the core isotopic mix on
the controlled pellet and gas injection fueling composition, an effect that was observed
in [38]. This could limit the effectiveness of isotopic ratio control schemes.

As one of the goals of this work is to study the feasibility of using modulation of
the isotopic mix and plasma density to control fusion heating in a burning plasma,
it is important to include the effects of recycling in the model used for design and
simulation. Global models of recycling, like those presented in [39, 40, 41], reduce the
detailed physical description of the processes involved to a small number of physically
motivated parameters, and can be used to gain a qualitative understanding of the
effects of recycling on the system. In this work, we incorporate a parameterized

model of coupled deuterium-tritium recycling processes that allows us to study the
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performance of the proposed controller for a range of different recycling conditions.
This model captures the dominant effects of recycling on the proposed isotopic fueling
based control approach, that is, it captures the slowed response time of the deuterium
and tritium densities to decreases in fueling and also reflects the fact that the isotopic
mix of recycled material may differ from that of the exiting particle flux. Because
a particle and impurity ion fluxes are much smaller than the DT flux, recycling of
these species is likely to be only weakly coupled to DT recycling and have little
effect on the performance of the proposed control approach. We therefore account
for a-particle and impurity recycling separately through use of effective confinement
times 77 > 7, and 77 > 77. This simplification makes it possible to compare the
controller performance for a particular operating point using different DT recycling
parameters, without having to simultaneously change the a-particle and impurity
recycling conditions, which would alter the fusion power, radiative losses, etc., and
significantly change the characteristics of the operating point being studied. Note
that the control design approach is not dependent on this modeling choice.

The model of deuterium and tritium recycling used here is based on the following
description. Upon leaving the plasma and reaching the vessel walls, a fraction f,.s of
the exiting particles may be reflected back towards the plasma, while the remainder
are either absorbed by the wall material (an effect called wall pumping), or removed
from the vessel by the active pumping system. The wall pumping effect causes the
development of a inventory of particles in the wall, which is, over time, re-emitted
back to the confinement vessel (a small percentage of particles may be trapped more
permanently through processes like codeposition [42]). To avoid the need for a com-
plex model of wall conditions and active pumping efficiency, the amount of recycling
from the plasma facing surfaces can be characterized by a global recycling coefficient

R/ = SB/SS where ST is the recycled particle flux and S° is the particle flux
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to the plasma facing surfaces. The wall inventory, and consequently the re-emitted
particles, will have some isotopic mix, which we denote v7¥°. The recycled (reflected
or re-emitted) particles go on to fuel the plasma core with some efliciency, ferf, de-
pending on their energy and interaction with the plasma scrape-off-layer (SOL). The
fraction of particles that is ‘screened’ by the SOL returns to the surface again to be
either reflected, absorbed, or pumped out [41]. Based on this description, we can
derive (see Appendix A) the following expressions for the recycled flux of deuterium

and tritium:

1 np
SR = {fre —_
b 1_fref(1_feff) fTD

B o T [

1 {f nr
U= freg (L= fepg) U7 7r

(l_fre (1_fe ))Reff n n
MU [ 1— Jéeff (1 _fj}eff) - fref] (T_g i T_;F) } ’ 22)

where 7p and 7r are the respective confinement times for the two species.

2.2.2 Particle and Energy Balance

The a-particle balance is given by

ho = ——% 4 5, (2.3)

Ta

*

where n, is the a-particle density, 7. is the effective confinement time for the a-

particles, and

So = Y (1 - 7) n%T<O-U>7 (24)
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is the source of a-particles from fusion. The deuterium and tritium ion densities are

governed by

ip = =2+ furs S~ Sa+ B, (2.5)

D

iy = _Z—T + furpSE— S, 4 S, (2.6)
T

where S/ and S (controller inputs) are the deuterium and tritium injection rates,
respectively.

We consider two impurity populations: ny, representing impurities arising from
plasma surface interaction and ny . representing impurities injected for the purposes

of burn control. The particle balances are given by

nrs

fp, = —oLs .y ge (2.7)
TI,s

hre = —omt g G, (2.8)
7_I,c

where 77, and 77, are the effective impurity confinement times, S}’ is the uncon-
inj

trolled source of impurities due to sputtering, and S, is the controlled injection of

impurities. For the purposes of this work, we model the sputtering source as

Spn
S =L— 4 fPn,
Tr
where 0 < f;” < 1 in order to maintain n;s = f;’n where n is the total plasma
density. This simple model reflects the fact that there is typically a small uncontrolled

impurity content in the plasma. To simplify presentation, we consider both impurity

populations to have the same effective confinement time 77, and atomic number Z;.

26



The total impurity content n; = ny s + n; . is then governed by

P _% + ST S, (2.9)
1

The energy balance is given by

. E
E:__+Pa_Prad+Pauz+POhma (210)

TE
where E is the plasma energy, 7g is the energy confinement time, P, = (.S,

is the alpha-heating (Q, = 3.52 MeV is the energy of a-particles), P, represents
the radiation losses, and Ppp,, is the ohmic heating power. This model uses the
approximation that the 3.52 MeV a-particles slow down instantaneously.

The DT reactivity (ov) is a highly nonlinear, positive and bounded function of
the plasma temperature, T', and is calculated by

a

(ov) = exp (TT + as + a3T + ayT? + asT? + a6T4) : (2.11)

where the parameters a; and r are taken from [43]. In this work, the radiation
loss P4 is taken as the combination of bremsstrahlung, line, and recombination as

approximated by [44]

Pyrem = 4.8 x 107" (np + ny + 4ng + Zing) ne/T(keV), (2.12)
Piine = 1.8 X 107 (np + np + 160, + Zing) n, (T(keV)) ™2, (2.13)
Pree = 4.1 x 107 (np + ng + 64n, + Z8n7) n, (T(keV)) ™, (2.14)

where n. is the electron density. The electron density is obtained from the neutrality

condition n, = np + ny + 2n, + Zn;. The effective atomic number, plasma density,
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Table 2.1: ITER machine parameters [45].

Symbol Description Value
1 Plasma current 15.0 MA
R Major radius 6.2 m
a Minor radius 2.0 m
B Magnetic field 53T
Kos Elongation at 95% flux surface/separatrix 1.7
095 Triangularity at 95% flux surface/separatrix 0.33
\% Plasma volume 837 m?

and temperature are given by

niZ2  np+np+4ng +ngZ?
Zopp = Z =t = - L (2.15)
n = Ng+nNp-+ny+ny+n
== 2nD—i—2nT—i—3na+(ZI—|—1)n1, (216)
2F
T = —— 2.17
. (2.17)

where Z; is the atomic number of the different ion species. Note that we take T, =

T; =T as a simplification. We approximate the Ohmic heating as

ZosrI?
_ —9Zeff
Porm = 2.8 x10 AT (2.18)
where [ is in Amps and 7' is in keV.
The state-dependent energy confinement time is given by
72 =0.0562Hy 1) By P~"%ndig! MO RMT™58 k0.1, (2.19)

where Hy is a scalar representing uncertainty in the scaling, I, is the plasma current

(MA), Br is the toroidal magnetic field (T), P = Puuz + Ponm + Pa — Praa is the
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total power (MW), n.19 is the electron density (10'"m™2), M is the effective mass of
the plasma (amu), R is the major radius (m), € = a/R with a the minor radius (m),
and ks is the elongation at the 95% flux surface/separatrix [45]. We utilize the main
plasma parameters and dimensions given in [45] and shown in Table 2.1.

Expression (2.19) represents the H-mode confinement time and is valid when the

power transported across the separatrix is greater than Prgy where

Py = 2.84M ' BESn0 RV 00 8, (2.20)

with the units MW, amu, T, 10**m~3, and m.
Particle confinement times are assumed to scale with the energy confinement time,

ie.,

. = k.Tm, (2.21)
™ = kpTg, (2.22)
T = koTg, (2.23)
7 = k. (2.24)

We note again that the a-particle and impurity particles balances use effective confine-
ment times chosen to account for recycling, while the confinement times for deuterium
and tritium do not, as deuterium-tritium recycling is modeled separately.

For the purposes of control, we will consider the states of the burning plasma
system to be ng,, ny, E, 7, and n. The dynamic equations for the first three have

already been given in (2.3), (2.9), and (2.10), while, by noting (1.5), (1.6), and (2.16),
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the remaining two equations can be written as

v -

7= o+ +
TT D T
2 o
: SR—Sa Szn]
+n—3na—(Z[—1—1)nI{fff r tor
— [fers (SE+ SF) — 28, + Sp7 + Si7]} (2.25)
2 ™D T

+fepr (SE+ SR) — 28, + S5+ S77] +3 {—% + Sa}

67

+(Zr+1) [—? + S Sf”} . (2.26)
1

2.3 Controller Objectives

The possible steady-state operating points of the system are given by the equilibria
of the dynamic equations (2.3), (2.9), (2.10), (2.25), and (2.26). If we consider no
controlled injection of impurities at steady-state, i.e. g}"j = 0, the equilibrium values

of the fueling source terms Sp, Sy, and the external power P,,,, can be determined
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by solving the nonlinear algebraic equations

0 = —2248, (2.27)
TO{
_ S~ _2
0 = —_l + u + f_y—
T D TT
2 _ _ o
: SR—Sa Sznj
+ﬁ—3ﬁa—(ZI+1)ﬁ1{fffT tor
—7 [fers (SB + 5F) = 254+ 557 + 577] } (2.28)
2 ™D T
+fers (Sh+SE) =28, + Sp? + 53] +3 {—% + Sa]
+(Zr +1) [—% + S 4 Sfp} : (2.29)
I
0 = _—_+pa_prad+Paux+pOhm, (230)
TE
0 = —— 4+ 5% (2.31)
TT

A unique solution to this system can be obtained by specifying T = T, v = 7, n; = iy,
and 8 = % = 3 where B is the magnetic field strength, 1 is the permeability of
free space, and k is the Boltzmann constant. We assume the magnetic field B is held
constant, such that § o« nT o« E. The objective of a burn condition controller can
then be stated as regulation of F, n, v, n, and n; to the chosen set of equilibrium
values. We note that, as a result of regulating these values to the chosen targets,
the outputs of the system, including the fusion power, will also be regulated to the
value associated with that particular operating point. In this chapter, the choice of
the desired operating point is considered to be made offline prior to the discharge,
however, in the following chapter, a real-time optimization algorithm will be used to

determine the operating point that best achieves some predetermined goal, e.g., to

maximize fusion gain.
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We will use the notation Z(t) = x(t) — Z(t) to represent the difference between the

actual and desired states of the system. We can write the dynamics of these errors as

ho = My, 23
Ta
o= e ST ST (2:33)
: E E
E = —___+Pa_Prad+POhm+Pauxa (234)
TE TE
. 5 2[ut (1 =) SP — SH
5 _l+ [ (1—7) 57 7D]7 (2.35)
T n—3n,— (Zr+1)n;
s fl—y v inj inj
n o= -n +— ) +v+2(S7 4+ 557), (2.36)
™D T

where

’LL(’?) - n—3na—(ZI+1)n1[ ’7+7(1_7>+7_2_,—y:|

2 TT D TT
+ fersST = Sa = [fers (SB + ST) — 2Sa] , (2.37)
]_ _
v o= (=4 3na+ (Zr+1)ng) < 7+l)
D T

+ 2 [feps (Sp+ST) —25a] +3 {_% +5a}

«

+ (Zr+1) [—% + S+ Sj”} : (2.38)

I

As noted before, our model assumes that the source of impurities from plasma
facing components, S7°, maintains nys = frn at steady-state. Without controlled
injection of impurities, i.e., S}"j = 0, the content of injected impurities, n;., will
decay to zero such that n; = nys = f;"n. Therefore, if we regulate the total plasma
density to n, we can be sure that n; — 0. This implies that there exists a Lyapunov

function V7(n;) (see Appendix B for the basics of Lyapunov stability analysis) such
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that

Vi

< 0. (2.39)

n=0

If we consider a Lyapunov function V,, = %, then

Mo

Vi, = fig (——* + Sa) . (2.40)
TO{

We note that, if n;, n, v, and E are driven to their equilibrium values, we can write

””] 51— 3) {ov). (2.41)

[ﬁ—?)na—(Z[—i-l
Se =

2
For physically meaningful values of n,, S, decreases with an increase in n, and vice
versa. Also, for the confinement scaling (2.19), the term n,/7} increases with an
increase in n, and vice versa. This allows us to write —2¢ + Sy = —TNgo, Where ¢,

is a positive continuous function and
v, = —i2¢a < 0. (2.42)

We can therefore be sure that n, goes to zero as long as the other states go to zero.
Noting (2.39) and (2.42), we can restate the control objective as regulation of E, 7,
and 7 to zero. We will achieve this objective through control laws for the auxiliary

heating P, the fueling terms S%7 and S%, and the impurity injection term S7.
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2.4 Controller Design

We begin the controller design by looking at the energy subsystem. We note that the

dynamic equation (2.34) can be reduced to

dE E ~
— =———KgF 2.43
dt TE B ( )

where Kg > 0 is a design constant, by satisfying the condition

E -
f(n7E7na7nI7’Y) - _7__+P0hm+Pa_Prad‘i‘Paux"_KEE:O. (244)
E

The E subsystem is then asymptotically stable since 7 > 0. The condition (2.44)
can be satisfied in several different ways. The auxiliary heating term P,,, enters the
equation directly. The actuators Sglj and S;Il 7 can be used to change the a-heating
term P, by modulating the isotopic mix, and the impurity injection term S}'"j can be
used to increase the impurity content and consequently P,.;. Having several methods
available for controlling the energy subsystem enables us to design a control scheme
that can still achieve stabilization despite saturation of one or even several of the
available actuators.

The control approach proposed in this work integrates all three methods, as
needed. First, the algorithm attempts to control the energy through modulation
of the auxiliary power. If the auxiliary power saturates, the controller identifies a
trajectory v* for the isotopic mix that alters the fusion heating to satisfy f = 0. The
trajectory v* and the equilibrium density n are then stabilized through choice of Sjgj
and S;"j and impurity injection is set to zero. If the system cannot meet stability
or performance criteria due to fueling actuator saturation, the controller goes on to

identify a trajectory nj for the impurity density that can satisfy f = 0 and stabilizes
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the trajectory using impurity injection.

Step 1: We first calculate the stabilizing value of P,,, as

E .
punsat - — T——Qaﬁ(l—ﬁ)n%T<av>+Pmd—POhm—KEE, (2.45)
E
punsat_Pmin
Pow = sat|—fuz_ —oaur ) 2.46
Sa (Pazzf— m) (2:46)

where the limit P;"%* depends on the installed power on the tokamak and the

limit P > () depends on the operating scenario.

Step 2: We next find a trajectory v* satisfying (2.44), i.e.,

- B
Qo (L=7) npr(0v) = Praa+ Porm+ Powsr+ KpE = — (2.47)
E
Solving this equation yields
E ~
_+Prad_POhm_Pau;t - KEE
(A=) = = = C, 2.48
e Qe o) (248
1++v1-4C
7= 5 (2.49)

We note that this equation is implicit, since C' depends on 7g, which, according
to the scaling law (2.19), depends on + through the effective mass M. To
overcome this, we can use a fixed-point iteration scheme, i.e.,

. 1EV1-4C0()

= 2.50
’yn 2 Y ( )

and stop the iterations once some tolerance is met. Based on numerical sim-
ulation results, very few iterations are needed to achieve convergence, in fact,

there is typically little change between the first and second iteration. Note that,
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if the value of P,,, calculated in Step 1 is not saturated, then ~* = 4. This
can be shown by substituting (2.45) into (2.47). If C' < 0.25, the two result-
ing solutions for v* are real and we take the tritium-lean solution, such that
v* < 0.5. If ¢ > 0.25, even the optimal isotopic mix and maximum value of
auxiliary heating will not generate enough heating to satisfy f = 0, indicating
that the requested operating point may not be achievable for the amount of
auxiliary heating power installed on the device. Barring this situation, based

on our choice of Py, and v*, we have that
f(n>E7naan177*) = 0. (251)

This allows us to write f = 4¢, where 4 = v — 4" and ¢, is a continuous
function. Noting (2.34), (2.44), we can then write the dynamics of the energy
perturbation as

3 E ~
E=———KgE+46, (2.52)
TE

and the dynamics of 4 can be written as

5o A, 2[u) + =) S —aSp]

2.53
T n—3n,— (Zr+1)n; ( )

Step 3: Having selected P,,, and v* in the previous steps, we must next choose SZU
and S;?j to ensure that E, 4, and 7, which are governed by (2.52), (2.53), and
(2.36), are driven to zero. We consider the Lyapunov function Vy = V,, + Vg ,

where V,, = 17? and Vg, = %k1E2 + 24%. Tt can be shown that satisfying the

conditions

V, = —n? (1_—7 + l) + 7 fvo+2(SHT 4+ SP)]. (2.54)

D T
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By satisfying
2 (577 + Sp7) = —v — Ky, (2.55)

where K, > 0, (2.54) is reduced to

. 1—
V, = —i? < TyX Kn> <0, (2.56)

D TT

guaranteeing n — 0. We then alculate the derivative of Vg , as

. . E _
Vi, = kB |—— — KpE+46,
TE
oA 200+ A=) S - 1Sy
i Tr n—3n,— (Zr+1)n; ’
E2 5 22
= ki —kKpE? -
TE T
= 2[u(y) + (1 =) 5S¢ —vSp]
A i) . 2.57
+7{k1 by + n—3n,— (Zr+1)ng ( )

By satisfying

(1) 877 =75 =~

_3 a_Z+1 ~ A~
n=dna = (Zit Dy (kiBo, + Ky7) —u. (258)

where K, > 0, we can reduce (2.57) to

. 1 ~ 1
T

TE

which is negative definite, implying that Vy < 0. This guarantees that E, 7,

and 4 will be driven to zero. The conditions (2.55) and (2.58) can be satisfied
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by choosing

ini n—3n,— (Zr+1)n ~ .
s = G D (2, + K 5)
v — K7
Fulr)+ (=) (TS, (2:60)
- v — K. 7 -
S = (%)—S}?]. (2.61)

These values are subject to the constraints 0 < S?j <SP and 0 < Sé,,”j <
Smer. 1 one of the fueling actuators saturates, we cannot satisfy both con-
ditions of the control law, so we must choose to either control n or . If we
choose to hold condition (2.58), the energy and tritium fraction subsystems
will remain stable, however, the density subsystem will no longer be controlled.
This could potentially lead to a violation of the density limit. To avoid this, we
instead choose to maintain control of the density by satisfying (2.55). Because
of fueling actuator saturation, it may be possible that VE77 > 0, that is, we
may not be able to ensure stability of the burn condition with the previously
considered actuators. There are two possible situations to consider, either a
thermal quench or an excursion. If the system is experiencing a quench, the
controller has already increased auxiliary heating to its maximum, so the only
alternative would be to change the magnetic plasma parameters to improve en-
ergy confinement (see (2.19)) or to change the reference operating point to one
that is achievable. If the system is experiencing a thermal excursion, however,
we can still use impurity injection to stabilize the energy subsystem, despite
the heating and fueling actuator saturation. In these cases we enable the use of
impurity injection by setting the control logic flag Fj,,, = 1 and proceeding to

Step 4.

38



Step 4: If F},,, = 1, we use the expression for radiation losses given in (2.12) to find

an impurity density trajectory n} that satisfies condition (2.44). Defining the

error Ny = ny — nj, we can write its dynamics as

ﬁ[ n*x o
Ay =—— — L+ 857 + S — i
* * I I 1
7 7

(2.62)
Based on the choice of n}, we have that
f <n7E7 n@?’y?n;) = 07 (2'63)
which allows us to write f = n;¢; where ¢y is a continuous function. We can
then rewrite (2.34) as
- E .
EF=———-—KgE+n;¢;. (2.64)
TE
We take as a Lyapunov function Vi = V,, + V, + Vg ; where V, = %ﬁQ and
Vi = 3k E? + $nl.

E

Ve = ksE KgE + 1oy,
TE

n

*
n P
- I in, s .
+ny ——*——*—FSI]‘FSIP—??;
TI T

I
2

~ /\2 ~ * . .
= ks — ks KpE? — L 4, {k3E¢1 R n’;} .
TE T} T}
(2.65)
By satisfying

S7'9 = —ksBor + L = S + g — Ky, (2.66)
I
where K > 0, this can be reduced to

. 1 ~
VEJ = —k’g (—+KE) E2 —K]ﬁ% < 0,
TE

(2.67)
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guaranteeing £ and 7; go to zero. We modify the tritium fraction trajectory to
V= V{step ) — Ks fti S}'"j dt where Vg, o) is the value of v* calculated in Step 2,
Kg > 0, and ?( is the time at which impurity injection was first engaged. This
modification ensures that the tritium fraction is, if possible, eventually reduced
to such a level that impurity injection is no longer needed, i.e., S}'"j — 0.
Once S}”j = 0, we disable impurity injection in subsequent executions of the

algorithm by setting F,,, = 0. By satisfying

2(SP7 +S37) = — v— K., (2.68)
inj inj n— 3”04 - (Z + 1)n ~
(1_7)ST]_/7SD]: - 2( . ) [K’Y’7
— u(v)- (2.69)

We can ensure that V,, < 0, V7 < 0, and therefore V; < 0, guaranteeing stability

of the system. The conditions (2.68) and (2.69) can be satisfied by choosing

n—3n, — (Z;+1)ns

S = 5 K5
. —v—K,n
+ u(y)+(1-7) (—2 > (2.70)
- —v— K. 7 -
sp— (Z5E) sy 1)

which are again subject to saturation. If one of the fueling actuators saturates,
we again choose to hold (2.68) to ensure stability of the density.

ing

Through the proposed control algorithm, values for P,,,, Sp”, S;" 7 and S}'nj are found

in such a way that, if possible, the energy and density are driven to the desired values.

As the system approaches the desired operating point and any saturated actuators

leave saturation, the trajectories v* and nj return to 4 and ny, respectively. Once E,

n, and 4 go to zero, we can be sure, from (2.39) and (2.42), that the remaining states
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Table 2.2: Actuator limits.

Symbol Description Value
pras Maximum power 73 MW
pmin Maximum power 5/7 x pPmax
prax Maximum power ramp rate 2.25 x 10* Wm3s™!
Spor Maximum fueling (D) 3 x ST
Smar Maximum fueling (D) ramp rate 3 x 10 m~3s~2
Spaw Maximum fueling (T) 3 x Sk
Smaer Maximum fueling (T) ramp rate 3 x 10'® m=3s2

Na, and ny also go to zero.

2.5 Zero-Dimensional Simulation Study

In this section we study the performance of the proposed control scheme through a
zero dimensional simulation study. We use the model described in Section 2.2 for the

simulations. We consider magnitude and rate limits on the actuators of the form

)
E
3

IA

8

VAN

5
3
8

where x is a particular actuator. For this study, we use the limits given in Table
2.2. In addition to the actuator limits, we limit the feedforward terms 4* and nj to
prevent the controller from reacting to strongly to step changes in these references.
We also force ¢, = 0 when |¥| < € and ¢; = 0 when || < €, where € is small, so
there is no possibility of errors in precision causing ¢., or ¢; to become unbounded.
The study is divided into two sections. The first shows how the controller can
improve the response of the plasma when moving between operating points, even when

the desired operating points are unstable. We then study the effect of recycling model
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parameters on controller performance. Throughout the simulations, the parameters

Zr =4,k =7,k =10, and kp = kp = 3 are used.

2.5.1 Switching Between Operating Points

We begin the simulation study by comparing the open loop (uncontrolled) and closed
loop (controlled) performance of the system when switching between operating points.
This allows us to simultaneously test the response of the nonlinear control scheme
to initial perturbations in plasma parameters and to show how, by embedding the
nonlinear model of the system in the control scheme, the controller can stabilize a
range of operating points. The ability to transition between operating points will be
important during reactor startup and shutdown but may also be necessary during op-
eration in order to respond to changes in power load demands or device configuration.
For example, if a neutral beam injector malfunctions during operation, the reactor
could switch to a different operating point that does not require as much beam power.
During such transitions, it will be important to maintain stable control and to avoid

large peaks in fusion power or other parameters.

2.5.1.1 Scenario 1

In this study, we started the system at a set of perturbed initial conditions and
requested the plasma to move to an operating point with an auxiliary heating re-
quirement near the power saturation limit P™" then to a second operating point
with a higher fusion power and auxiliary heating requirement, and finally to a third
operating point again characterized by an auxiliary heating requirement near the
saturation limit.

The simulations used model parameters f; = 0.01, Hy = 1.13, R.py = 0.9, v71¢ =

0.5, fref = 0.7, and f.;r = 0.2. The initial conditions were set as np(0) = 1.1 x n},
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Figure 2.1: Closed loop, open loop, and desired operating point during the first

simulation scenario: (a) Plasma 3, (b) plasma density n, (c¢) temperature T', and (d)
fusion heating P,.
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Figure 2.2: Closed loop and open loop (a) heating Py, (b) tritium fueling Sr, (c)
deuterium fueling Sp, and (d) a comparison of the tritium fraction reference, closed
loop and open loop results, and v* during the first simulation scenario.
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nr(0) = 1.1 X nk, ne(0) = 0.6 x n’, n;(0) =nf}, E(0) =0.85 x E".

The By, T, n, and P, results for the two simulations are compared in Figure 2.1
(a), (b), (c), and (d), respectively. The auxiliary heating, tritium fueling, deuterium
fueling, and tritium fraction are shown in Figure 2.2 (a), (b), (c¢), and (d), respectively.
Due to the initial condition perturbation, there was a rapid increase in [y initially in
both the open and closed loop cases. This led to a large overshoot in both Sy and P, in
the open loop case. In the controlled case, however, the nonlinear control law was able
to significantly reduce the overshoot and return the system to the desired operating
point. Due to the proximity of the operating point to the auxiliary heating saturation
limit, the controller was forced to reduce the tritium fraction in order to limit the
severity of the excursion. This was accomplished by temporarily reducing the tritium
fueling to zero. With more favorable recycling parameters, the controller could have
reduced the tritium fraction more quickly and further reduced the overshoot in Sy
and P,. At t = 70s, the desired operating point was changed. Again, in the open loop
case there was a significant overshoot in Sy and P,, as well as a slow density and
temperature response. The system response was greatly improved by the nonlinear
control law. Note how the isotopic fueling capability was used to improve the response
time of the isotopic mix. At ¢t = 130s, the desired operating point was switched to
one that required the minimum auxiliary power. The open loop case experienced an
undershoot in By and P, and a slow density response. The controlled case, on the
other hand, quickly tracked the desired Sy, T, and n, and avoided the undershoot
in P,. Note that, because the auxiliary power saturated, the controller altered the
tritium fraction to track v*. This was done through isotopic fuel tailoring, as seen in

Figures 2.2 (b) and (c).

45



1 |——Closed Loop [
11---- Open Loop
- - - Reference

10

(a)

........

-=+= Open Loop
- - -Reference

,,,,,,,,,,,,,,,,,,,,

-

——Closed Loop | [

N W S
: L
......... ; .........;.'T'.“.'.'.'.v.
0 50 100 150 200
Time (s)
(c)

Temperature (keV)

13 L et
12'/ ””””””” ——Closed Loop| T
] v -=-= OpenLoop |[
] i L
E I P 2 A - - -Reference L
1 K ' T
gt e e e
0 50 100 150 200
Time (s)
(b)
130 —

1204

1|——Closed Loop ’
-=+= Open Loop
|- - - Reference

1104
100—2
90
80—;

70

60

Figure 2.3: Closed loop, open loop, and desired operating point during the second

simulation scenario: (a) Plasma 3, (b) plasma density n, (c) temperature T', and (d)
fusion heating P,.

2.5.1.2 Scenario 2

Next, we considered a second scenario of switching between operating points, this

time using an alternative confinement scaling law. For these results, the simulation

and controller used the scaling law ITER9OH-P [46]

TEOH-P = HHO'082[1'02Rl'GBO'15M0‘5/<§50'19P_0'47,

46
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Figure 2.4: Closed loop and open loop (a) heating Py, (b) tritium fueling Sr, (c)
deuterium fueling Sp, and (d) a comparison of the tritium fraction reference, closed
loop and open loop results, and v* during the second simulation scenario.
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We again started the system at a set of disturbed initial conditions and requested
the plasma to move to three operating points with auxiliary heating requirements near
the power saturation limit P™". The simulations used model parameters f; = 0.017,

Hy = 0.75, Repp = 0.9, vFFC = 0.4, f,o; = 0.7, and f.;; = 0.2. The initial conditions

were set as np(0) = 1.05 x n,, np(0) = 1.05 x nk, ny(0) = 0.8 x n,

a’ nI(O) = nj,

E(0)=11xE".

The By, T, n, and P, results for the two simulations are compared in Figure 2.3
(a), (b), (c), and (d), respectively. The auxiliary heating, tritium fueling, deuterium
fueling, and tritium fraction are shown in Figure 2.4 (a), (b), (c¢), and (d), respectively.
Clearly, with this alternative confinement scaling, the system exhibited much worse
open loop performance. The density dropped below the desired level, while Sy and
T increased far beyond the requested values. This resulted in a significantly higher
fusion heating than desired. These results indicate that the stability of operating
points is strongly affected by the dependence of plasma confinement on changes in
other parameters. In the controlled case, this nonlinear effect was accounted for and
the controller was able to stabilize all three operating points and achieve excellent
transient performance. Note that, because the operating points were so close to
the minimum heating power, the controller often saturated the auxiliary heating
actuator. The controller reduced v* during the heating saturation in order to maintain
the reference value of E, and the isotopic fueling capability was used to track this
reference. Due to particle recycling the tritium fueling actuator occasionally saturated

in an effort to track v*, however the overall system performance was still quite good.

2.5.1.3 Scenario 3

For a third scenario, we again used the alternative scaling (2.72). In this case, however,

a higher recycling rate was used, making it harder for the controller to track the
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desired isotopic mix ~*. The simulations used model parameters f; = 0.017, Hyg =
0.75, Repp = 0.95,v7F¢ =04, f,.; = 0.7, and f.;; = 0.2. The same initial conditions
as Scenario 2 were used.

The By, T, n, and P, results for the open and closed loop simulations of scenario 3
are compared in Figures 2.5 (a), (b), (c¢), and (d), respectively. The auxiliary heating,
tritium fraction, deuterium and tritium fueling, and impurity injection/density are
shown in Figures 2.6 (a), (b), (c¢), and (d), respectively. As in the previous case, the
open loop performance was quite poor. In the closed loop simulation, the controller
drove the auxiliary heating to saturation several times in order to stabilize the desired
operating points. Due to the higher recycling rate, the isotopic mix could not be
changed as quickly as in Scenario 2, which prompted the controller to switch to
the use of impurity injection (see Figure 2.6 (b) and (d)). The injected impurities
cooled the plasma and stabilized the operating points. However, because of the long
confinement time of impurities, the impurity density decayed slowly and additional
heating power was necessary long after the impurity injection was stopped, as seen

in Figure 2.6 (a).

2.5.2 Effect of Recycling Model Parameters

The previous simulation scenario showed how, for certain values of the recycling
parameters frer, ferr, and Resr, it can be difficult to track the stabilizing isotopic
mix reference v* due to fueling actuator saturation, which degrades the performance
of the proposed control scheme and may necessitate the use of impurity injection in
some cases. Since the reference v* is highly dependent on the stability characteristics
of the desired operating point and how close it is to the heating actuator saturation
limits, any study of the effect of recycling parameters on performance will be highly

scenario dependent. Nevertheless, we can get a qualitative understanding of how
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the parameters influence performance by doing a parametric study for a particular
scenario and comparing controller performance metrics. For this study, we chose a
scenario (Hy = 1.1, ¥7¥¢ = 0.5, f; = 0.015) in which the controller had to respond
to a sudden increase in the confinement parameter Hy of 5%. The reference for the
energy was chosen such that, after the confinement parameter change, the controller
was forced to reduce the auxiliary heating to the minimum level and reduce the tritium
fraction in order to maintain the desired energy. We used the percent overshoot (the
maximum percent difference between the achieved E and the desired value E7), 1%
settling time (the time it takes the energy F to come within 1% of its final value),
and steady-state error (the difference between the ultimate value of E and the desired
value E7) as the controller performance metrics to compare. We note again that, due
to the nonlinearity of the system, the results of this type of study are dependent on
the particular scenario studied.

Results for R/ = 0.85 , R/ = 0.90, and R/ = 0.95 are shown in Figure 2.9(a)-
(c), (d)-(f), and (g)-(i), respectively. Each subplot depicts a particular performance
metric as a function of f,.r and fer;. It is apparent that the controller works best
for low values of f.;; and R%/ coupled with high values of f..;. We note that for
Re¢ff = 0.85 there is a large region of parameter space in which there is no steady
state error. The region decreases in size as R®// is increased. The overshoot is most
strongly dependent on R®/ and f.;;, though the dependence on f,.; increases for
high values of f.f¢. In the region of parameter space without steady-state error, the
settling time increases with f.r; and decreases with f,.f, however, a more complex
behavior occurs within the region with steady-state error. The slowest settling time
occurs at high values of f.ss at the values of f,.r where steady-state error begins. In
the region with steady-state error, the settling time decreases with decreasing f.f.

This complex dependence occurs because, although the response time of the system
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is slower in this region, the final value of E is closer to the maximum overshoot, so
the system takes less time to come to steady-state.

Based on these results, the controller performance can be optimized most effec-
tively by lowering the recycling rate R.¢; and recycled particle fueling efficiency f.yy.
Based on experimental studies of a recycling model similar to the one used in this
work [41], ferr may be quite low (<0.5) for divertor configurations. Divertor designs
that prevent recycled flux from escaping the divertor region could reduce f.¢; while
significant active pumping capabilities may be necessary to reduce R.¢s. The reflec-
tivity fr.s is dependent on material properties and the angle at which particles strike
the surface. By operating with high reflectivity, the problem of steady-state error can
be minimized because the isotopic mix of the recycled material is made less dependent
on the content of the walls. We note also that, as the wall inventory exchanges with
the plasma, the isotopic mix of the wall inventory v7¥¢ may change slowly over time.
This would cause the steady-state error seen in these simulations to eventually tend
to zero, however, the settling time could be very long since the wall acts as a very

large reservoir of particles.

2.6 One-dimensional Simulation Study

In this section, we introduce a simple one-dimensional burning plasma model of the
evolution of the radial profiles of the plasma parameters. We use the one-dimensional
model to study the performance of the proposed control scheme in the presence of

spatially varying parameters. The model is given by the following set of coupled
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nonlinear partial differential equations:

ong Oong,
ot 7“07“ ( )+S

@g_f _ %%r( Dag_f) Se+ Sp + forsSE,

a@% — %%r( 8(;@) Se + St + forsSE,

5 = o (o) s

aa_f = %§T<DE3 )—i—Qa o« — Prad + Porm + Pauz,

where ny (1), np(r), np(r), n;(r), and E(r) now represent spatially varying model
states and S,(r) and P,.q(r) are calculated based on local plasma parameter values.
This simple cylindrical model assumes a constant diffusivities Dg = 0.3, Dp = 0.17,
Dy = 0.14, D, = 0.10, D; = 0.06, and negligible pinch velocities. The heating and
fueling rates are distributed throughout the plasma based on the deposition profiles
of the respective actuators. We assume the shape of deposition profiles are fixed in
time and only the magnitude of the actuators can be modulated by the controller,

ie.,

Sp(r,t) = (Sp)(t) x Sp(r),
Sr(r.t) = (Sr)(t) x Sp(r),
Si(rt) = (S)(t) x Si(r),

Poua(rt) = (Paua)(t) X Paua(r),

where Sp(r), Sp(r), S;(r), and P, (r) are the normalized deposition profiles. The
deposition profiles used in this study are shown in Figure 2.10. Profile 1 was used

for P (r), while Profile 2 was used for Sp(r), Sp(r), and S;(r). The recycling
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Figure 2.10: Normalized actuator deposition profiles used in the one-dimensional
simulations.

model used in the zero-dimensional study is used to calculate the recycling rates of
deuterium and tritium, and the recycled deuterium and tritium are assumed to fuel

the plasma with time-invariant deposition profile, i.e.,

Sp(r) = (SH) (1) x SH(r),

SE(r) = (SE)(t) x SE(r),

where (SE) and (SE) are calculated using expressions (2.1) and (2.2), respectively,
and SE(r) and SE(r) are set as Profile 3 in Figure 2.10.

Based on the cylindrical symmetry of the model, no-flux boundary conditions are
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used at r = 0. For the set of boundary conditions at the minor radius r = a, we take

In,

?—fr:a = —dpnp,
%r:a = —drny,
%T:a = —dmny,

where d, = 4.4, dp =1.2, dp = 1.6, d; = 1.4, and dg = 4.3.
Volume averaged quantities were obtained from the model through integration.
For a quantity z, its volume average, denoted (z), is found as

2 foa radr

a?

(r) =
Furthermore, the confinement time for the state x can be obtained by computing

Tp = __alw) (2.73)

2D, %
r=a

During the closed loop simulation of the 1-D model, the diffusivity for each species
is updated based on (2.73) such that the confinement times follow the confinement
scaling (2.19) used in the zero-dimensional study.

During the simulation, the volume averages and confinement times were computed
and passed as inputs to the controller, which then output the volume averages of the
actuators. We assume that the volume averaged plasma parameters, including (S,),

(Pyrad), and the confinement times are all measured or estimated. To account for the

59



effect of the spatial distribution of parameters, the calculation of v* in the Step 2 of
the control scheme must be modified slightly. We define (v) = (nr)/({(nz) + (np))
and write (S,) = f)(7) (1 = (7)) (ng)*(ov) ((T)) where f is a scale factor to account

for the effects of spatial profiles. The scale factor is then used to calculate

ﬁ Prad - th Pauz
0= ) = e 2 o) )

f3 Qalnm)*(ov) ((T7)
oy 1+ 12—4<C>’

The rest of the control scheme is left unchanged, aside from the (-) notation, i.e.,

Przzey = L Qa1 () () () + (Pad) = Pon),
<Sglj> _ <n> - 3<nc¥> _Q(ZI + 1) <n1> </€1<E>¢7 + K»y<’A}/>>
Hu )+ (1= ) (TSR,

sy = (TSR s
Actuator limits in the one-dimensional simulation were the same as those used in the
zero-dimensional simulation.

For the one-dimensional simulation, a low temperature operating point with an
auxiliary heating requirement near the minimum auxiliary power saturation limit was
chosen as a reference. Based on the chosen values of (T'), (§), and (v), as well as the
actuator and recycling deposition profiles, the set of equilibrium profiles and actuator
values associated with the operating point were determined. Two simulations, one
using the equilibrium fueling and heating rates (open loop) and the other with the
proposed controller active (closed loop), were run, both starting from a perturbed set

of initial profiles. The parameters used were Hy = 0.88, R.s; = 0.9, v77¢ = 04,
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ferr = 1, and f.f = 0.5. Figure 2.11 compares the open loop and closed loop
volume averages, as well as the spatiotemporal evolution of the percent error, for the
(a) temperature and (b) plasma density. Figure 2.12 shows the same set of results
for (a) energy and (b) fusion heating. The open loop response of the temperature
and density to the perturbed initial profiles was quite slow, while in closed loop the
desired temperature and density are quickly recovered. In closed loop, the profile
percent error tended to zero at all spatial locations with about the same response
time as the spatial average values. The energy and fusion heating averages initially
responded on similar time scales in both open and closed loop. However, the open loop
response exhibited an undershoot that persisted for a long time, while the closed loop
system quickly reached the desired values. We see similar results in the spatiotemporal
evolution of the percent error. Figure 2.13 compares the open loop and closed loop
values of the actuators (a) P, (b) Sr, and (c), Sp, as well as the (d) tritium
fraction and controller requested tritium fraction 7*. We see that, because the heating
requirement for the operating point was quite close to the minimum saturation limit,
the controller could not reduce heating much in response to the initial condition errors.
The controller maintained control of the system by requesting a reduction in the
tritium fraction v*, which was successfully tracked through isotopic fuel tailoring. The
open loop tritium fraction did not deviate from the reference value. Finally, Figure
2.14 shows the initial, final (t=50s), and reference profiles of the states n,, F, np,
and np from the closed loop simulation, showing that, for the simple one-dimensional
model used in this work, the profiles tended toward the reference magnitude and

shape.
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Figure 2.12: Comparison of closed loop, open loop, and reference volume averages of
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2.7 Conclusions

We have presented a nonlinear burn stability controller capable of rejected perturba-
tions in the energy and ion species densities. By avoiding linearization, the controller
can deal with a larger set of perturbations than previous linear controllers and the
simultaneous use of multiple actuation techniques allows for the rejection of pertur-
bations that lead to either thermal excursions or quenching. The nonlinear control
law depends parametrically on the operating point, so it can be used to drive the
system between different operating points. This allows for online adjustment of the
power or other plasma parameters, or for transition from sub-ignition to ignition. No
scheduled controllers are necessary because the control law is not designed around a
particular operating point.

The deuterium and tritium ion densities are accounted for separately, allowing for
control of the isotopic fuel mix within the plasma. This will be important for main-
taining the desired fuel mix within the plasma core despite difference in confinement
properties between the species. The isotopic fueling capability is exploited by the
control scheme to help reject perturbations in the temperature when the control law
for the heating reaches saturation limits. This extends the operating space of the
control scheme and can help to avoid the need for impurity injection during positive
temperature perturbations. We include impurity injection in the proposed scheme as
a back-up actuator to handle more severe excursions.

A zero-dimensional simulation study was carried out to test the performance of
the proposed control scheme. Scenarios studied included moving between various op-
erating points, some of which were characterized by a required heating power very
near the minimum power limit imposed in the scenario. Results using two differ-

ent confinement scalings were shown, and the controller was shown to be capable of
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stabilizing unstable points and improving the performance of the system for stable
operating points. A study of the effectiveness of isotopic mix based control of the en-
ergy for a range of recycling model parameters was also presented. The study showed
that the use of isotopic fueling for burn condition control purposes is most promising
for low values of f.r; and relatively low values of R.;r. Such favorable conditions
could be realized with appropriate divertor design and active pumping capabilities.
For unfavorable recycling parameters, it is found that isotopic mix control may be
too slow to be used to reject thermal excursions (due to the much faster time scale of
the energy subsystem). In such cases, isotopic mix control may still be quite useful
for slower time scale modulation of the burn condition and impurity injection may be
necessary to reject thermal excursions. A one-dimensional simulation study was also
presented to show controller performance when plasma parameters vary in space, as
they would in a real tokamak. Though a very simplified one-dimensional model was
used, the success of the zero-dimensional control law on the one-dimensional model
is promising and motivates further testing on more sophisticated predictive codes.

It should be noted that the approach taken in this work is not restricted to the
particular confinement scaling and machine parameters used here. The control design
could be used in other fusion reactors with isotopic fueling capability. While many
of the parameters used in the control law are either measured or well-known, some
parameters, like recycling parameters are uncertain. The selection of the controller
gains K, K,, K, and K7, is a trade-off between the robustness of the scheme to these
uncertainties and the sensitivity of the controller to noise. In order to handle the the
uncertainties in a parametric way, a nonlinear adaptive control law will be synthesized.
A real-time algorithm for updating the choice of operating point parameters E, 7,
and 7 in response to changes in impurity content or confinement parameters will also

be included. The optimization algorithm will be used to improve upon the response
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of parameters like the fusion power and the divertor heat load, while maintaining the

stability properties of the controller proposed in this work.
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Chapter 3

Adaptive Nonlinear Burn Control

and Online Optimization

3.1 Introduction

In the previous chapter, a nonlinear multi-input-multi-output burn control strategy
capable of handling actuator saturation through the use of isotopic fueling and impu-
rity injection was proposed. It was shown that the nonlinear controller could stabilize
unstable equilibria, even in the presence of actuator saturation. A model of particle
recycling was included in the burning plasma model to study the effectiveness of the
proposed isotopic fueling under different recycling conditions. Despite the advantages
of the proposed scheme over linear approaches, the design relies on complete knowl-
edge of the parameters of the burning plasma model. While many of the necessary
parameters are either measured or can be calculated based on first-principles equa-
tions or scaling laws, some parameters will be, in practice, uncertain or unknown. In
order to handle the model uncertainty, a nonlinear adaptive control scheme is pro-

posed in this chapter. The resulting nonlinear adaptive control scheme ensures that

69



the desired burn condition is still asymptotically stable despite model uncertainty.

Adaptive control design seeks to combine a control law with an online parameter
estimator in order to control systems that have uncertain (or possibly time-varying)
parameters. As the parameter estimates converge to the true values, the performance
of the controller tends to that of a controller based on known parameters [47]. Typi-
cally, in adaptive control for linear systems, the certainty equivalence design approach
is used, i.e., the uncertain parameters are assumed to be known to design a parameter-
ized controller. This achieves a level of modularity, allowing any stabilizing controller
design to be paired with any parameter estimation approach. For nonlinear systems,
the weakness of certainty equivalence based control laws can allow the states of the
uncertain system to become unbounded under certain conditions. Through the use of
design tools like nonlinear damping in the control law, a system can be made input-
to-state stable with respect to the parameter estimation error, i.e., the states remain
bounded given a bounded parameter estimation error [48]. This property enables the
use of modular designs, i.e., the nonlinear controller can be paired with any kind of
estimator, so long as it guarantees bounded estimation errors.

While the nonlinear adaptive control scheme proposed in this chapter will drive
the burn condition to the desired reference (defined by the energy, density, and tritium
fraction), the model uncertainty may lead to differences between the resulting out-
puts, like fusion power or divertor heat load, and those predicted by the model. For
example, differences in impurity or alpha particle confinement could alter radiation
losses and DT fuel content in the plasma at the reference values of E, n, and v. With
large enough parameter changes, the outputs for a given reference could differ signifi-
cantly from the predicted values, making it difficult to choose the controller references
prior to a discharge. To overcome this issue, an online optimization scheme, similar

to the general approach proposed in [49, 50| is used to alter the controller references

70



in real-time to minimize a cost function related to the desired reactor performance.
The chapter is organized as follows. The uncertain parametric burning plasma
model used for design is given in Section 3.2. In Section 3.3, the adaptive nonlinear
control design is presented, and in Section 3.4 an online optimization scheme is pre-
sented. Section 3.5 shows the results of a simulation study of the adaptive scheme
alone, while simulations of the optimization scheme are presented in Section 3.6.

Finally, conclusions are discussed in Section 3.7.

3.2 Uncertain Parametric Model

The burning plasma model described in Chapter 2 is again used for controller design.
In practice, many of the parameters of the model may be uncertain and the control
algorithm must make use of estimated model parameters. We will utilize an adaptive
control approach to ensure reference tracking despite the model uncertainty. To
facilitate the adaptive control design, we lump the uncertain parameters together to

write the model as

fo = — 01— + 5, (3.1)
g
. E
E:_QQE+Pa_PTad+Pauz+POhmu (32)
E
By = — 0L 4 S 4 G, (3.3)
g
E )
nr :0571_3[; _06n_3;_5a+8;?j7 (3.5)
g g
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where 77 is the energy confinement time predicted by the confinement scaling law,

ie.,
e — 0_0562[2.933%15P—0.69n(€).14§1Mo.19R1.9760.58H8.578’
and the uncertain parameters § = [0y,0,, ..., 0;] are given by

1
91 :k;—HH’
02 :HLH’
_ Jers
O oty FoHa L~ froy (1 fopy)] U7
PFC (1 - fref (1 — feff)) Rl
IR MIES 1T T 1}
g Jerr (L=
U hrHp [ frer (1= fegy)]
[(1 — fres (L= feps)) BT 7 }
1 — Reff (1_feff> ref |
9 _ feff,yPFC y
* kpHpg [1— frep (1= furs)]
|:(1 - fref (1 — feff)) R _ f :|
1 _ RelT (1 — f@ff) ref | »
b= L ferr "
kTHH kTHH [1_fref (1_feff)]
o [(L= freg (1= fepp)) R
U 09770 | B D= — | |
1
0, :k’}HH'
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Using these expressions, the equations (2.25) and (2.26) can be written in the form

n =2 [(05 — 63) Z—D + (0, — 0g) Z—T — 25, + S+ Sé?j}
E E

+3 {—eln—;‘i + Sa} +(Zr+1) {—«97% + Sy 4 S;p} : (3.6)
1 o
y =—{95”—82 — 05— — Sa + S}
— {(95—93) 2D (0 —b) = — 25#5}'9%5%}} : (3.7)
e TE
We consider the model parameters to be bounded, i.e.,
2 <k, <10, 0.1 < fepp <0.5,
2<kp <5, 0.2 < frep <0.9,
2 <kp <5, 0.8 < Repr <0.95,
2 < k; < 10, 0.1 <A~FFC < 0.5,

75 < Hy <1.25.

Note that, although the existence of bounds is necessary for the stability analysis, the
control design is not dependent on the particular values of the bounds. The above
bounds are only considered for the purpose of simulation. With these constraints, we

can determine bounds on the uncertain parameters. For the limits considered in this
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work, the uncertain parameters lie within the bounds

0.08 <6, <0.6, 0 <65 <0.2647,
0.75 < 0y < 1.25, 0.0222 < 6 < 0.6330,
0.0175 < 03 < 0.5633, 0.08 < 6; <0.6,

0 <04 <0.4765.

These bounds were established by using the constrained nonlinear minimization
function fmincon in MatLab. In addition to the above model parameter constraints,
04 and 605 were restricted to being positive semi-definite to ensure that the desorbed
flux from the plasma facing components, STFC | is always positive semi-definite. For

the range of model parameters considered, it is always the case that 03 > 05, 0 > 0y,

03 04
and the eigenvalues of the matrix are positive definite. We can exploit

05 0Os

our knowledge of parameter bounds in our estimation strategy by projecting the
estimated parameters generated by the adaptive laws onto the subspace of possible
parameter values.

We can write the dynamics of the error variables E=F—FE',n=n—n" and

y=7-—7"as

E:—92?_QQG+Pa_Prad+POhm+Paur_Era (38)
T T

. 7 2[u(y") + (1 —7) S — S

’7: —96l+ [ (7) ( 7) T ) ] (39)
e n—3n, — (Zr+1)n;

i3 ~ 1—

i | — (0 0y) SC'V) — (04— 05) (3.10)

E E
+v—n"+2(Sp’ + SP), (3.11)
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where

r

u(y) = n—3na—gZI+1)n1 [65(1—7) Yoo,

o V7
TE TR
_ A2 2
05— =) g, — ) :—1 +(2y—1) Sa, (3.12)

Th E
(1—7)

E

v =[—n"+3n,+(Zr+1) ny] {— (05—03)

— (Ba—0) l} — 48, +3 {—91"—; + sa}
TE TE

+(Z1+1) {—97% + S 4 S;‘p] : (3.13)
E

The objective of the controller designed in the following section is to ensure the

stability of the origin for this dynamic system.

3.3 Controller Design

3.3.1 Nominal Control Design

We first consider the design of a nominal controller, i.e., we assume the uncertain
parameters are exactly known. In the subsequent sections, the design will be aug-
mented to ensure stability and regulation despite model uncertainties. We begin the
nominal controller design by looking at the energy subsystem (3.8). We note that E

can be driven to zero by satisfying the condition

T

FE . -
f(nsE7nonnI7’y) = 92780+P0hm+Pa_Prad+Paux_ E" + KEE = 0. (314)
E

The condition (3.14) can be satisfied in several different ways. The auxiliary heating
term P,,, enters the equation directly, the actuators S?;j and S;"j can be used to

change the a-heating term P, by modulating the tritium fraction, and the impurity
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injection term Sj”j can be used to increase the impurity content and consequently
P,.q. Having several methods available for controlling the energy subsystem enables
us to design a control scheme that can still achieve stabilization despite saturation of
one or even several of the available actuators.

Step 1: We first calculate the P,,, as

punsat :eﬁ _Qa,yr(l _,YT‘) nzDT<UU> —|—Prad_POhm+Er— KE‘E7 (315)

auzx
E

Punsat . Pmin
> : (3.16)

_ aux aux
Paux = sat ( Pmaz _ Ppmin

aux aux

where the limit P"%" depends on the installed power on the tokamak and the limit

P™n > () depends on the operating scenario. For example, some minimum amount of
power may be needed to maintain the required amount of non-inductive current drive
during a particular discharge since some sources of power (neutral beam injection,

electron-cyclotron current drive, etc.) double as sources of plasma current.

Step 2: We next find a trajectory v* satisfying (3.14), i.e.,

r

E . -
QoY =" nhr(0v) =Prad— Ponm — Pauz +02— + E" — KgE, (3.17)

Solving this equation yields

1 £

1=9)= 55— |t Pra — P, m_Pauz ET_K E =0, 1
7 ( ry ) QQTZQDT<O-V> 27—2‘6—1_ d Oh + FE O (3 8)
1£+v1—-4C
=Y (3.19)

Note that, if the value of P,,, calculated in Step 1 is not saturated, then ~* = ~".
This can be shown by substituting (3.15) into (3.17). If C' < 0.25, the two resulting

solutions for v* are real and we take the tritium-lean solution, such that v* <0.5. If
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C' > 0.25, even the optimal isotopic mix and maximum value of auxiliary heating will
not generate enough heating to satisfy f = 0, indicating that the requested operating
point may not be achievable for the amount of auxiliary heating power installed on

the device. Barring this situation, based on our choice of P,,, and v*, we have that
f(n7E)naunI7’7*) =0. (320)

This allows us to write f = 4¢, where 4 = v —+* and ¢, is a continuous function.

Noting (3.8), (3.14), we can then write the dynamics of the energy perturbation as

5 E ~
E

and the dynamics of 4 can be written as

5 2[u(y) + (1—7) 57 — S5
TE n—3n,— (Zr+1)n;

(3.22)

Step 3: Having selected P,,, and v* in the previous steps, we must next choose
5?7 and Si¥ to ensure that E, 4, and 7, which are governed by (3.21), (3.22), and
(3.11), are driven to zero. We consider the Lyapunov function Vy = V;, + Vg, where

V, = 3ii? and Vg, = 1k E? + 34 It can be shown that satisfying the conditions

2(S7 + Sp7) = —v— K+ 0", (3.23)
o - — —(Z,+1
(1) 57 — gl = - M= Sna = Bt D
x (kiBoy + K,7) = u(y"), (3.24)
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where K,, > 0 and K, > 0 results in

) 1 —
A (— (0 — 0) ¢ S]) — (04— 05) = + Kn) <0, (3.25)
TE i)
. E? - 1 9
VE:'Y = —l{}192? — leEE _ - + Kfy 7 < 07 (326>
TE T

such that Vy < 0, guaranteeing asymptotic stability of the system. The conditions

(3.23) and (3.24) can be satisfied by choosing

i M —3na—(Z+1 . .
. —v—K,n+n"
+U(7)+(1—7)( 5 ) (3.27)
T SRR AN
S;"J:< v 2”+”)—SDJ. (3.28)

These values are subject to the constraints 0 < ng < S?j’max and 0 < S;"j <
S}” #maz 1t one of the fueling actuators saturates, we cannot satisfy both conditions
of the control law, so we must choose to either control n or 7. If we choose to
hold condition (3.24), the energy and tritium fraction subsystems will remain stable,
however, the density subsystem will no longer be controlled. This could potentially
lead to a violation of the density limit. To avoid this, we instead choose to maintain
control of the density by satisfying (3.23).

Because of fueling actuator saturation, it may be possible that VE7 > 0, that
is, we may not be able to ensure stability of the burn condition with the previously
considered actuators. There are two possible situations to consider, either a thermal
quench or an excursion. If the system is experiencing a quench, the controller has
already increased auxiliary heating to its maximum, so the only alternative would be

to change the magnetic plasma parameters to improve energy confinement (see (2.19))

or to change the reference operating point to one that is achievable. If the system
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is experiencing a thermal excursion, however, we can still use impurity injection to
stabilize the energy subsystem, despite the heating and fueling actuator saturation.
In these cases we enable the use of impurity injection by setting the flag Fj,,, = 1
and proceeding to Step 4.

Step 4: If F,, = 1, we use the expression for radiation losses given in (2.12)
to find an impurity density trajectory nj that satisfies condition (3.14). Defining the

error ny = ny — nj, we can write its dynamics as

*
nr

nr = —97—81C - 97; + S;m + S;p —nj. (3.29)
TR )

Based on the choice of nj, we have that
f(n,E,ng,v,n;) = 0, (3.30)

which allows us to write f = n;¢; where ¢; is a continuous function. We can then
rewrite (3.8) as

B E ~
E = —92? — KgE 4+ n;0;. (3.31)
TE

We take as a Lyapunov function V; = V,, +V, + Vg where V, = %’}2 and Vg =

%k’gEQ + %ﬁ% . By satisfying

*

nr
SC

S = _ksE¢; + 0;— — S 4+ nk — Kjny, (3.32)

E
where K > 0, the derivative of Vg ; can be reduced to

EQ
Sc -
)

VEJ = —l{392 k’gKEEQ — K]ﬁ% < 0. (333)

We modify the tritium fraction trajectory to v* = Vistep2) — Ks fti S}nj dt where
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/yEkStep ) is the value of v* calculated in Step 2, Kg > 0, and ¢, is the time at which
impurity injection was first engaged. This modification ensures that the tritium
fraction is, if possible, eventually reduced to such a level that impurity injection is
no longer needed, i.e., S — 0. Once SI™ = 0, we disable impurity injection in

subsequent executions of the algorithm by setting F,,, = 0. By satisfying

2 (SP7 4+ SP7) = — v — Ky, (3.34)

ini ini n — 3na —(Z =+ 1)n N

(1 =) Sp? —4Sp” = — 2< ! ) IK77
—u(77). (3.35)

We can ensure that V,, < 0, V,Y < 0, and therefore V; < 0, guaranteeing stability of

the system. The conditions (3.34) and (3.35) can be satisfied by choosing

n—3n, — (Zr+1)ng

. —v — K,n
)+ (=) (T, (3.36)
- v — K, i,
S;?] - (%) - SD], (337)

which are again subject to saturation. If one of the fueling actuators saturates, we

again choose to hold (3.34) to ensure stability of the density.

3.3.2 1SS Controller for Uncertain Model

Having designed a nominal controller that stabilizes the system, we now consider the

effects of uncertainty in the model parameters 6. In practice, the nominal controller
. _ . U o

must utilize estimated parameters § = 6 — 0, where 0 = [91, 0y,05,04,05,05,0-| and

- e AT
0 = 01,02,93,94,05,96,07] is the estimation error. Knowing a priori bounds on
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0 allows us to restrict our estimates to within these bounds, guaranteeing that the
estimation error will have a known bound. In this section, we show that the closed loop
system can be rendered input-to-state-stable (ISS) [51] with respect to the estimation
errors. We exploit this fact in the design of adaptive parameter estimation update
laws in the sequel.

We begin by considering the results of Step 3. The control laws are calculated

using estimated model parameters, which, upon substitution, results in

) 1 —
Vn :ﬁ2 |:(95 - 93) ( SC/Y) + (84 - 06) % - Kn:|
TR TR
+ no, (3.38)
. EQ B _[. E"
VE,'y - — k‘162? - ]{ZlKEEQ - /ﬁE |:92?:|
TE TE
)
_ (— + KW) 5 4 3 (3.39)
TE
where
o - (1= AT _ ~ A2
U(’7 ) — |:05( Sc’y) o 96% _ (05 _ 93> w
g s s
~ ~ 2 —3n,—(Zr+1
~ (6 ) ’V—] n=3na= Zrtl)ns (3.40)
T 2
- (1=
B = (1" +3n0+(Z+1) ni] {— (05-85) ),
i)
~ (61-4) l} 3 {—9”—}
TE TE
+(Z+1) {—97%} . (3.41)
i)
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We note that the uncertain terms are bounded, i.e.,

- (1= L
0= 2 mnpr “95 —93‘ ( sg> + ‘94 — 0 %}
E E
+ 310 22+ (Zr+ 1) || 2
TE TE

+ |7 “95—93‘( ’94 56 }
Th T

TE
- n
] < 4 |Gpas| —,

TE

If we choose K,, = C’n":;lf', Kg = C’E%, and K, = C,"&F where C,, , Cg, and C,
E E E
are positive constants, it can then be shown that the negative definite term —K,,n?

is guaranteed to dominate the indefinite term nv whenever

Furthermore, the indefinite terms —k1 F [«92 } and yu are dominated by —k; K 2

and — K42, respectively, whenever conditions

’E > @
- CE’
4émaa:
vl > c

are satisfied. This implies that the system is ISS with respect to the model uncertainty.

A similar analysis can be completed for the results of Step 4.
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3.3.3 Adaptive Parameter Update Laws

The use of a controller that renders the system ISS with respect to bounded uncertain-
ties allows us to design an adaptive parameter estimation update law separately from
the controller [48]. This simplifies the design and analysis, gives us freedom to choose
from among the various types of adaptive laws that are available, and enables the in-
corporation of techniques that make the adaptive system robust to disturbances and
unmodeled dynamics. In order to identify the uncertain parameters, we will construct
an observer for the burning plasma system based on the estimated model parameters,
and render the prediction error of this system asymptotically stable through choice

of parameter update laws. We define the observer for the system as

j Na 0 ol
hgb:—ﬁlﬁ—l—Sa—Kab (nab—na),
T
. ~ K
EOb:_QZG—i_Pa_Prad
TE

+Paux+POhm_ %b(EOb_E)7

A mn .
.ob 1 inj Sp ob (. ob
TE
AN ~ N L
- ob D T imnj ob ob
TE TE
~ N ~ N .
- ob D T imnj ob ob
nr —95?—96§—SQ+ST _KT (TZT —TLT),
e e

where n%, E° n% n%. and n$ are the states of the observer, # represents model

parameter estimates, and K2 K%, K¢ K% and K% are observer gains. If we define

the observer error % = n% —n,, B = E® — E, 7% = n% —n;, % = n% —np, and
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P = ng® — ny, the dynamics of the error can be expressed as

. ~n
<ob __ o ob ~ ob
ng =—b6— — KNy,
TE
E
ob _ ob rob
E 0 — K§E
E
7:Lob o 07 . Kob ob
7 = -
E
n n
<ob __ D T ob ~ob
np = — 03— +0s—; — Kpnp,
TE E
3 np 5
ng =fs— — g— — KPny’
E E

To study the stability of the system, we consider the Lyapunov function

1, o2 1= 1,

Ve = (i) + 5 (£ ) +5 (")’
1,z 12 1a -
+§(nl§’) +§(75’) + 56T 19,

where I' is a positive definite diagonal matrix of design parameters, and calculate its

derivative as

67

Vob _ KOb (ﬁgb)z . K%b (Eob)2 . K})b (ﬁ?b)z

o E
o KOb( ) Kob( ) o 91~obnc 9 EOb?
TH Tk
_ é7ﬁ?b— . 63~ob np + 64~ob nr + 95~oan
TH TH TH TH
— e "L 1 gT 1.
E
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We can render this expression negative definite by choosing the adaptive update laws

~ ob
no’neg

FEoFE

ﬁ%’nD

=T | —ignr

—fl%an

’fl%bTLT

ﬁ?bnl

3.3.4 Supervisory Control

Because small prediction errors corrupted by measurement noise have a very low sig-
nal to noise ratio, they contain inaccurate information that can negatively impact the
online model identification process. In general, this can lead to phenomena such as
parameter drift and bursting, potentially causing instabilities or performance degra-
dation [47]. The problem can be avoided by using sufficiently exciting input signals
that provide useful data to the model identification scheme at all times. However, to
overcome the effect of noise, the amplitude of the reference modulation may need to
be quite large, which could cause a reduction in closed loop performance.

An alternative approach is to utilize a supervisory scheme to monitor the perfor-
mance of the adaptive update law. One such scheme, called a deadzone, switches the
model identification scheme on or off based on the size of the model prediction error.
If the prediction error is smaller than some specified threshold value (an a priori
estimate of the unknown output disturbance), the signal-to-noise ratio is assumed to
be too low for the information to be useful and identification is halted. Once the

prediction error exceeds the threshold, identification is resumed. In the dual-model
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approach [52], two parameter estimators are used, one generating f¢, used in the con-
troller, and another generating 6, used only by the supervisory scheme. The control
parameters are only updated if the state prediction of the model using 6. is worse

than that of the model based on 6g, with some prescribed threshold.

3.4 Online Operating Point Optimization

Since a given reference for the controlled states r = [E",n",7"]7 determines the
steady-state fusion power, temperature, and all other plasma parameters that may
be of interest during operation, part of the burn control problem is the selection of r
in such a way that a particular figure of merit for reactor performance is optimized.
In this work, we consider a convex (at least locally) cost function p(r,x,é) where
T = [ng,n7]T. We assume the states of the system to be constrained within a region
of parameter space over which the cost function is convex, guaranteeing a unique
minimum.

Following an approach similar to the one used in [53, 49, 50|, we take as a Lyapunov

function

N\ T .
1 (0p(r,z,0)\ Op(r,z,0)
Vr = 2 < or ) or (342)

By taking the time derivative of V,., we obtain

: op\" [*p. O . % ;
= (=£) |Z=£ 0] . 4
Ve (8r> [8r2r + 87’89{:1; + araee} (3.43)

We can then choose as an update law

. ?p\ op  Pp . O ;
r=—- <w) {KRTOE + 87"81‘1: + araé9:| , (3.44)
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where Kgrro is a diagonal positive definite matrix, leading to

: op\ " )
V., <= (8_]7’3) KRTOa_f- (3.45)

This implies that % — 0 and, therefore, r is driven toward the optimal z-dependent

and é—dependent set point, r*.

3.4.1 Constrained Optimization

It is important to include constraints in the optimization problem for several reasons.
First, there are MHD stability limits that must be avoided, including the [ limit
and the Greenwald density limit. Violating these constraints could cause plasma dis-
ruptions and potentially damage the confinement vessel. Additionally, the optimized
references should respect the physical limitations of the available actuators. If these
limits are not considered, the optimization scheme may converge to a set of references
that are not physically achievable and the burning plasma system will converge to a
different (possibly far from optimal) operating point. By considering the limitations,
the optimization scheme will converge to the optimal physically achievable reference.
This approach could enable the control system to respond to actuator faults (e.g.,
loss of a beam) and find new optimal operating points. Finally, upper and lower
bounds on the references can be included in the scheme to ‘supervise’ the optimiza-
tion process and prevent unreasonable references from being selected. In order to
include these constraints in the optimization scheme, they are first written in the
form g;(E,n,v,nq,nr) < 0, where i € (1, K) and K is the number of constraints.

The interior point barrier function method to constrained optimization is used, i.e.,
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an augmented cost function is written in the form

K
1
Pe=p= - > In(—gj). (3.46)
¢ i=1

The optimization scheme must be initialized at a feasible point (one that does not

violate the constraints), but is otherwise unchanged.

3.5 Simulation of Adaptive Control Scheme

3.5.1 Comparison of Static and Adaptive Controllers

In this section, the results of two closed loop simulations, one with I' = 0, i.e without

adaptation, and one with
I' = diag(0.08E-36, 0.02E-10, 0.05E-38, 0.05E-38, 0.05E-38, 0.05E-38, 0.08E-36),

i.e., with adaptation, are compared. The simulations considered a nominal impurity
content of 1 x 104 /m3, and the atomic number of the impurity species was taken
to be Z; = 6. The confinement scaling parameters were taken to be Hy = 1.1,
k} = kp = kr = 3, and k7 = 10. We considered an installed ICRH power P;¥5,; = 20
MW and a constant power from the current drive sources, P.; = 53 MW. The recycling
model parameters used were v*FC = 0.5, f.;; = 0.3, froy = 0.5, and R/ = 0.9.
During the adaptive simulation, the parameters K% = K% = K% = K% = K¢ =
0.03 were used.

The results of the simulations are shown in Figure 3.1. While the static (non-
adaptive) controller resulted in a steady-state error in the energy, density, and tri-

tium fraction, as seen in Figures 3.1 (a-c), the adaptive simulation was able to achieve
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Figure 3.1: Comparison of states (a-d) and actuator trajectories (e,f) in static and
adaptive control simulations.
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Figure 3.2: Comparison of estimated and nominal model parameters during the adap-
tive control simulation.
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asymptotic stability of the desired equilibrium. Differences in the evolution of impu-
rities and alpha-particles, as well as the actuator responses, are apparent in Figures
3.1 (d-f). The initial oscillations present during the adaptive simulation occur as the
parameter estimator converges to constant estimates of the uncertain model param-
eters. The parameter estimates are compared with their respective nominal values
in Figure 3.2. The transient response can be adjusted through choice of the design

parameters.

3.5.2 Adaptive Control with Noisy Measurements

In this section, the same simulation scenario is considered, with the addition of white
noise disturbances in the measurements sent to the adaptive controller. The variance
of the noise was in the range of 5-10% of the nominal signal level for each measure-
ment. The supervisory control strategy discussed in Section 3.3.4 was used during
the simulation to supervise the parameter estimation.

Results of the simulation are shown in Figure 3.3. As shown in Figures 3.3a-
d, the states of the system asymptotically track the references E”, n", and 4", and
the impurity and alpha-particle fractions settle to constant values within 100s. The
noisy measurements cause the actuator signals, shown in Figures 3.3e and f to be
noisy (since the measurements enter the control laws directly), however, the noise is
attenuated by the plasma model, as made evident by the fairly noise-free evolution
of states during the simulation. As it is possible that unmodeled dynamics could
be excited by the high-frequency actuation, it is advisable to filter the measurements
used by the controller in some way if high noise levels are expected. Time traces of the
parameter estimates used by the controller (in blue) and those used by the supervisory
strategy (denoted with an S and shown as black-dashed lines), are compared with the

nominal model parameters in Figure 3.4. Due to the presence of noise, the parameters
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Figure 3.3: Comparison of states (a-d) and actuator trajectories (e,f) in the adaptive
control simulation with noise.

fs are more noisy than the estimates in the previous noise-free simulation, and in the
case of 03, 04, 05, and 0g, begin to drift slowly over time. Through the use of the
supervisory control strategy, the parameters used by the controller, éc, were only
updated when the model prediction using fc was 1.15 times worse than the model
prediction by fs. As a result, the parameters fc evolve more closely to the way the

parameter estimates evolved in the previous noise-free simulation.
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3.6 Simulation of Online Optimization Scheme

In this section, the results of a simulation study of the online optimization scheme

are presented. The simulations use a cost function given by

K

wr 2 ’LUPa 2 wv ) ]_
=—(T-1T" P,—P? —(v=")" = — In(—g;). 3.47
p=—5 )"+ a) T (v =) 77Cizln(g) (3.47)
where TP, PP | and ~* are references for temperature, alpha-heating, and tritium

fraction, and the tracking errors are weighted by constants wr, wp,, and w,. By
altering the references and weights in this general cost function, many different sce-
narios can be tested. The last term represents the barrier functions for constraints.

The constraints considered in these simulations include

ne < naw, Prore < Pi¢gy,
By < By™, Prermg > 0,

FE

— < Q">

TE

where ngw is the Greenwald density limit, Sy is the Troyon A limit, Q2% is the
maximum allowed heat load to the divertor. Note that the optimization approach is

general and could be applied to other general cost functions.

3.6.1 Scenario 1

In the following results, the controller was initialized with arbitrary references £ and
n”, which were modified in real-time to minimize the cost function p. The reference
~v" = 0.5 was kept constant throughout this simulation, i.e., it was not modified by
the real-time extremum-seeking algorithm, and w, was taken as zero. The other

weights were taken as wr = 0.1 and wp, = 1. Constraints were not considered in
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simulation of Scenario 1.
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the cost function. The references for fusion heating and temperature, P? and 77,
which enter into the cost function, were modified twice during the simulation (at
t = 60s and t = 120s) to show the ability of the scheme to move the system between
operating points. The simulation considered a fractional content of impurities of 2%,
ie., f{* = 0.02, and the atomic number of the impurity species was taken to be
Z; = 4. The confinement scaling parameters were taken to be £ =7, kp = kpr = 3,
and k7 = 10. We considered an installed heating power P'%* = 73 MW with the

auzx
additional constraint P™n = %Pgﬁ‘f. The recycling model parameters used were
APFC = 0.5, fo;p = 0.3, frep = 0.5, and R/ = 0.95, which represent unfavorable
conditions for control of the tritium fraction. These parameters were selected to
ensure that impurity injection was required during the simulation so that all aspects
of the control scheme could be illustrated. Actual recycling parameters in machines
like ITER may be more favorable for control such that tritium fraction control may
be more effective in experiments than it is in the results shown here.

The results of the simulation are shown in Figure 3.5. The fusion heating and
temperature are compared with their respective references in Figures 3.5a and 3.5b,
while the system states F, n, and 7 are depicted in Figures 3.5c, 3.5d and 3.5e.
The fractional content of alpha-particles and impurities are shown in Figure 3.5f
and the actuators are given in Figures 3.5g and 3.5h. Because the initial operating
point was not optimal, the optimization scheme immediately began to adjust the
references K" and n” to move the system towards an optimal point. Due to the
initial conditions of the system, a significant reduction in heating was required to
track the reference E" at t = 0, causing the auxiliary power to saturate. In order to
achieve the necessary reduction in heating, the requested tritium fraction trajectory v*

was reduced, however, the unfavorable particle recycling conditions in the simulation

caused the fueling actuators to saturate and the actual tritium fraction could not
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track the request. To overcome this, impurity injection was enabled and used to cool
the plasma. The impurity content increased for a short time until around ¢ = 10s,
at which point, due to the increasing reference E", additional auxiliary heating was
required and impurity injection was disabled. The tritium fraction then returned to
its reference value and the impurity content slowly decayed back to its nominal level
fr = f;¥ = 0.02. By around t = 40s, the scheme successfully forced the system to
the optimal operating point, achieving the desired fusion heating and temperature.
At t = 60s the requested fusion heating and temperature were changed and the
optimization scheme adjusted the references E™ and n” accordingly. These requests
were successfully tracked by the nonlinear control scheme through a reduction in
heating and fueling, and the desired fusion heating and temperature were achieved
by around t = 100s. At t = 120s, the references were changed again. The reference
E" was driven down significantly by the optimization scheme and, as a result, the
auxiliary power saturated at its minimum. Again, the request v* was reduced and,
although the actual tritium fraction began to follow the request this time, impurity
injection was still needed to cool the plasma initially. By around ¢ = 150s, the tritium
fraction reached the requested value v* and impurity injection was disabled. At about
the same time, the fusion heating and temperature reached the desired values and
the controller regulated the system at this operating point throughout the remainder
of the simulation. Over time, the fractional content of impurities decayed back to
its intrinsic level f; = f;* = 0.02 and the alpha particle content converged to its

steady-state value.

3.6.2 Scenario 2

r

In the following, the controller was initialized with arbitrary references £, n”, and

~" which were modified in real-time to minimize the cost function p (with wr = 0.1,
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Figure 3.6: Closed loop evolution of (a) fusion heating, (b) temperature, (c) energy,
(d) density, (e) tritium fraction, (f) alpha-fraction, and impurity fraction, along with
closed loop response of (g) auxiliary heating and (h) fueling actuators. The shaded
light gray region indicates the time interval in which the confinement disturbance was
introduced, and the dark gray region indicates the impurity disturbance.
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ulation of Scenario 2.
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wp, =1, and w, = 1, and constraints on ICRH heating power active). This time, the
cost function references for fusion heating, temperature, and tritium fraction, P?, TP,
and P, were kept constant throughout the simulation, however, disturbances were
introduced to the system, to illustrate the controller’s ability to cope with changing
plasma conditions. Between ¢ = 350s and ¢ = 400s, the confinement factor Hy was
ramped from 1.15 to 1.2 and held there throughout the discharge. At ¢ = 500s, the
impurity content was increased by a value of 2x 1017# /m?. The simulation considered
a nominal impurity content of 1 x 101¥# /m3, and the atomic number of the impurity
species was taken to be Z; = 6. The confinement scaling parameters were taken to
be kX = kp = kr = 3, and kj = 10. An installed ICRH power Pj¥5; = 20 MW
and a constant power from the current drive sources of P.; = 53 MW was considered.
The recycling model parameters v77¢ = 0.5, fo;; = 0.3, frey = 0.5, and R%/ = 0.9
were used.

The results of the simulation are shown in Figures 3.6 and 3.7. The fusion heating
and temperature, the components of the cost function (3.47), are shown in Figures
3.6a and 3.6b, while the system states E, n, and ~ are depicted in Figures 3.6¢, 3.6d
and 3.6e. The fractional content of alpha-particles and impurities are shown in Fig-
ure 3.6f and the actuators are given in Figures 3.6g and 3.6h. Finally, the nominal
and estimated model parameters are compared in Figure 3.7. The initial operating
point was again not optimal, and the optimization scheme adjusted the references
E" n", and +", as seen in Figures 3.6¢, 3.6d and 3.6e, in order to reduce the cost
function. Despite initial condition errors, these requests were successfully tracked by
the nonlinear control scheme through modulation of the heating and fueling, and the
optimal operating point, producing the desired fusion heating and temperature, was
achieved by around t = 200s. At t = 350s, the confinement disturbance was ramped

up, forcing the adaptive parameter estimation scheme to update its estimates, as seen
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in Figure 3.7. During the transient part of the disturbance, small tracking errors can
be noted in Figures 3.6c and 3.6d. The increase in confinement caused the controller
to ramp down the ICRH power, eventually reaching saturation (Figure 3.6g). The
constrained online optimization scheme responded to the saturation by decreasing
the reference 7", as seen in Figure 3.6e, resulting in an operating point that could be
stabilized without ICRH heating, while still remaining close to the desired tempera-
ture and fusion power, i.e., the optimal feasible operating point. The desired fusion
power was achieved by around ¢t = 320s, while a slight deviation from the reference
temperature remained (Figure 3.6b) due to the fact that the optimization scheme
was constrained by the saturation of the ICRH power (recall that the cost function
weight on fusion heating tracking error was significantly higher than that placed on
the temperature tracking error). As seen in Figure 3.6f, the impurity disturbance was
introduced at ¢t = 500s, which increased radiation losses and diluted the fusion fuel,
causing a reduction in temperature and fusion heating. The optimization scheme re-
sponded by increasing all three controller references, and the nonlinear controller was
able to track them and regulate the optimal operating point. Due to the increased
impurity level, the ICRH power was increased out of saturation and the optimization
scheme was able to drive the system to the optimal point, achieving the desired values
PP TP and 7P, as shown in Figures 3.6c, 3.6d and 3.6e. Turning to the model pa-
rameter estimates, it should be noted that only 6, affects the cost function (through
its influence on the constrained input Pjogry). Despite the fact that the nominal
parameter changed during the simulation, the parameter estimation scheme was able
to keep the estimated value close to the true value, as seen Figure 3.7b. After the
confinement disturbance, the estimates of 63, 64, 05, and g, shown in Figures 3.7c,
3.7d, 3.7e, and 3.7f, do not converge to the true values, due to a lack of persistent

excitation. However, this does not influence the tracking performance of the control,
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Figure 3.8: Comparison of (a) fusion heating, (b) temperature, (c¢) divertor heat load,
and (d) the cost function p during simulations of Scenario 3 using both constrained
and unconstrained optimization.

nor does it affect the optimization scheme, as these parameters do not enter into the

calculation of the cost function.

3.6.3 Scenario 3

In the following, the cost function from the previous section was considered, and the
references for fusion heating, temperature, and tritium fraction, P? = 120, 7?7 = 14,
and v? = 0.5, were kept constant throughout the simulation. However, this time a
constraint on the divertor heat load was added, i.e., Qi < QUo", where Q%" was
set to 155 MW, to illustrate the controller’s ability to cope with constraints. The
simulation considered a nominal impurity content of 1 x 10*¥# /m3, and the atomic
number of the impurity species was taken to be Z; = 6. The confinement scaling

parameters were taken to be kX = kp = kr = 3, and k7 = 10, while the confinement

102



S EE— b b b

2 20— e

2. :

A U R e S 5TF

$ :
1 P

S 100/ - ---PotE

‘» ]

] 4

L 90— LI LI ISR N T T AL
0 50 100 150 200 0 50 100 150 200

S _’Yr P /A I B
g Y S A N B o
L T B Rt S S A S -.-f
£ | L T B e PR AR L
= I 8
= B T R T
......... ——————
100 150 200
Time (s)
()
......... Lo w0 b
’g\ :w R -
3 e o i
e —5
o Q 0.5 - =S
Z |
0+ IR LIS LIS
0] 50 100 150 200
Time (s)
(h)

Figure 3.9: Closed loop evolution of (a) fusion heating, (b) temperature, (c) energy,
(d) density, (e) tritium fraction, (f) alpha-fraction, and impurity fraction, along with
closed loop response of (g) auxiliary heating and (h) fueling actuators during the
simulation of Scenario 3. The shaded light gray region indicates the time interval in
which the confinement disturbance was introduced, and the dark gray region indicates
the impurity disturbance.

103



0.32 ‘ T b 092 b b .
034\ T/ R ] o I S F
o ] f f : i r
; | — Estimate || —— Estimate |-
0.28 : : - - ~Nominal ji- - - -Nominal |f
--------- R e AR R AR
0 50 100 150 200 150 200
Time (s)
(a)
(NP A Ee—— L L NUUEUUUUUREE P T REE
‘ ‘ ——Estimate |} ‘
---Nominal || Y%7y 7 .~~~ . i}
CDm ________________________
——Estimate ||
- --Nominal |
......... e
150 200
""""" = S 0,165 o
1 ‘ 3 ——Estimate|f 3 } ‘ s
0.087 : - - -Nominal |[ 0.164------------ ST -
u_)0.078-’ : rCTTTTTTY T ST T T AT T T T
00764 ‘ — Estimate ||
0.074 1 : ! ! ; - - -Nominal
0.072 4 —_— L ARaaa —_— 0.145 F————rr—r —_— L ARaaa e
0 50 100 150 200 0 50 100 150 200
Time (s) Time (s)
(e) ()
0.1 s I =
] ! ! — Estimate [}
- - -Nominal |}
@ 0,005 F\------eerd e -
0.09 +——r——rrr —_— e
0 10 150 200
Time (s)

(g)

Figure 3.10: Comparison of estimated and nominal model parameters during the
simulation of Scenario 3.

104



factor was taken as Hy = 1.1 throughout the discharge. An installed ICRH power
Pr¥gEy = 20 MW and a constant power from the current drive sources, P,; = 53
MW, were considered. The recycling model parameters used were again yv7*¢ = 0.5,
ferr = 0.3, frey = 0.5, and R% =0.9.

Figure 3.8 compares the fusion power, temperature, heat load, and cost function
during the constrained simulation with the results of an unconstrained simulation.
The remaining plasma parameters during the constrained simulation are shown in
Figures 3.9 and 3.10. The fusion heating and temperature, the components of the
cost function (3.47), are shown in Figures 3.9a and 3.9b, while the system states
E, n, and v are depicted in Figures 3.9¢, 3.9d and 3.9e. The fractional content of
alpha-particles and impurities are shown in Figure 3.9f and the actuators are given in
Figures 3.9g and 3.9h. The nominal and estimated model parameters are compared
in Figure 3.10.

Comparing the results of the constrained simulation with an unconstrained one,
it can be seen that the fusion power and temperature settle to values lower than the
requested ones in the constrained case, while the request values are achieved in the
unconstrained case. This results in a slightly higher value of the cost function in the
constrained case, as seen in Figure 3.8d. In Figure 3.8c, it can be seen that, while
the the unconstrained optimization scheme violates the divertor heat load constraint,
the constrained version keeps the heat load below the specified limit by driving the
system to the optimal feasible point. As seen in Figures 3.6c, 3.6d and 3.6e, the

", and 7" to achieve the optimal

optimization scheme adjusted the references E”, n
operating point. Reference tracking errors can been seen decaying away in the first
50s as the parameter estimations, shown in Figure 3.10, converged toward a constant

set of model parameter estimates.
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3.7 Conclusions

The nonlinear burn control law designed in Chapter 2 has been augmented with
an adaptive control scheme to ensure reference tracking despite uncertainty in the
parameters of the model used for control design. A dual model supervisory strategy
has also been proposed to oversee the adaptive controller to avoid parameter drift due
to noisy measurements. In addition, an online optimization scheme has been proposed
to modify the controller references in real-time to minimize a given cost function in
response to changes in n,, and n;, and to make use of the improved model parameters
arrived at through adaptive update laws. Constraints are included in the optimization
scheme through the use of barrier functions in the cost function. Simulations show
the ability of the adaptive optimization scheme to move the system between operating

points, handle uncertainty and disturbances, and respect state/input constraints.
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Chapter 4

Nonlinear Burn Control With Output
Feedback

4.1 Introduction

Due to the extreme conditions in fusion reactors, as well as economic considerations,
diagnostic systems for measuring plasma parameters may be limited. The proposed
nonlinear burn control control approach, which relies on knowledge of the states of
the system to calculate actuator trajectories (state feedback), may not, therefore,
be directly implementable. To overcome this obstacle, an observer, a computer-
implemented dynamic system that combines knowledge from the mathematical model
of the system with the available real-time output measurements to estimate the system
states, will likely be necessary in practice. For linear systems, observers typically take

the form of a copy of the plant dynamics with the addition of output error injection
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terms, i.e., for the general system

Tz = Az + Bu

y = Cx + Du,

the observer would take the form

Through proper choice of the gain L, the state estimation error (the difference between
x and Z) can be quickly driven to zero. For linear systems, the separation principle
makes it possible to separately design the control law for the input v and the output
injection gain L. Observer design for the burning plasma system is complicated by
the presence of modeling uncertainties, the nonlinearity of the state dynamics, and
the fact that the output map is, in general, nonlinearly dependent on the states of the
system. Because each nonlinear system is unique, no general approach to nonlinear
observer design exists (see [54] for a survey of nonlinear observer approaches). Designs
for particular types of systems with nonlinear dynamics and output maps have been
proposed based on coordinate transformations and local linearization of the nonlinear
system [55, 56|. It so happens that, based on the dynamics and available diagnostics
for ITER, an observer design approach similar to that used in [55] for a steel converter
process, can be taken here.

The nonlinear observer proposed in this work makes use of the concept of a
proportional-integral observer. PIO designs differ from the previously cited observers

by the presence of an integral component in the output injection term, which pro-
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vides an additional degree of freedom that can be used to decrease sensitivity to
model uncertainties and disturbances. Output feedback controllers with PIOs have
been proposed for general linear systems [57, 58] and have more recently been applied
to certain nonlinear systems [59, 60|. For the nominal burning plasma system, the
nonlinear PIO design proposed in this work is stable for suitably small state estima-
tion errors or observer gains. The state estimation error is ISS with respect to the
considered set of uncertain model parameters, and, due to the inclusion of an integral
output injection term, the output estimation error converges to zero asymptotically.
A simulation study is presented showing the performance of the output feedback
scheme for a particular diagnostic set expected to be available on ITER. A list of the
ITER diagnostic systems that are relevant to the problem of burn control, adapted
from [61], is provided in Table 4.1.

This chapter is organized as follows. The design of a nonlinear controller and
proportional-integral observer is presented in Section 4.2. The scheme is augmented
with adaptive parameter update laws to estimate uncertain model parameters in
Section 4.3, and the design of an output feedback based real-time optimization scheme
is provided in Section 4.4. A simulation study of the output feedback control scheme
is presented in Section 4.5. Finally, conclusions and possible extensions to this work

are discussed in Section 4.6.
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4.2 Controller and Observer Design

We consider an observer of the form

r"’za:—éln—iJrSaJrLa, (4.1)
TE
: . E
E:_HQE+Pa_Prad+Pau:c+POhm+LE7 (42)
E
hy = — Ot 4 S 4 S 4 Ly, (4.3)
g
’I('.)LD :—égn_i+é4n_sj; _Sa+SgJ+LD7 (44)
i) TE
7éLT :é5n—slz — éGn_sj; - Sa + SCZZ?] + LTa (45)
i) TE

where L., Lg, L;, Lp, and Ly are to-be-designed output injection terms. The terms
Ses Pay Prads Ponm, and S7¥ are considered to be measured, based on the diagnostic
systems planned for ITER [61] (if unavailable, these terms could always be estimated
based on the observer state estimates). The output map is considered to be of the
form

Yy = h<na7E7nI>nD7nT>~

The system is augmented with an additional state, Z, governed by

(4.6)

Q¢
Il
Ny
|
<
Il
E‘E<

where § = h(fa, B, fuy, up, o).
For the purposes of control design, we consider the estimated states n and 7,

which are governed by
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[( é)”_%i (1= 80) 22— 25, + 537 + S+ Lo + Lo |

1— + Sy + L ] +(Zr+1) {—9}% + S +S§p+L1} : (4.7)
E

_ 23, +Sznj+sznj +Lp _i_LT}} (4.8)

05 —
{ 5?— AG?—S +S7 + Ly
[ —+(94—96)

E

We define the errors E = E — E" y=~—~",and n=n —n" to write

E Er )
:—92——(92_+P Prad+Pauz+POhm+LE_Era (49)
Th TH
. R 2 + R Szn] . oSinj
TE n—3na—(Z1+1)n1
. A=4%) (5 o\ 4 | .
= — 0- — 0 6, — 6 ) —— e 2 inj inj ‘
n n{ (5 3) s (4 6)7_%0 +ov—n"+2(SH+577), (4.11)
where
n—3ng—(Zr+1)n; [~ (1 —1 e L
u(y") = é i+ 1{95< scw _96%_7
g g
(v =) i\ 7 .
(05 - ) —— (01— s) | H@i- s,
+(1=79) Lr — Lo, (4.12)
o o 1—A4
V= [—n’"+3ﬁa+(Z1+1) ﬁ[] |:— <95—93> (—sc’y)
E
- (é4—é6) l} — 48, +3 {—éln—; + S, +La]
TE TE
Th

Note that, if no controlled impurity injection at steady-state is considered, the ref-
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erence r = [E",n",4"] uniquely determines the equilibrium values of n, and n;, and
these states remain bounded if r is stabilized. We therefore make regulation of r the

objective of the control design.

4.2.1 Controller Design

We note that E can be driven to zero by satisfying the condition

~ BT .
f(n,E,na,n[,”y) = 02§+P0hm+Pa_Prad+Paux+ LE - LK
E

+ KpE =0, (4.14)

The condition (4.14) can be satisfied in several different ways. The auxiliary heating
term P,,, enters the equation directly, the actuators S?j and S;"j can be used to
change the a-heating term P, by modulating the tritium fraction, and the impurity
injection term S}"j can be used to increase the impurity content and consequently
P..q. Having several methods available for controlling the energy subsystem enables
us to design a control scheme that can still achieve stabilization despite saturation of
one or even several of the available actuators.

Step 1: We first calculate the P,,, as

~E" P,
P;Li’:l;at:‘g__,yr (]- _’YT) ) . ) +P1'zzd
TE T(1=7%)

— Powm— Lg +E"— KgE, (4.15)

Punsat _ Pmm)
)

P, = sat (M (4.16)

Pmar _ min
aux aux

where P,/ [Y (1 —%)] is an estimate of Q,n%y(ov), the limit P depends on the

aux

installed power on the tokamak, and the limit P™" > 0 depends on the operating

aux
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scenario. For example, some minimum amount of power may be needed to maintain
the required amount of non-inductive current drive during a particular discharge since
some sources of power (neutral beam injection, electron-cyclotron current drive, etc.)
double as sources of plasma current.

Step 2: We next find a trajectory v* satisfying (4.14), i.e.,

P, ~ BT
’Y*a_’Y*) ﬁ:Prad_POhm_Paum_ LE +62?+ET
Y1 =7) e
— KpE. (4.17)
Solving this equation yields
§0-4) [; F
(1=9") = ——— [b— Pra_P m_Pau:r
7 (1=~ P [ 27_%6—1‘ d—Lon

LptE KEE] e (4.18)

. 1+y1-4C

: (4.19)

ﬁ)/

Note that, if the value of P,,, calculated in Step 1 is not saturated, then +* = ~".
This can be shown by substituting (4.16) into (4.17). If C' < 0.25, the two resulting
solutions for v* are real and we take the tritium-lean solution, such that v* <0.5. If
C > 0.25, even the optimal isotopic mix and maximum value of auxiliary heating will
not generate enough heating to satisty f = 0, indicating that the requested operating
point may not be achievable for the amount of auxiliary heating power installed on

the device. Barring this situation, based on our choice of P,,, and ~*, we have that

f (n> Eanaa nla’y*) = 0. (420)
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This allows us to write f = Y¢, where ¥ = ¥ —~* and ¢, is a continuous function.

Noting (4.9), (4.14), we can then write the dynamics of the energy perturbation as

5 ~ F ~
E = b= — KpE +730,, (4.21)
E

and the dynamics of 4 can be written as

b g 4 ) + (1= 8) S5 — 48]
Orse n—3ng — (Z; + 1) 7y

(4.22)

Step 3: Having selected P,,, and v* in the previous steps, we must next choose
Sg” and S}nj to ensure that E, 4, and 71, which are governed by (4.21), (4.22), and
(4.11), are driven to zero. We consider the Lyapunov function V; = V,, + Vi, where

V, = 3ii? and Vg, = 1k E? + 34 It can be shown that satisfying the conditions

2 (S5 + SP7) = — v — Ky + 7, (4.23)
i — 3fig — (Zr + 1) 1y

(13 S — 3557 = -

2
x (kiBoy + K,7) = u(y"), (4.24)
where K, > 0 and K, > 0 results in
‘ ) (] A X ) .
V, = 2 (_ (05— ds) -3 _ (s —65) = + Kn> <0, (4.25)
e TE
: 5 E? 2 1 2
VE,'y = —klegz — ki KgFE*— | —+ Kf}, ¥ < O, (426)
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such that Vy < 0, guaranteeing asymptotic stability of the system. The conditions

(4.23) and (4.24) can be satisfied by choosing

inj L _3004_ Z +1 L ad ~
gini _ =9 (Zi+ D) (/{ZlE¢7 + Kﬂ)
. AT
Fuly)+ (1) (), (1.27)
L —v— K. n HT L
Sini — ( v 2’“”" ) — g, (4.28)

These values are subject to the constraints 0 < ng < Sj?j’m“”” and 0 < Sr}”j <
S}" 7maz 1 one of the fueling actuators saturates, we cannot satisfy both conditions
of the control law, so we must choose to either control n or 4. If we choose to
hold condition (4.24), the energy and tritium fraction subsystems will remain stable,
however, the density subsystem will no longer be controlled. This could potentially
lead to a violation of the density limit. To avoid this, we instead choose to maintain
control of the density by satisfying (4.23).

Because of fueling actuator saturation, it may be possible that VE7V > 0, that
is, we may not be able to ensure stability of the burn condition with the previously
considered actuators. There are two possible situations to consider, either a thermal
quench or an excursion. If the system is experiencing a quench, the controller has
already increased auxiliary heating to its maximum, so the only alternative would be
to change the magnetic plasma parameters to improve energy confinement (see (2.19))
or to change the reference operating point to one that is achievable. If the system
is experiencing a thermal excursion, however, we can still use impurity injection to
stabilize the energy subsystem, despite the heating and fueling actuator saturation.
In these cases we enable the use of impurity injection by setting the flag Fj,,, = 1

and proceeding to Step 4.

Step 4: If F,, = 1, we use the expression for radiation losses given in (2.12)
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to find an impurity density trajectory n} that satisfies condition (4.14). Defining the

error Ny = ny — nj, we can write its dynamics as

A L L ing S .k
n1:—97—816—97—816+51j+5[p—n1. (429)
TE e

Based on the choice of n}, we have that

f <n7 E7 nOé?’y? n?) = 07 (4.3(:))

which allows us to write f = n;¢; where ¢; is a continuous function. We can then

rewrite (4.9) as

Z ~ F ~
E=—0— — KgE' + nr¢r. (4.31)
TE
We take as a Lyapunov function V; = V,, +V, + Vg where V, = %’}2 and Vg =
%k’gEQ + %ﬁ% . By satisfying
S = By + 0L — S 4 iy — Ky, (4.32)
TE
where K1 > 0, the derivative of Vg ; can be reduced to
. . E2 .
VEJ = _k302? — k’gKEEQ — K]ﬁ% < 0. (433)
TE

We modify the tritium fraction trajectory to v* = VEkStep 2) — Kg fti S}nj dt where
ryEkStep ) is the value of v* calculated in Step 2, Kg > 0, and ¢, is the time at which
impurity injection was first engaged. This modification ensures that the tritium
fraction is, if possible, eventually reduced to such a level that impurity injection is

no longer needed, i.e., S — 0. Once S = 0, we disable impurity injection in
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subsequent executions of the algorithm by setting Fj,,, = 0. By satisfying

2 (S5 4+ SP7) = — v — Ky, (4.34)
o inj o ~ing 7EL_?’ﬁa_ ZI+1 TOLI N
(1—-%) STJ_’YSDJ = 2< ) K.y
—u3). (4.35)

We can ensure that V,, < 0, V7 < 0, and therefore V; < 0, guaranteeing stability of

the system. The conditions (4.34) and (4.35) can be satisfied by choosing

f— 3 — (Z1 + 1)y

S?j = 9 K“/AV
. . —v—K,n
+u(y)+(1-79) (—2 ) : (4.36)
. —v — K, .
Sind = (%) g (4.37)

which are again subject to saturation. If one of the fueling actuators saturates, we

again choose to hold (4.34) to ensure stability of the density.

4.2.2 Observer Design

The dynamics of the estimation error can be shown to be governed by

Fio = — 01— — 0% T, (4.38)
g g
. _ B .
) E
) E
-} hp R R
TE ) ) E
TE g g )



or, in a more compact form,

i = At + L+ ®0,

5 Y e " AT
where & = [ﬁa7E7ﬁD7ﬁTaﬁI]T7 L= [LauLEaLDaLT,LI]T7 O = [01702793a04785706707 )
and

e 0 0 0 0 0 O
0 FE 0 0 0 0 0
1
d=-—1 ¢ hp —ar 0 0 0 |, (4.43)
)
0O 0 O 0 -—-np ny O
0 0 0 0 0 0 ﬁl_
(6, 0 0 0 0|
0 6 0 0 O
1
A=——10 0 6; 6, 0 |- (4.44)
)
0 0 65 65 0
| 00 0 0 97_
We consider the Lyapunov function
. | SR
V= 3 Qx+§z Kz, (4.45)

where Z is the integral of the output error, given by (4.6), and calculate the time

derivative of V as

V =T [QAi + QL + Q30 + K 3. (4.46)

Noting that the output error can be written as

j=—| #+HOT, (4.47)
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and that the scalar term 37 Ky is equivalent to 7 K7 %, we can write

: h T
V=i"Q |Ai + L+ @6 + Q‘lg—m KFz| + (HO.T.) K}z (4.48)
By choosing
on|* on|”
L=-Q'—| Krz+A—| 3
Q 8.73 =T ! - Oa‘r x::f:y
onl* onT Oh
=-Q'—| KFz4+ Aj— — i+ H.O.T. 4.4
Q ax T=T ! - 083: =T (8$ a::;cx - O ) ’ ( 9)

where Ay is a Hurwitz matrix, we have that

V =37Q [A& + Al ()71 ()2 + O]

+ QAN ()T (H.O.T) + (HO.T.) K} 2. (4.50)

If 0 is known exactly, then © = 0 and we have that 1% < 0 for sufficiently small
state estimation errors or observer gains. It can also be shown that, the system is
ISS with respect to the parameter estimation errors, ©, implying that the estimation
error & will be bounded for bounded parameter estimation errors. Furthermore,
since Z is bounded and z = fg (y — y) dr, we can be sure that the estimated output
asymptotically converges to the measured output. This implies that, despite possible
uncertainty in the actual states of the system, as long as the references £E", 7", and
n” are chosen in such a way that the observed output tracks a desired reference, the

measured output will converge to the same reference.
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4.3 Adaptive Output Feedback

Because the closed loop output feedback system is ISS with respect to the uncertain

model parameters, the scheme can be augmented with an online estimation scheme

with parameter projection. To estimate the unknown parameters, a second observer

is constructed of the form

- 0b «
na = — 91 sC + Sa,
T
ob
0b
E?” =—0, Sc+Pa_P7“ad+Paux+POhm7
TE
~ nab .
- 0b I inj Sp
n[ __07 sc +SI +S[ 5
E
b ob
~ N AT i
- 0b D T in,
TLOD——eg sc+94 SC—SQ+SDJ,
E TE
b ob
ng n
ob D T ing
T =0s— —bs—; — Sa + St
TE TE

ob

o’ — n, are given by

The dynamics of the observer error n

~0b ob
<ob __ 0 e é L
nNe === — =
T T
E E
. Eob _ Eob
ob
E :_02 50_927_307
E E
~o0b ob
< ob 0 ny é ny
np =—Ur— —Ur—
TE E
np __937.50 +04Tsc _93 sc +94 sc’
E E E E
ob ob ob ob
~ob_9nD_9nT+9~nD_énT
T —75 sc 67_sc 57.sc 6 ¢
E E E E
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or in a more compact form 7% = Az + ®°*O where % = [ﬁgb, E° nb n% ﬁ?b] and

n?® 0 0 0 0 0 O
0 E® 0 0 0 0 0
1
PP — 1| 0 o nd —n® 0 0 0 (4.61)
E

0 0 0 0 -n® n?® 0

00 0 0 0 0 nP]|

We consider the Lyapunov function V° = % (:Z‘Ob)T Qi 4+ OTTO. The derivative can

be calculated as
Ve = (i) QAE" + 67 (87QTi +T6) (4.62)

If the states were all measured, the observer error could be asymptotically stabilized
by choosing
6= I ()" QT (4.63)

However, since the states are not measured, we must approximate the parameter

update law using the estimated states #. We note that 3 = 2% — x = 2°° — & + 4,
and choose the parameter update law
6 =T (") Q" («* - i), (4.64)
resulting in
Ve = (3)" QAT + 0T (¢%)" QT (4.65)

This can be shown to be ISS with respect to the bounded uncertainties ©7 and . If

# — 0 (which can be guaranteed with a suitably chosen set of output measurements),
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the second term vanishes and the observer error is rendered asymptotically stable.
Given persistent excitation of the references, the parameter estimation error © will

be driven to zero.

4.4 Online Operating Point Optimization

Noting that the nonlinear output feedback controller drives the states of the observer
to the reference r = [E",n", "], and that, even in the presence of model uncertainty,
the proportional-integral observer guarantees convergence of the observer outputs to
the measured ones, the task remains to choose r such that the achieved outputs
are those desired by the operator. To this end, the reference optimization scheme
presented in Chapter 3 can be adapted to the output feedback case. We again consider
a convex cost function p(r, x, é) where, in this case, x = [f4, 77]T. We again consider
the references to be constrained within a certain region of parameter space over which
the cost function is convex, guaranteeing a unique minimum. The update law for the

reference is again given by

. Pp\ op  Pp . Pp ;
e (%) [KRTOE * ooz * araée ’ (4.66)

where Kgrro is a diagonal positive definite matrix. The update law drives % to 0,

i.e., r is driven toward the optimal z-dependent and é—dependent set point, r*.

4.5 Simulation Study

In this section, we show results from a simulation study of the proposed output
feedback burn control scheme. The nominal confinement scaling parameters were

taken to be k), = kp = kpr = 3, and k} = 10. Z,,,, = 6. An installed ICRH heating
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Figure 4.1: Comparison of measured outputs to the values calculated from the states
of the observer during the output feedback simulation using the nominal model. The
desired tritium ratio, v*, is shown in (f).

power Prigy = 20 MW was considered for feedback actuation, and the other sources

of power were held constant at P,y = 53MW. The recycling model parameters used

were vFFC = 0.5, fo;r = 0.3, frep = 0.5, and R/ = 0.9.

4.5.1 Scenario 1

As a first test of the performance of the proposed output feedback control scheme, a
simulation was conducted using an observer and controller designed with the nom-
inal model. The initial conditions of the observer states were made to differ from
the initial conditions of the simulation states. Figure 4.1 compares the output mea-
surements during the simulation to the values calculated from the estimated states

predicted by the observer. The observed outputs converged to the measured values,
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Figure 4.2: Comparison of state estimations to actual values (a-d) and actuator tra-
jectories (e,f) during the output feedback simulation with the nominal model.

and indeed remained very close to the measured values throughout the simulation.
The states of the system are compared with the estimated states in Figures 4.2a-d.
As expected based on the exponential stability of the state estimation error dynamics
for the nominal system, the estimated states converged to the actual values over time.
Despite the absence of direct state measurements and uncertain initial conditions, the
proposed scheme was able to drive the energy, density, and tritium fraction to their
respective desired references, as shown in Figures 4.2a, 4.2b, and 4.1f. The feedback
controlled actuator trajectories, which were calculated based on the estimated states,

are shown in Figures 4.2e and 4.2f.
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Figure 4.3: Comparison of measured outputs to the values calculated from the states
of the observer during the output feedback simulation using the uncertain model. The
desired tritium ratio, 7*, is shown in (f).
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Figure 4.4: Comparison of state estimations to actual values (a-d) and actuator tra-
jectories (e,f) during the output feedback simulation with the uncertain model.

4.5.2 Scenario 2

As a second test of the proposed scheme, the model parameters used in the controller
and observer design were significantly perturbed. The parameter estimates used in
the simulation were 6, = 1.301, 6y = 1.30,, 03 = 0.765, 0, = 1.304, 05 = 0.705,
éG = 1.30¢, é7 = 1.16;. The initial conditions of the observer states were again made
to differ from the initial conditions of the simulation states. Figure 4.3 compares
the output measurements during the simulation to the values calculated from the
estimated states predicted by the observer. Despite the model uncertainty, the ob-
served outputs again converged to the measured values due to the presence of an
integral output injection term in the observer. The estimated states of the system,
compared with the estimated states in Figure 4.4a-d, also converged to the actual

values over time. Though the convergence of the actual and estimated states is not,
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Figure 4.5: Comparison of measured outputs to the values calculated from the states
of the observer during the output feedback online optimization simulation using the
uncertain model. The desired and controller requested tritium ratios, 4 and ~*,
respectively, are also shown in (f).

in general, guaranteed for an uncertain model, the set of diagnostics considered in
this work results in state convergence. The proposed scheme is again shown to be
able to drive energy, density, and tritium fraction states to their respective desired
references, as seen in Figures 4.4a, 4.4b, and 4.3f. Finally, the feedback controlled

actuator trajectories are shown in Figures 4.4e and 4.4f.

4.5.3 Scenario 3

In this simulation, online optimization of the reference r was used to minimize the cost
function p. The cost function parameters wr = 0.1, wp, = 1, wy = 1, T? = 15 keV,

PP =112 MW, and «? = 0.5 were used. The initial conditions of the observer states
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Figure 4.6: Comparison of state estimations to actual values (a-d) and actuator tra-
jectories (e,f) during the output feedback online optimization simulation using the
uncertain model.
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Figure 4.7: Achieved heat load in the constrained optimization simulation using adap-
tive output feedback compared with the limit.

were again made to differ from the initial conditions of the simulation states. Figure
4.5 compares the output measurements during the simulation to the values calculated
from the estimated states predicted by the observer. Due to the integral action of
the nonlinear proportional-integral observer, the observed outputs quickly converge
to the measured values. In addition, Figures 4.1a, 4.1c, and 4.1f show that the fusion
heating, plasma temperature, and tritium fraction converge to the desired values
specified in the cost function, (P?, TP, and +*) as a result of the online optimization
scheme. The states of the system are compared with the estimated states in Figure
4.6. The estimated states again converged to the actual values over time, and the
output feedback scheme was able to drive the energy, density, and tritium fraction to
their respective desired references. The optimization of the references E” and n” over
time is clear in Figures 4.6a and 4.6b. Finally, the feedback controlled actuators are

shown in Figures 4.6e and 4.6f.
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Figure 4.8: Comparison of measured outputs to the values calculated from the states

of the observer during the constrained optimization simulation using adaptive output
feedback. The desired and controller requested tritium ratios, 4" and v*, respectively,
are also shown in (f).
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4.5.4 Scenario 4

In this simulation, the uncertain model parameters were estimated online using the
adaptive update law (4.64), and online optimization of the reference r was used to
minimize the cost function p. The cost function parameters wy = 0.1, wp, = 1,
wy =1, TP = 15 keV, PP = 112 MW, and +” = 0.5 were used. A constraint on the
maximum heat load to the divertor of Q7" = 160 MW was also considered. Note
that the uncertain parameter 65 enters into the cost function through the calculation
of the divertor heat load, i.e., Qg = 02E/75¢. Figure 4.7 shows that the controller
is able to respect the heat load constraint throughout the simulation by considering
the constraint in the online set point optimization scheme. Figures 4.8 compares
the output measurements during the simulation to the values calculated from the
estimated states predicted by the observer. The observed outputs converge to the
measured values, and indeed remain very close to the measured values throughout
the simulation. In addition, Figures 4.8a, ¢, and f show that the fusion heating,
plasma temperature, and tritium fraction converge to constant values close to the
desired values specified in the cost function, (PP, TP, and ~?). Unlike the previous
scenario, the desired values are not achieved due to the presence of the constraint
on the divertor heat load. The online optimization instead drove the system to the
optimal feasible operating point. The states of the system are compared with the
estimated states in Figure 4.9. The estimated states converged to the actual values
over time, and the output feedback scheme successfully drove the energy, density, and
tritium fraction to their respective references. The optimization of the references E”
and n” over time is clear in Figures 4.9a and b. The feedback controlled actuators are
shown in Figures 4.9e and f. Finally, the estimated and nominal model parameters
are compared in Figure 4.10. Recall that the constraint on the heat load depends on

the parameter 65, the estimate of which is shown to quickly converge to the nominal
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value in Figure 4.10b.

4.6 Conclusions

A nonlinear output feedback control scheme for tracking a desired burn condition
in tokamak fusion reactors has been presented. The proposed scheme utilizes a
nonlinear proportional-integral observer that guarantees that the observer estimates
converge to the actual values for the nominal system. When model uncertainty is
present, the state estimation errors are bounded and the predicted output converges
to the measured values. Through the use of adaptive parameter estimation and online
constrained optimization, the nonlinear output feedback controller is able drive the
burning plasma system to feasible operating point that optimizes a particular figure
of merit. A simulation study shows the effectiveness of the output feedback scheme,

even when significant initial estimation errors and model uncertainties are present.
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Chapter 5

Study of Nonlinear Burn Control
Strategies Using METIS

5.1 Introduction

Thus far, the burn control strategies developed in this work have been tested by
simulating the closed loop system resulting from a feedback interconnection of the
controllers with the simplified burning plasma model used for control design. The use
of simplified models in simulation is useful for preliminary implementation testing and
controller tuning, since the simplified model can be simulated quite quickly. To some
degree, robustness of the control strategies to parametric model uncertainty, noise,
and disturbances can also be assessed using simplified models. However, in all control
engineering applications, it is critical to understand how control laws will affect (or
be affected by) the complex physical processes neglected by the design model. While
experimental implementation is the best test of controller performance, the expense of
fusion experiments and the potential for poorly performing controllers to trigger MHD

or thermal instabilities motivate an intermediate validation step in which control laws
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designed with simplified models are tested with increasingly complex simulation codes.

Complex integrated tokamak modeling codes seek to model the numerous physical
systems within a tokamak to either predict performance based on prescribed actu-
ators, or interpret the results of experiments through reconstruction of unmeasured
quantities of interest based on available measurements. These codes are typically
made up of smaller modules, each tailored to accurately model specific physical pro-
cesses. Examples of integrated modeling codes include PTRANSP [62], developed at
Princeton Plasma Physics Laboratory, and CRONOS [63], developed by the Commis-
sariat & ’'Energie Atomique (CEA) in France.

While very accurate integrated modeling codes can be useful tools for predicting
tokamak performance and making detailed analysis of experimental results, the com-
plexity of the codes leads to very long computation times. For certain purposes, in-
cluding conceptual feedback control design studies, the detailed and computationally
intensive calculations done in codes like PTRANSP and CRONOS are not necessary,
making simpler, faster running codes a desirable alternative. The METIS (Minute
Embedded Tokamak Integrated Simulator) code, developed by researchers at the
Commissariat & I'Energie Atomique (CEA) in France, is an alternative simulation
tool that combines information from scaling laws and simplified models to quickly
predict the evolution of tokamak plasmas based on a set of prescribed input trajec-
tories. It is a tool in the CRONOS suite of simulation codes designed to enable fast
processing of experimental data for analysis of shots, preparation of experimental
scenarios and CRONOS simulations, and, in conjunction with Simulink, development
of feedback control schemes. In this chapter, a framework for testing burn control
strategies in METIS is presented and several simulation scenarios are shown that
demonstrate the potential effectiveness of the control schemes proposed in the previ-

ous chapters. This work represents the preliminary steps toward the rigorous testing
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and analysis of comprehensive burn control strategies required before implementation
in [TER experiments.

This chapter is organized as follows. In Section 5.2, the models used in the METIS
code are briefly described, while in Section 5.3 the framework used to implement and
simulate burn control strategies is discussed. The results of simulations using the
METIS simulation framework are presented in Section 5.4. Finally, conclusions are

given in Section 5.5.

5.2 Overview of METIS Calculations

A diagram of the coupling of the various modules of the METIS code is given in
Figure 5.1. The models used within each module are chosen to provide a suitable
trade-off between precision and computation time. In the following, a brief overview
of the various models is provided, focusing on the calculations that are relevant to

burn control studies.

5.2.1 Geometry and Magnetohydrodynamic Equilibrium

While full magnetic equilibrium calculations are used in CRONOS to describe the
geometry of the plasma, METIS uses a simplified description. The plasma is assumed
to be symmetric about the Z = Z,.; plane, where Z is the vertical axis of the tokamak,
and the last closed flux surface is described by time varying parameters, including
the minor radius, major radius, elongation, and triangularity. The complete MHD
equilibrium is calculated using Shafranov shift, ellipticity, and triangularity profiles,

determined from moment equations [64].
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5.2.2 Power Sources and Sinks

For ITER, the auxiliary heating and current drive (H&CD) is provided by ion cy-
clotron and electron cyclotron radio frequency H&CD, as well as neutral beam H&CD.
For each source, the total heating and current drive efficiencies and spatial distribution
profiles are calculated separately in METIS based on different formulations chosen to
provide the best trade-off in terms of computational complexity and precision.

Fusion power calculations include the dominant DT reactions, the less significant
DD reactions within the plasma, as well as reactions involving the fast ions from
neutral beam injection. DT fusion calculations are based on the deuterium and
tritium density profiles, and the ion temperature profile, which is used to determine
the reactivity. Ohmic heating is also calculated based on the current density and
plasma resistivity.

Radiative power losses represent a major energy sink in tokamak discharges. In
METIS, the total line transition and thermal bremsstrahlung radiation are calculated
based on the temperature, density, and composition profiles of the plasma by using
the radiative collisional equilibrium [65]. The bremsstrahlung losses are calculated
using an expression given in [66], and the line radiation is inferred from the difference
between the total losses and the bremsstrahlung losses. Electron cyclotron radiative

losses are also calculated using a scaling law [67].

5.2.3 Kinetic Profiles

In METIS, the PDE describing the dynamics of the current profile, commonly referred
to as the magnetic diffusion equation, is solved using the Crank-Nicholson method on
a spatial grid of 21 points. The boundary conditions are given by a no-flux boundary

condition in the center of the plasma, and either prescribed plasma current, loop

140



voltage, or edge flux. The resistivity and bootstrap current, both calculated using
the Sauter model [68], the auxiliary current drive sources, and geometric factors
calculated from the plasma equilibrium are combined with the boundary conditions
to calculate the current profile evolution.

The dynamics of the plasma stored energy are treated with a 0-D (volume aver-
aged) energy balance model that uses scaling laws to determine the energy confine-
ment. The line averaged density, tritium fraction, and effective atomic number, which
are time-varying inputs to the METIS code, are combined with peaking factor and
edge density scaling laws to determine the density profiles of each ion species (deu-
terium, tritium, alpha particles, and impurities). The ion and electron temperature
profiles are calculated by solving the steady-state temperature transport equations,
using the distributed heating sources and sinks (fusion, NBI, radiative losses, etc.),
with a no-flux boundary condition at the magnetic axis and the edge temperature
(calculated from scaling laws) as the outer boundary condition. The thermal con-
ductivities, k. and k;, are assumed to have fixed spatial profiles, and it is assumed
that K; = fte ke, Where p.; can be prescribed or obtained from scaling laws. The
magnitude of the thermal conductivity is iteratively changed until the calculated
temperature profiles result in a volume averaged stored energy matching the results
of the dynamic 0D stored energy calculation. Through additional scaling laws that
modify the confinement and shape of conductivity profiles, magnetohydrodynamic

(MHD) effects and internal transport barriers are approximately taken into account.

5.3 Burn Control Simulation Framework

The METIS code is typically run in an open loop mode, i.e., inputs are prescribed

prior to running the model. In order to test control laws and run in closed loop, the
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Figure 5.2: Framework used for simulating burn control algorithms with METIS.

METIS code has been embedded within a Simulink S-function block. At each time
step in a simulation, measured outputs from the METIS block are sent to blocks con-
taining feedback control laws, and the resulting actuator requests are subsequently
sent through input channels. These inputs are then used by the METIS model to
calculate the states of the burning plasma system at the next time step of the sim-
ulation. To test controller robustness, disturbances and noise can be added to the
measurements or actuator signals.

While the METIS code provides an integrated model of many of the physical pro-
cesses contributing to the evolution of tokamak plasma discharges, some processes
are not handled in a way that is appropriate for the study of burn control strate-
gies. For example, the plasma density, fuel composition, and effective atomic number

are considered inputs to the METIS model, while they are in reality dynamic states
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of the system governed by fueling, particle losses, and recycling. To overcome this
limitation, the particle balance model, described in Chapter 2, was implemented in
a Matlab S-function. The inputs to the function include the fueling rates, energy
confinement time, alpha-particle generation rate, and impurity injection rates. The
outputs of the density dynamic model, the effective atomic number, line averaged den-
sity, and isotopic mix, are then routed to the respective inputs of the METIS model.
The complete METIS simulation framework for burn control studies is depicted in

Figure 5.2.

5.4 Simulation Results

In this section, results of a simulation study using the METIS framework are pre-

sented.

5.4.1 Scenario 1

In this scenario, the adaptive controller with online optimization from Chapter 3 was
tested. The adaptive controller was activated near the start of the burn ramp-up,
t = 50s (pre-programmed actuator trajectories were used during the non-burning
early ramp-up phase of the discharge). Preprogrammed time-varying references E”
and n” were used from ¢ = 50s to ¢ = 100s, that is, no online optimization was
used. At t = 100s, the online optimization scheme was activated in order to move
the system to an operating point optimizing the cost function (3.47) with wp, = 1,
wyp = 0.1, PP = 98 MW, and TP = 13keV. The reference for the isotopic mix was held
fixed at " = 0.5.

During the simulation, the volume averaged plasma parameters, including (S,),

(P,), and (P,qq), where (-) is used to distinguish the volume average from spatially
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varying profiles, were assumed to be measured. As was done in the one-dimensional
simulations of the nonlinear controller proposed in Chapter 2 (see Section 2.6), a
slight modification to the calculation of 7* in Step 2 of the control scheme is made
to account for the effect of the spatial distribution of parameters. We define () =
(nr)/({n1) + (np)) and write (Sa) = f{(7) (1 = ()) (nu)*(ov) ((T)) where f] is a
scale factor used to account for the effects of spatial profiles that is calculated in
real-time based on measurements of the volume averaged states and fusion heating.

The scale factor is then used to calculate

10255 + (Praa) — (Pown) = (Poss) + (E)” = Ku(B)]

L O I 1) B
1+v1—-4C

2

(") = (5.2)

A similar modification is made to calculate the required impurity density in Step 4.
Aside from these modifications and the notational change, i.e., the use of (), the
control laws are unchanged. The peaking factors for the other measured plasma
parameters were also used in the online optimization scheme to calculate the optimal
operating point.

In Figures 5.3a-c, the poloidal cross-section of the plasma is compared at various
times during the controlled discharge. As the density and temperature were ramped
up, the shape changed slightly, however, it remained fairly constant for most of the
discharge. The spatial profiles of electron temperature 7., plasma density n, and
safety factor ¢ (a quantity related to the current profile), are depicted in Figures
5.3d-f at various times during the simulation. The H-mode pedestal can be noted at
a normalized radius of 0.95 in Figures 5.3d and 5.3e. Note that the temperature and
density profiles changed significantly during the early part of the simulation (between

t = 50s and t = 70s, but the shape of the profiles did not change significantly after
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t = 100s. Only a change in magnitude is seen between ¢t = 100s and ¢ = 200s. The
q profile, shown in Figure 5.3f, evolves at a much slower rate than the other kinetic
variables and did not reach a steady state during the simulation.

The output, state, and actuator trajectories during the simulation are compared
in Figure 5.4. Figures 5.4a and b show that between ¢ = 50s and ¢t = 100s, the
fusion power and temperature are ramped up, eventually exceeding the desired values
(recall that online optimization of the operating point was not active during this
time interval, i.e., a preprogrammed, non-optimal reference was being tracked by the
controller). At ¢ = 100s, the online optimization scheme was activated and was able
to quickly drive the fusion heating and temperature toward the targets. The time-
varying pre-programmed references for energy and density can be noted between
t = 50s and t = 100s in Figures 5.4c and d. The references were tracked quite
well, though some tracking error can be noted as the adaptive parameter update
laws responded to the changing model parameter values. The adjustment of the
references E" and n” by the online optimization scheme can be seen after ¢ = 100s.
The constant reference for the tritium fraction was regulated after initial tracking
errors due to parameter uncertainty, as seen in Figure 5.4e. The alpha particle and
impurity densities, shown in Figure 5.4f, settled to constant values over time. Finally,
the actuators, modified by the nonlinear controller to track the time-varying references
for energy, density, and tritium fraction, are shown in Figures 5.4g and h. It can be
noted that, to some degree, the energy tracking error during the ramp-up can be
attributed to saturation of the ICRH heating power.

The estimated model parameters are compared to the nominal values in Figure
5.5. Between roughly t = 50s and ¢ = 100s, the parameter estimates changed over
time, eventually settling to a constant set of estimates. The estimates of ; and 6;

(Figure 5.5a and 5.5g, respectively) converged to their nominal values. The value
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of A5, shown in Figure 5.5b, did not quite converge to its nominal value. This is
because, while METIS considers the fact that not all power delivered by the various
heating sources is actually absorbed by the plasma, the model used for control design
assumes the sources to have unity efficiency. As was the case in previous simulations,
the remaining model parameters did not converge to the nominal values due to a lack
of sufficient excitation, however, this does not effect the tracking performance of the

adaptive control scheme.

5.4.2 Scenario 2

In this scenario, the output feedback controller from Chapter 4 was tested. The ob-
server was initiated at ¢ = 50s with incorrect initial state estimates, as well as incor-
rect model parameters given by 6 = [1.0561,0.920,,1.163,0.9560,4, 0.9505, 1.165, 0.9567].
A preprogrammed time-varying reference for the energy and density was used from
t = 50s to t = 100s, that is, no online optimization was used. At ¢t = 100s, the on-
line optimization scheme was activated in order to drive the system to an operating
point optimizing the cost function (3.47) with wp, = 1, wp = 0.1, P? = 98 MW, and
TP = 13keV. The reference for the isotopic mix was held fixed at 4" = 0.5. Since the
output feedback scheme relies on knowledge of how the measured volume averaged
outputs depend on the volume averaged states of the system, the peaking factors
associated with each output are needed to account for the distributed nature of the
kinetic variables. However, since measurements of the volume averaged states were
considered to be unavailable in this test of the output feedback scheme, it was not
possible to calculate these peaking factors in real-time, as was possible in the previous
state feedback scenario. To overcome this issue for this preliminary test case, it is
assumed that the peaking factors are well-known ahead of time, or can be calculated

based on measured or estimated spatial distribution profile measurements.
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Figure 5.6: Evolution of the plasma cross-sectional shape (a-c) and parameter profiles
(d-f) during Scenario 2.
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In Figures 5.6a-c, the poloidal cross-section of the plasma is compared at various
times during Scenario 2. Again, the shape remained fairly constant for most of
the discharge. The spatial profiles of electron temperature 7T, and plasma density
n, depicted in Figures 5.6d and 5.6e at various times during the simulation, match
closely with those of the previous state feedback simulation. The ¢ profile evolution,
shown in Figure 5.6f, is also quite similar to the previous scenario, though slight
differences in the evolution near the plasma center can be noted, which are a result
of differences in the transient response of the plasma temperature and density during
the two simulations.

Figure 5.7 compares the output measurements during the METIS simulation to
the values calculated from the estimated states predicted by the observer. Due to the
integral action of the nonlinear proportional-integral observer, the observed outputs
quickly converged to the measured values. In addition, Figures 5.7a and 5.7c show
that the fusion heating and plasma temperature converged to the desired values spec-
ified in the cost function, (P? and 77) as a result of the online optimization scheme.
The states of the system are compared with the estimated states in Figure 5.8. The
estimated states converged to the actual values over time, and the output feedback
scheme was able to drive the energy, density, and tritium fraction to their respective
desired references. The optimization of the references E” and n” over time can be
noted in Figures 5.8a and 5.8b. Finally, the feedback controlled actuator trajectories

are shown in Figures 5.8e and 5.8f.

5.5 Conclusions

A simulation framework for studying burn control algorithms that combines the

METIS integrated modeling code with a 0D density dynamics model and a customiz-
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able controller block, has been implemented. The burn control schemes proposed in
the previous chapters have been simulated in this framework to study their robustness
to the increased complexity of the METIS model. The additional complexity of the
METIS model could be exploited in the future to perform a more comprehensive test
the designs, including analyzing performance during various experimental scenarios,
and studying the effects of imperfect measurements, noise, and disturbances. Ad-
ditionally, the additional complexity of the METIS code could enable study control

strategies designed to simultaneously regulate the burn condition and kinetic profiles.
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Chapter 6

Backstepping Control of Burning

Plasma Density and Temperature

Profiles

6.1 Introduction

In the previous several chapters, the problem of zero-dimensional burn condition con-
trol in ITER was studied in detail. This zero-dimensional approach to the problem
only modulates the bulk heating and fueling in response to volume averaged den-
sities and temperatures, and does not attempt to regulate the spatial distributions
of these quantities. However, the shape of the temperature and density profiles not
only directly affect the burn condition and particle/energy transport, but also af-
fects the evolution of the current profile, which in turn plays an important role in
achieving large fractions of non-inductively sustained current. The problem of profile
control differs from the zero-dimensional burn control problem due to the spatially

distributed, infinite-dimensional nature of the quantity being controlled. The system

155



is severely underactuated, as only a finite number of available actuators, either dis-
tributed throughout the spatial domain or located at the boundary, are available for
control.

In this work, we apply the backstepping technique to the control of density and
temperature profiles in burning plasmas. Backstepping provides a systematic method
for designing control laws for PDE systems where actuation is applied at the bound-
ary and must be propagated through spatial dynamics. The method achieves stability
and performance improvement by using a feedback transformation to eliminate un-
desirable terms or to add missing terms, while leaving the system in a physically
relevant and familiar form. This enables physical intuition to be used to shape the
closed-loop response. The control gain is obtained by using a simple recursive numer-
ical calculation, which avoids the need to solve high-dimensional Riccati equations.
Furthermore, the approach can be used to handle time-varying model parameters and
nonlinear terms, like those arising in the burning plasma system.

In this work, we have taken a discretize-then-design approach to designing the
backstepping controller [69], rather than the design-then-discretize approach taken in
[70]. This results in a simple recursive formula for an approximation to the infinite
dimensional gain kernel that would be derived using the latter approach. The ap-
proximation, which holds for any finite spatial grid, can be improved through the use
of a fine grid. However, it has been seen that a controller designed on a coarse grid
(using a small number of measurements of the profile) can achieve satisfactory closed-
loop response when tested in simulations (with a much finer grid used for simulating
the PDE model) and experiments. We note that the discretize-then-design backstep-
ping technique has been applied to open-loop unstable nonlinear chemical reactions
in |71, 72| and has been applied to other tokamak control problems, specifically the

problem of kinetic profile control, in [36, 37, 73]. In this work, the backstepping
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technique is extended to include both boundary and distributed actuation, as well as
online disturbance estimation, improving system response, disturbance rejection, and
tracking performance.

The chapter is organized as follows. In Section 6.2 a one-dimensional burning
plasma model is introduced. The control objective and controller design are outlined
in Section 6.3 and Section 6.4, respectively. Simulation results showing successful
stabilization of an unstable set of equilibrium profiles are contained in Section 6.5.

Concluding remarks and a discussion of future work are given in Section 6.6.

6.2 One-Dimensional Burning Plasma Model

The one-dimensional burning plasma model must include the dynamics of the spatial
profiles of the density of a-particles, the deuterium-tritium fuel, as well as the spatial
profile of the energy in the system. The model used in this work is based on standard
1-D transport equations. To simplify presentation, we consider a constant diffusivity
and a negligible pinch velocity, however, the control approach could be extended to
account for these effects, as was done in [36]. The equations for particle densities and

plasma energy are

ong, 10 ong

ot ror (D 87") ( 2 ) (6.1)
onpr 10 onpr

a1 —;W( ) (T) ov) + Spr, (62)
oF 18 D

LD (o8 (Yo st

where (ov) is the DT reactivity, Spr is the distributed DT fuel injection, and
Q. = 3.52 MeV is the alpha particle energy. P,,, and P,.q represent the distributed

auxiliary power and radiation losses, respectively. We consider the distributed actu-
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Figure 6.1: Distributed actuator deposition profiles used for simulations.

ators to be of the form

SDT = ufuel(t)SDT(T)a

Paux = Uguz (t)pau:c (’f’),

i.e., they have fixed, spatial deposition profiles S pr(r) and paux(r) and controllable
magnitudes  fyue(t) and g, (). The deposition profiles used in this work are shown
in Figure 6.1.

The DT reactivity (ov) is a highly nonlinear, positive, and bounded function of
the plasma temperature 7" and is calculated by

ai

T + as + CL3T + CL4T2 + (15T3 + CL6T4> i (64)

(ov) = exp (

where the parameters a; and r are taken from [43]. The plasma temperature is a

E
n’

function of the energy and total plasma density, i.e., T = % and the total plasma

density is given by the sum of ion and electron densities, n; and n,

n; = Npr + Nq, (6.5)
Ne = NpT + 2Ng, (6.6)
n=mn;+ne=2npr + 3n,, (6.7)
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The radiation loss P,.q considered in this work is given by

Praa = Pyrem = AbZeffngﬁv

(6.8)

where A, = 5.5 x 10737 Wm?/v/keV is the bremsstrahlung radiation coefficient, Z, £f

is the effective atomic number, and n, is the electron density. Note that the control

design presented in this work could easily be extended to include other forms of

radiation losses and this choice of model is only used for simplification of presentation.

The effective atomic number is given by

niZ:  mpr+4ng
Zegg=) ——= .

, Te
7

The following boundary conditions are used:

Ona
or

aTLDT

or

ok
0_37"

=0,

r=0

r=0 r=

na(a) =uq(t),
npr(a) =upr(t),

E(a) =up(t),

where u, (), upr(t), and ug(t) are considered actuators.

6.3 Control Objective

(6.9)

(6.10)

(6.11)
(6.12)

(6.13)

At equilibrium, the DT fuel, alpha particle, and energy densities are no longer chang-

ing with respect to time and the model simplifies to a set of ODEs with respect to
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the space coordinate, i.e.,

10 ONg -

05 (D52 ) + 5. 614
10 Onpr ~ _ A

0 :;57" (D or ) - 23& + ufuelSDT7 (615)
10 OF 5 5 _ o p

0 —;57’ (DE> + QaSa - Prad + uauxPauxa (616>

where we have written the alpha particle generation as S, = ("’%T)2 (ov) and we use
upper bar notation to represent the equilibrium value of a variable. The equilibrium
profiles are determined by the equilibrium fueling, heating, and boundary conditions.

We consider perturbations in the profiles, i.e., ny (7, t) = fio (1) +7a (7, t), npr(r,t) =
fpr(r)+apr(r,t), BE(r,t) = E(r)+E(r,t), Sa(r,t) = Sa(r)+Sa(r,t), and Pu(r,t) =
Praa(r) +]5md(r, t), and the presence of distributed feedback (@ fyel, Uquz) and constant

input disturbances (dpr, dauz), i-€.,

SDT(Ta t) = (afuel + ﬂfuel + dfuel) SDT(T)7

Pauz (Ta t) = (ﬂaua: + ﬂaux + dauz) Paux (T)

We also consider boundary feedback (@, pr, @g) and constant boundary distur-
bances (do, dpr, dg). We first attempt to cancel the effect of the unknown distur-

bances by defining the feedback laws

~

Ug =V — dq, Upr = vpr — dpr, up =vp — dg,

~

U fuel =V fuel — dfueh Uguz = Vauz — dau:m

where v,, Vpr, Vg, Vfyel, and vqy, are inputs to be defined later, and d,, dpr, dg, dfye,

and d,,, are estimates of the disturbances, which will be obtained from update laws,
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also to be defined later. We define the disturbance estimation errors Ja =d, — cfa,

~

JDT = dDT - CZDT; CZE = dE - CZE; szuel = dfuel - szuel) and Jaux = daux - dau:v- By
substituting (6.14), (6.15), and (6.16) into (6.1), (6.2), and (6.3), and taking into

account

the dynamics of the deviation variables fis(r,t), Apr(r,t), and E(r,t) can be written
as
Ofta e 1 O -

or o TP T (6.17)

Onpr - npr 1 _0npr s 5 2

ot =D 8’1“2 —F;D or —25a+ (Ufuel+dDT> SDT7 (618)

0E *E 1 0E _ - = =\ a
—D—4-D— aSa_Pra aux daux Paux; 6.19
ot or? +r or Q@ d+<v + > (6.19)

The boundary conditions are written as
Oy Ofpr OF
= = =( 6.20
or |,_o or |,_, Or ’ (6.20)
r=0

Mo (a) =04 (t) + da, (6.21)
ipr(a) =vpr(t) + dpr, (6.22)
E(a) =vp(t) + dp. (6.23)

The objective of the controller is to force fig(r,t), fpr(r,t) and E(r,t) to zero using
distributed actuators vyye and vgy,, and boundary actuators v,, vpr, and vg, while

accounting for the effect of disturbance estimation errors.
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Figure 6.2: Block diagram of simulation process.
6.4 Controller Design

A backstepping technique, like the one used in the previous chapter, is used to trans-
form the original system of equations into a particular target system. The target
system is rendered asymptotically stable through the choice of boundary conditions,
control laws for the distributed actuators, and update laws for the disturbance esti-
mations.

By defining & = +, where N is an integer, and using the notation z'(t) = x(ih, t),

i=0,1,..., N, the discretized version of (6.17) - (6.19) can be written as

, Sitl _ 9mi 4 il Sitl _ i
si n,, 2ny, + ny, D ng ne,

g =D St 6.24
e A (6:24)
_Dﬁg; — 20l + Ay N Dag) — iy
T = h? ih h
- 25’& + <Ufuel + dfuel) SiDTa (625)
i E’i+1_2Ei+Ei—1+DEi+1_Ei
B h2 ih  h
+Qa§i - Pzad + (U(wx + Jaux) pfim;; (626)
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with the boundary conditions written as

nl —n? _ﬁ}DT—ﬁ%T B E'— E° _0
h B h h -
N =v,(t) + da,
ﬁDT —UDT(t) + CZDT,
EN :UE(t) + (jE
The following target system is considered
N P o il 1 @t — ‘
W =DY A opt TV o

h? ih h
+ (Ufuel + quel) Qé‘uel + <Uaux + Jaux) Qzuxa

L mz’—i—l _ 27’77,1 + mi—l 1 mi—l—l _ mz )
Wi =D —D——— —Ci
" 2 TTTh "

+ (Ufuel + quel) B;‘uel + (Uaum + CAiaua:) Béuxa

5 Ja'+1 _ in + fi—l 1 JEi+1 _ fz -
=D s + D= = Cyf

+ (vfuel + dfuel) A}uel + (vauz + daux) Aimm)

where Cy,, C,,C¢ > 0 and

i—1 i1 i—1 i—1
ue § : ~k ) aux § aux?
k= Ony o OFF
i—1 i—1 i—1 i—1
B — g aﬂ Stk B 85 Pk
Sfuel DT 3fzk DT> aux (9Ek auz)’
k=1 DT k=1
i—1 i—1 i—1 i—1
Al _ da Srk Az —pi oje! Pk
Sfuel 8ﬁk DT> aux aux 3E‘k aux
k= br k=1
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(6.27)

(6.28)
(6.29)

(6.30)

(6.31)

(6.32)

(6.33)



We denote w, 3, and a as backstepping transformations of the form

~i =i i—1( 770 Fie1 =0 ~i—1 =0 i1
w'=n,—w' (B, . E T Nppy s Wy gy e e s T ),
~i i i—1( 770 Fi—1 =0 _i—1 =0 i1
m'=npp— B (B, .. E " App, o Ap, R - s Thy )s
Fi_ i i1 0 Fie1 =0 Zi—1 =0 i1
f=E'— o (E°, ..., B App, o W, Mgy ooy Ty ).

The boundary conditions of the target system are chosen as

@y —dy ' —m® [ f°

- — 34
h h h 0 (6:34)
N =d,, (6.35)
mY =dpr, (6.36)
N =dp. (6.37)

The target system is chosen to maintain the parabolic character of the partial dif-
ferential equation (to keep the highest order derivatives), remove the problematic
nonlinear terms, and facilitate the combined use of distributed feedback and back-
stepping boundary feedback.

By subtracting (6.31) from (6.24), (6.32) from (6.25), and (6.33) from (6.26), the
expressions w'™ 7 31 = it —mf, and 61 = B fl are obtained, which
can be put in terms of w*~! = Ak — @k, fF1 = @k —mk, and oF ! = EF — fF for

k=1—1,7,74+ 1 and rearranged to obtain

. 1 D . .
= ———|(2D+ =+ Cuh? | W' = Dw'?
w D+D/z’[( +z'+ >w w

— R2C, i, + W2t + 2 (vfue, + d"fuel) oy

12 (v + o) Vs = 1751 (6.38)
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- 1 D . .
i 2D I 2 i—1 D i—2
" =b¥D/ K +¢+C’”h>ﬁ B
—hQCmﬁiDT + hzﬁ.iil + h? (Ufuel + quel) B;”uel + 2h25'é
—h? (v fuel +d fuez> Spr + b’ (Um + ch) Bfm} , (6.39)
i 1 D 2\ i-1 i—2 320 i

Fh26Y — R2Q.SL + k2P — B2 (vm n CZM> P

T aux

+h2 <’Ufuel + dvfuel) A?u&l + h2 (Uaux + Jaum) A;Lluz:| s (640)

where w® = 8% = a® = 0 and ! (for z € {w, 3, a}) is given by

- g W o g WO . kg W o
CE'Z_ — ~—ﬁ + = E + = fla. 641
2o, ot o Y o o

Through its dependence on 7ipr, E’ . and 7., expression (6.41) depends on the to-be-
designed control laws vf,e; and vgy,, which will not in general be spatially causal and
would violate the strict-feedback structure required for backstepping. It also depends
on the terms d fuer and ciaux, which are unknown. However, by our choice of target

system, the terms involving Q%,;,

i i
aux)’ Bfuel? Baum?

Al and A7, exactly remove
the undesirable terms from the recursive expressions (6.38), (6.39), and (8.17) upon

substitution, i.e.,

: 1 D . .
= ——— (2D + =+ C,h% | W't — Dw'™2
w n /2 [( + ; + )w w

strict

— W2Cyil, + W2l — hQS*;] ,
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- 1 D 4 .
i 2D = thQ i—1 D 1—2
Y =b¥D/ K Tt )5 &
—h* Oty + h* By + 2h2§é} :
7 1 D 2 i—1 i—2 2 [
(6] :::jfi-q:—jfi7g- 2D + -E' + (7f}l (6] — D« —h (Zifli

+hPAk ), — PP QaSE + hQﬁjad] ,

strict

where the strict feedback terms .} ., (for x € {w, B, a}) are given by

' i—1 = f+1 =k ~ k—1 ~k+1 _ =k
i1 Oz [DnDT — 20D + Nipyp BnDT —"'pr

h? ih h

- Lozl e Orl . -
k Sk k k
254+ 3 orE e T 2 Qe Pl
k=1 a k=1
Ek+1_2Ek+Ek—1 D Ek—i—l _ Ek
+_

D
+ 72 nh

(6.42)

Next, subtracting (6.35) from (6.28), (6.36) from (6.29), and (6.37) from (6.30), the

boundary control laws can be defined as

Ve =™ vpr =Nt vp=aNh (6.43)

We design the control laws for the distributed actuators vsy,e and vg,,, as well as

the update laws for the disturbance estimations by considering the control Lyapunov
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function

> ()

i=1

N —

PN N
=§ZQQ(W) +§ZQ%(~Z +
=1 =1

a2 a2 2 J2ue 2
a DT E + Suel +

aux

+ Qka QkDT QkE 2kfuel 2kau:}c

where Q,, @Q},, Q% for i € [I, N — 1] are positive definite weights, and ko, kpr, kg,

Efuel, and kg, are positive constants. We calculate its time derivative as

N—
V=) Quite'+ ) Qumm'+ Z Quf'f'
1=1 i=1 i=1

1~ = 1

+ —d, d —d d —d d
k’a +kD DTDT+k EQE
1 - z

+ dfueldfuel + L —d ua:dauz-

Noting the dynamic equations (6.31), (6.32), and (6.33), and the boundary conditions

(6.34), (6.35), (6.36), and (6.37), this can be written as

V=-WTAW — MTA,M — FTAF 4 000 ® fuet + Vaue Paue

daum
kaux

quel

+ Czaux (I)auw +

kfuel
| d

N-17= -\ yN-1, Pa

o | Quw <1—|— N 1) W+ ka]

+dpr [QN 12 (1+—1 )mN‘lerﬂ]

+ dfuel [beuel +

N 1 kDT

+dp , (6.44)

D 1 di
1 Nl
Q h<+N )f kg

where W = [w!, ..., w1 M = [m!, ... mV YT F = [f, ..., f¥1T are transformed
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measurements. The elements of the matrix A;, (where k € {w, m, f}) are given by

1,1 1
el a2 (es)) el
Qi+ :_Qi_ 1+1

k ¥ 2 i)’

for 2,...,%,...N — 2, and by

D
A =Qi( h2+ck) A =20l

D 1
N—-1,N-1 _~N-1
A =@, |:h2 (Q—i-m)-i-ck},

N—-1,N-2 — D
A , _ __ NN-1

= S

Given positive diffusivity D, the matrix A is positive definite. The nonlinear func-

tions ® s, and @y, are given by

N-1 N-1 N-1
(I)fuel = Z QZUZDZQ}uel + Z anmlAzfuel + Z Q}le}uel’
=1 ] =1

N-1 N-1 ~
Doy = Z QZ NZQaux + Z Ql T ZAaux + Z Q}fZBZu:(:
=1 =1

We take the control laws and update laws

Viuel = —Cruet®fuet;  Vaur = —CouaPauas (6.45)
druet = kpuer® pucts due = e Do (6.46)
d = ko QN = D (1 + %) wN L (6.47)
dDT = kprQh ' (1 + —) AR (6.48)
= kEQ (1 + N—> R (6.49)
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where Cfye; > 0 and Cyy, > 0, which, assuming constant disturbances, reduces (8.28)
to

V=—WHA,W — M"A,M — FTA;F — Ctua®} e — Caua®s

aux

< - WWAW — M"A,,M — F'A;F.

Since A, Ay, and Ay are positive definite, we have that V < 0. Since V > 0 and
V is bounded, the conditions of Barbalat’s lemma are satisfied, and we have that
V — 0. This implies that @, m, and f are driven to zero, guaranteeing asymptotic
stability of the target system, and, consequently, 7, ipr, and E.

The control strategy is summarized in Figure 6.2. First, a desired set of equi-
librium profiles is determined. These profiles are then used as references by the
backstepping controller, which actuate the ion densities and energy at the plasma
edge, as well as the magnitudes of the distributed heating and fueling actuators to
achieve the desired profile shapes and spatial averages for the alpha particle, DT fuel,

and energy density.

6.5 Simulation Results

In the following, the discretized burning plasma system was simulated using an im-
plicit finite difference scheme with N, = 50, and the time step chosen to achieve
suitable accuracy. The results shown are for an equilibrium described by Dg = 0.4,
Dpr = 0.2, D, = 0.13, Ggue = 3.8 X 10%, Upue = 1.6 x 10*, @, = 9.5 x 107,
tpr = 5.3 x 10, and ur = 2.0 x 10°. Figure 6.3 shows that without feedback con-
trol, the chosen equilibrium of the simplified model is unstable. In this case, the initial

perturbations in the shape and magnitude cause a thermal excursion and the system
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<n >(#/m3)

Figure 6.3: Spatial averages of the open-loop (uncontrolled) profiles. The desired
equilibrium values are shown as red dotted lines. The solid blue lines show the
simulated evolution of the system.

comes to rest at a higher temperature equilibrium. As a first test of the feedback con-
troller, two closed loop simulations were run: one with boundary actuation only (i.e.,
Ctuet = Cauz = 0), and one with simultaneous boundary and distributed actuation
(Qi, =107% Q' = 1078 and Qéc =10""for 1,...,4,... N=1, Cpue = 0.125 x 10%,
Coauz = 0.1 x 10'°). Neither of these simulations included disturbances or disturbance
estimation. In both cases, the controller was designed using Nioniro = 3, i.€., uti-
lizing two measurement points inside the plasma core, and C,, = C,,, = Cy = 0.15.
Figure 6.4 shows the resulting profile evolutions. In both cases, the nonlinear con-
troller was able to stabilize the desired equilibrium, however, the use of distributed

actuation improved the response by adding more control authority in the interior of
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(b) Simultaneous boundary and distributed feedback.

Figure 6.4: Profile error evolution for a simulation with boundary feedback only (a)
and one with simultaneous boundary and distributed feedback (b). Solid red lines
indicate the boundary actuation.
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profile error (f), comparing a simulation with boundary actuation only (red, dashed)
to one employing simultaneous boundary and distributed actuation.
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Figure 6.6: Realized (controlled input + input disturbance) boundary actuation (a-c)
and distributed actuation (d,e), and the weighted norm of the profile error (f) during a
simulation without disturbance estimation (black, dash-dot) and one with disturbance
estimation (blue, solid). With disturbance estimation, the realized actuator values
converge to the reference values for the desired equilibrium (red, dashed), and the
profile error is driven to zero.
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the plasma. Figures 6.5a-e compare the boundary and distributed actuation during
the two simulations. By including distributed actuation, the amount of boundary
actuation needed to stabilize the system was reduced. The weighted norm of the

profile error

N-1
L= [(10—5Ei>2 + (107287 )% + (109731 1)? | h,
i=1
during both simulations is compared in Figure 6.5f, clearly showing that the pro-
file error was driven to zero much more quickly when distributed actuation was
added. To test disturbance rejection, a second set of simulations were run with
input disturbances d, = —0.24,, dpr = —0.2Upr, dp = 0.2ug, dfye = —0.2Upye,
and dguy = 0.2Ugy,. The first simulation was run without online disturbance esti-
mation, while the estimation was active in the second simulation (k, = 1.2 x 103,
kpr = 1.5 x 10%, kg = 1.2 x 10'%, ks = 0.03 x 10Y°, and kuye = 0.06 x 10%%).
Figures (6.6)a-e compare the realized (controlled actuation + input disturbance) val-
ues of ny(a) = uq + dy, npr(a) = upr + dpr, E(a) = ug + dg, distributed heating
Ugug + dauz, and distributed fueling w fy,e; + dfyer, respectively, to the values associated
with the desired equilibrium. Figure (6.6)f compares the weighted norm L for both
cases. In these figures, the red-dashed line represents the equilibrium value, while
the blue solid line and black dash-dot line represent the realized actuators during
the simulations with and without disturbance estimation, respectively. In the first
simulation, the system was stabilized by the feedback controller and the realized ac-
tuators converged to constant values, however, without estimation, a steady-state
profile error developed, as made clear in Figure (6.6)f. Through online estimation
of the disturbances in the second simulation, the controller was able to account for

the disturbances and drive the profile error to zero. Indeed, the realized actuators
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Figure 6.7: Initial (magenta, dashed), desired (red, circles), and final profiles, compar-
ing the results a simulation with disturbance estimation (blue, solid) to one without
(black, dotted). Note that the effect of input disturbances is removed at steady-state
with the online estimation active.

converged to the reference values associated with the desired equilibrium. Figure 6.7
shows the initial and desired profiles, and compares the final profiles obtained in the
two simulations. The steady-state profile error developed in the first simulation and
the recovery of the desired profiles in the simulation with disturbance estimation are

evident.

6.6 Conclusions

A non-linear feedback controller based on backstepping that achieves asymptotic sta-
bilization of the equilibrium ion and energy density profiles in a cylindrical burning
plasma has been designed. The controller uses actuation of the a-particle, energy,
and DT ion density at the plasma’s edge, as well as distributed heating and fueling
to stabilize the respective profiles. The resulting controller holds for any finite dis-
cretization in space of the original PDE model and the simulation in this work shows
that a controller using a very coarse discretization, successfully controls the density
profiles. The feasibility of controlling kinetic profiles in a burning plasma using a

combination of distributed and boundary feedback has been shown. However, more
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study will be necessary to find physical methods for the modulation of the kinetic
variables at the edge of the plasma, i.e. achieving the desired values of u,, upr, and
ug. This will have to be done through modulation of the physical properties of the
plasma scrape-off layer (SOL) such as gas puffing, gas pumping, or impurity injec-
tion. Moving forward, model improvements will be made by including models for the
diffusivity and pinch velocity, as well as models of the SOL in order to apply more
realistic boundary conditions to the system.

Because burning plasma experiments on ITER are still years away, it is not possi-
ble to experimentally test the proposed profile control approach at this time. However,
the backstepping technique for PDE control design can be applied to the important
issue of current profile control, which is a new and active area of research at many
present-day tokamaks. In the following chapters, backstepping based control schemes

are designed, implemented, and experimentally tested on the DIII-D tokamak.
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Chapter 7

Backstepping Control of the Current

Profile in L-mode Discharges

7.1 Introduction

Among the major challenges for future fusion reactors is to achieve scenarios in which
a tokamak can operate with sufficiently long plasma discharges. It has been demon-
strated that setting up a suitable spatial distribution of the toroidal plasma current
can, in turn, enable certain advanced operating scenarios characterized by high fusion
gain and non-inductive sustainment of plasma current that could lead to steady-state
operation (see [33]). Typically, the spatial distribution of toroidal current is approx-
imated as a one-dimensional radial profile by assuming axisymmetry in the toroidal
coordinate and by averaging quantities over the poloidal magnetic flux surfaces, a set
of nested surfaces of constant poloidal magnetic flux as shown in the cutaway view of
the plasma inside the DIII-D tokamak in Figure 2. As part of the effort to identify
and achieve suitable profiles for advanced operating scenarios, active control of the

current profile or the safety factor profile, ¢, a related quantity defined as the number
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Figure 7.1: Illustration of the DIII-D tokamak. The toroidal field coils (cream col-
ored) and poloidal field coils (light blue) produce the magnetic field that confines the
plasma. The cross-section of the plasma within the machine is represented by a set
of magnetic flux contours.(Source: General Atomics Fusion Education Outreach)

of times a magnetic field line goes around the machine toroidal for each time it goes

around poloidally, has become an area of extensive research.

7.1.1 Prior Work

Most experiments in this area have thus far focused on the real-time feedback control
of scalar parameters characterizing some aspect of the current profile. In [74], feedback
control of ¢(0,t), the safety factor at the magnetic axis of the plasma, or g, (t), the
minimum value of the safety factor profile, was achieved by modifying either ECH
(electron cyclotron heating) or NBI (neutral beam injection) on DIII-D. In [75], LHCD
(lower hybrid current drive) was used to control the internal inductance parameter,
l;(t), a measure of the current profile shape, on Tore Supra. Both experiments used

simple non-model-based proportional control laws to modify single scalar parameters
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describing some characteristic of the current profile. Non-model based approaches to
real-time control of the current profile were also studied in |76, 77|, and [78].

Though non-model-based techniques have had some success in manipulating single
scalar outputs, like [;(t) or gmn(t), it will be critical to control the shape of the entire
current profile in order to achieve certain advanced tokamak operating scenarios.
The strong nonlinear coupling between magnetic and kinetic profiles and the high
dimensionality of this type of distributed control problem motivate the use of model-
based techniques that can exploit knowledge of the dynamic response of the system
to the available actuators within the controller design. Compared to non-model-
based approaches, model-based designs can achieve high levels of performance without
requiring significant amounts of experimental time for trial-and-error tuning. Work
on dynamic modeling of the current profile evolution has focused on either generating
models from experimental data or creating models motivated by a first-principles
description of the system.

Data-driven models have recently been used to design controllers for simultaneous
regulation of magnetic and kinetic plasma profiles around desired references during
the flat-top phase of a plasma discharge at JET [79, 80, 81|, JT-60U, and DIII-D
[82, 83, 84]. In this approach, system identification techniques were used to develop
linear dynamic models of the plasma profile response to various actuators based on
data gathered during dedicated experiments. Because the resulting models are linear,
they are only valid close to the reference scenario used for identification. As a result,
controllers based on these models may perform poorly if the system states move far
from their respective reference values. Additional dedicated system identification
experiments must be carried out in order to apply this approach to new devices or to
different operating scenarios.

By designing controllers using a first-principles description of the current pro-
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file dynamics, the issues associated with identified models can be largely avoided.
In practice, it is typically necessary to simplify or approximate parts of the first-
principles description in order to facilitate control design, or to close the equations
of model with empirical expressions. If these approximations are made carefully, the
advantages of a first-principles based model based approach to control design can be
largely retained while the complexity of the model and control design can be greatly
reduced. To distinguish this simplified physics-based modeling approach from those
based entirely on first-principles or linear-data-driven approaches based entirely on
empirical data, we refer to the resulting simplified models as first-principles-driven,
control-oriented models. Use of a first-principles-driven model allows a control de-
sign to incorporate the nonlinear coupling of plasma parameters, potentially enabling
improved closed loop performance and allowing for operation over a wider range of
conditions than control schemes based on linear data-driven models. Additionally,
first-principles-driven controllers have the potential to be adapted to different scenar-
ios or devices without significant changes to the structure of the control law and while
avoiding the need for dedicated model identification experiments. Such models of the
evolution of the plasma magnetic flux have recently been developed in (85, 86, 87|. In
[88, 89|, the model developed in [86] was used to calculate optimal feedforward actu-
ator trajectories for achieving a desired safety factor profile, using extremum-seeking
and nonlinear programming approaches, respectively. Some recent work on first-
principles-driven feedback control designs have been presented in [90, 91, 92, 93, 94].
In these results, robust, optimal, and sliding mode based feedback controllers were

developed and tested in simulations.
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7.1.2 Results of This Work

In this chapter, a first-principles-driven model-based current profile control algorithm
is designed for low-confinement mode discharges on DIII-D to be combined with feed-
forward actuator trajectories that can be calculated offline (as in [88, 89]) or based on
previous experimental results. The model-based feedback control law enables the ac-
tuator trajectories to be adjusted in real-time in order to reproduce profile evolutions
achieved in previous experiments or simulations despite perturbed initial conditions
or other disturbances. The controller is designed to track a reference trajectory of
the poloidal flux gradient profile 8, a quantity inversely related to the safety factor
profile. Because the plasma current in the L-mode discharges studied in this work is
primarily inductively driven, the most effective means of controlling the current pro-
file is through the boundary condition, which can be actuated through modulation
of the total plasma current. Boundary actuation will also be the primary actua-
tor for controlling current profile formation during the ramp-up and early flattop
phases of H-mode discharges, prior to the flattop phase, in which interior actuation
through non-inductive current drive becomes more significant and adds more degrees
of freedom for control. The design of a boundary feedback control law is therefore an
important step towards the design of a comprehensive current profile control strategy
for H-mode discharges. In this work, a boundary feedback control law is designed
by discretizing partial differential equation (PDE) describing the evolution of € in
L-mode discharges on DIII-D in space using a finite difference method and applying
a backstepping design to obtain a transformation from the original system into an
asymptotically stable target system. The feedback term from the resulting control
law is added to the feedforward input trajectories and, through a nonlinear trans-
formation, references are obtained for the plasma current, non-inductive power, and

line-averaged density. These references are then sent to existing dedicated controllers
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for the individual physical quantities.

Numerical simulations show that improved performance is achieved through the
use of the backstepping control scheme. However, because the resulting control law
only uses proportional feedback, the controller’s ability to reject disturbances is lim-
ited. To overcome this, we augment the backstepping control law with an adaptive
law that effectively adds integral action to the closed loop system. The resulting
control scheme takes the form of a proportional-integral controller coupled with non-
linear input transformation, with spatially-varying gains derived through the use of
backstepping and tuned through choice of design parameters in the target system.
Simulation results show that this approach can greatly improve the disturbance rejec-
tion capabilities of the closed loop system. As part of this work, a general framework
for implementing real-time feedforward control of magnetic and kinetic plasma pro-
files was implemented in the DIII-D Plasma Control System (PCS). The framework
was used to experimentally test the control design and demonstrate the feasibility of
the proposed current profile control scheme. These results are part of the first ex-
perimental campaign to perform model-based feedback control of the current profile
using the semi-empirical first-principles-driven modeling approach and represent the
first experimental implementation of a backstepping boundary control law in a toka-
mak. Results of our other approaches to first-principles-driven model-based feedback
control design for L-mode discharges that were tested during the same campaign can
be found in 95, 96].

The chapter is organized as follows. In Section 7.2, a PDE model for the current
profile evolution is introduced. The control objective is discussed in Section 7.3. In
Section 7.4, a backstepping feedback control law is presented and the stability of the
target system is shown. The addition of an adaptive law to improve upon distur-

bance rejection is also discussed. The real-time control algorithm and the simulation
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Figure 7.2: Hlustration of the coordinates used in the current profile model.

framework are described in Section 7.5. The feedback control laws are studied in
simulations and experimentally tested in Sections 7.6 and 7.7, respectively. Finally,

conclusions and future work are stated in Section 7.8.

7.2 Current Profile Evolution Model

Figure 7.2 illustrates the coordinate system used in this work. We begin by taking
p as a coordinate indexing the magnetic surfaces within a poloidal cross-section of
the tokamak plasma. We choose the mean effective radius of the magnetic surface
as the variable p, i.e., TBgop? = ®, where @ is the toroidal magnetic flux and By
is the reference magnetic field at the geometric major radius Ry of the tokamak. By
normalizing the quantity by pp,, the mean effective minor radius of the last closed
magnetic surface, we obtain the coordinate p = p/p,. The safety factor, a quantity
related to the toroidal current density, is given by ¢ (p,t) = —d®/d¥(p,t), where ¥

is the poloidal magnetic flux. By noting the constant relationship between p and ®,
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Le., TByop* = @, and the definition of py, this can be written as

AN _B¢,0P§ﬁ

where v is the poloidal stream function (¥ = 27¢)). Since the safety factor depends

inversely on the spatial derivative of the poloidal flux, we define

O

and take this quantity as the variable of interest to be controlled. This choice is
motivated by the straightforward derivation of a PDE for the dynamics of 6 (p,1),
and is possible because any target for ¢ (p,t) can be uniquely related to a target for
0 (p,t).

In order to obtain a PDE describing the evolution of 6 (p,t), we start from the
well known magnetic diffusion equation [97], which describes the poloidal magnetic

flux evolution. This equation is given by

oy q(Iy) 19
ot MOPEFQﬁaﬁ

(ﬁﬁ@ﬁ[&/j) : <Jjni-B> (7.3)

+ RoHn (1) B ;
6,0
where ¢ represents the poloidal magnetic stream function, t is time, 7 is the plasma
resistivity, which is dependent on the electron temperature, 7., po is the vacuum
permeability, jn7 is the non-inductive current density, B is the toroidal magnetic field,
and <> denotes the flux-surface average of a quantity. F, G, and H are spatially
varying geometric factors of the reference magnetic equilibrium that are described in
[86]. These factors vary in time as the plasma shape evolves (especially during the
ramp-up phase), however, they are considered to be constant in this model. While the

proposed control method could accommodate time-varying model parameters, initial
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results indicate that it may not be necessary to include this increased complexity for

the purposes of control design. The boundary conditions are given by

9
9p

_ 0y
=0, Er

_ Mo Bo
2T ~

p=1 G

L I(1), (7.4)

H

p=1

p=0

p=1

where I(t) is the total plasma current.

Based on experimental observations of the ramp-up phase in low-confinement
mode (L-mode) discharges in DIII-D, simplified scenario-oriented empirical models
for the electron temperature, non-inductive current density, and plasma resistivity
were identified [86]. The temperature and non-inductive current drive terms are
considered to have fixed spatial profiles with time-varying magnitudes that scale with

the values of physical actuators. The model for the electron temperature is given by

T, (5,1) = by, Trrore (g LY Dirlt) = (gt“(t), (7.5)
where kz, is a constant, TP/ (p) is a reference profile, P, (t) is the total average
NBI power and n(t) is the line averaged plasma density. This scaling law can be
derived by considering an approximate steady-state energy balance, i.e., % = Py,
where F is the plasma stored energy, and the energy confinement time 7 is considered
to be proportional to IP,,)°, as suggested in [98]. The steady-state solution is used
because the energy time-scale is much shorter than the current diffusion time-scale.

The model for the non-inductive toroidal current density is given by

](t>1/2ptot(t)5/4
n(t)3/2 '

< JNI- B>
Byo

-profile ( A)

= kNI]NI (76)

where ky; is a constant and 729/ () is a reference profile for the non-inductive
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current deposition. This scaling is derived by considering the neutral beam current
drive to be proportional to P,,,7%°n~!, which is a suitable approximation of the
formula given in [99]| for parameters in DIII-D, and substituting the temperature
scaling (7.5). Since the plasma current is mainly driven by induction during L-mode
discharges, the effect of the self-generated non-inductive bootstrap current is neglected

in this model. The plasma resistivity n (1) is given by

R kepsZess
0 (p,t) = —<LI2elf 7.7
(P, 1) T 1) (7.7)

where k.¢s is a constant. The effective atomic number of the plasma, Z.;y, is consid-
ered to be constant in this model.

The models (7.5), (7.6), and (7.7) allow us to write the magnetic diffusion equation

(7.3) as
o 1D (., o .
o~ h w05 (00 5 ) + £ () ual0) (75)
with boundary conditions given by
O A
- =0, ~ = —ksus(t), 7.9
5|, 5|, sus(t) (7.9)
where
A~ ke Ze
filp) = ——— T, (7.10)
B os 2 (p) (T2 ()
kg ZopsRokn i H (p) 5207 (p
f2 (p) _ ff ;c;; ORNT 'l<p)jN3[/2 (p>’ (711)
e (1 (7))
N P AN AA DT A _ ko Ro
fi(p) =F ()G () H(p), k3= 2 (7.12)

ua(t) = (ﬁ)w, us(t) = Y2 ) = I(t). (7.13)



Equation (7.8) admits diffusivity, interior, and boundary actuators uy, us, and us,
respectively, which each represent nonlinear combinations of the physical actuators,
I(t), Piot(t), and n(t). Note that the controller proposed in this work will generate
waveforms for these physical actuators. These waveforms represent references to be
sent to existing dedicated controllers for each of the respective quantities.

We expand (7.8) with the chain rule to obtain

oY 1 (. 0¢of oy . 0%
i fm(t)g (p 5 85 + fa 95 + pf4a—ﬁ2) + fous(t). (7.14)

We then insert (7.2) into (7.14), resulting in

(9 1 ~ / ~ /
G = fus (OFi+ 10+ 530 + foe (7.15)

where (-)) = 0/0p and the dependencies on time and space have been dropped to
simplify the representation. By differentiating (7.15) with respect to p, the PDE

governing the evolution of 0 (p,t) is found to be

0
% = h(]’ule” + h1u1n9' + h2u19 + h3u2, (716)
with boundary conditions:
p=0 p=1
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and where hg, hy, he, and hg are spatially varying functions given by

hO - f1f4a (718)
b = f{f4+f1f4%+2f1fi, (7.19)
1 1
he = f{fi+f{f4,—5+f1fig>
—f1f4%+f1 s (7.20)
hy = f. (7.21)

7.3 Control Objective

Let usp(t) = [uy,,(t), ua,,(t), us,,(t)] represent a set of feedforward control input
trajectories and 67(p,t) be the associated poloidal flux gradient profile evolution for
a nominal initial condition 6;7(p,0). We note that the feedforward input and profile
trajectories could be chosen based on the results of experimental testing or from offline
optimization using the current profile evolution model, as was done in [88] and [89].

The nominal profile evolution satisfies

00
a—;f == Ulff (h()e;ﬁf + hle}f + hgeff) -+ h3U2ff, (722)

Hff = 0, fo = —k)gUgff. (723)

p=0 p:l

Given errors in the initial conditions or other disturbances, the actual state will differ
from the desired target, i.e. 8(p,t) = O0;/(p,t) + é(,ﬁ, t), where 6 represents the error
between the achieved and desired profile. Since the feedforward inputs are calculated

offline, they cannot compensate for these deviations, so we consider the addition of
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feedback control to actively regulate the poloidal flux gradient profile around the
desired profile evolution. Because of the strong influence of the boundary actuator
on the dynamics of the system, we will consider the design of a feedback law for
the boundary control term ug, i.e., we write ug = us,, + us,. The incorporation of
interior feedback control, which may enable improvements in closed-loop response,
will be considered in future designs. The PDE (7.16) can then be written as
0 ((9 fft é) - -
/! /! / /

+ha (077 +0)] + hyuay,. (7.24)
with the boundary conditions (7.17) becoming

— _k3 (u3ff + u3fb) . (725)

p=1

=0, (eff +§>

p=0

(«9ff +§)

Noting (7.22) and (7.23), these expressions can be reduced to

00 . - "
E = houlffﬂ” + hlulffe' + hgulfjﬁ, (726)

with boundary conditions

HN = 0, 0 = —]C3U3fb. (727)

p=0 p=1

The control design objective is then to force 8 to zero by augmenting the feedfor-

ward control trajectories with a boundary feedback term s, .
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Figure 7.3: Backstepping control technique.

7.4 Backstepping Boundary Controller

A backstepping technique is used to transform a spatially discretized form of the
original system of equations into an asymptotically stable target system. Then, by
applying the inverse of the transformation to the boundary condition of the target
system, a stabilizing boundary feedback law for the discretized model is found. The

technique is illustrated in Figure 7.3.

7.4.1 Controller Design

By defining h = , where N is an integer, and using the notation 2'(t) = x(ih,t),

the model (7.26) can be written as

5 ' éz‘+1 - 297‘ + gi—1 ' é¢+1 . éi—1

0" = Bulff 12 + Zlulff o

+ héulffei, (728)

with boundary conditions (7.27) written

éN = —]{?3U3fb. (729)
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We choose the following asymptotically stable target system:

ow . B _ . ~
— = hota, ;0" + hyuy 0+ houy 10 — Cu(p)us 10, (7.30)

ot

with boundary conditions

— 0. (7.31)

The choice of target system is motivated by the need to maintain the parabolic char-
acter of the PDE (7.26) (to keep the highest order derivatives) while improving upon
the performance of the system. The design parameter C,,(p) > 0 is chosen based
on a trade-off between desired levels of robustness and performance and the physical
actuator limits and can be chosen to weight parts of the profile more than others.

The target system (7.30) can be spatially discretized as

y ; wi—i—l _ 2wz + wi—l hz wi—H _ wz‘—l
W =NoUiy; P + huay, oh
i g i i
+ hyuy, 0" — Chug ', (7.32)

with boundary conditions (7.31) written as

™ = 0. (7.33)
Next, a backstepping transformation is sought in the form

W' =0 —a'! <§0, . ,é“) : (7.34)
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By subtracting (7.32) from (7.28), the expression ¢'~! = §” — 1 is obtained in terms

of a1 =0k — @k k=i—1,i,i+1,ie.,

i i—1 2 i 2
Ciel a4 o' =20 + o i a' —«
Q' =hgu, 72 + hytay, oh
+ hbug, 0+ C’f;]ulfféi — Cluy,, o', (7.35)

which can be solved for af to yield

i 1 —2hj, i i i1
==y {( % +h2—C'w>a
h2 T 2n
/S A N 1., .
——— o = —a' C. o 7.36
+ <h2 Qh) @ ulff o + w ) ( )

where a® = 0 and &'~ ! is calculated as

i—1

i aaz‘—l -
@t =3 Y oF, (7.37)
k=1

Next, subtracting (7.33) from (7.29) and putting the resulting expression in terms of
bt = @0F — @k k=4i—1,4,i+ 1, the control law for u3z,, can be defined as

1
us,, = —k—3aN_1. (7.38)

For any choice of grid size N, the control law (7.38) will be a time-invariant
linear combination of N — 1 measurements from the interior of the plasma. The
coefficients of this linear combination can be calculated ahead of time for a given set
of model parameters hg, hi, and hs, and are independent of the feedforward inputs
and trajectories. To aid in the recursive calculation of the coefficients, we define

® ¢ RV-N for which the elements of column i + 1 represent the coefficients of the
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6 measurements used to evaluate o, i.e.,
i
o' = Z @j7i+10j, (739)
j=1

for 1 <i < N — 1. The first column (associated with i = 0) is all zeros since a® = 0.

We note that we can then write
& =D, (7.40)
j=1

We substitute (7.28) into this expression, yielding

G g 4 i
hy 2

-
= E (I)j,i-l-l

u
Iyy j=1

it _gi-t
] g+

)

for 1 <i < N —2 (we do not need to evaluate at N — 1 to calculate the control
law). This term is also a time invariant linear combination of measurements, so we
define a matrix ¥ € RY=1*N for which the elements of column i 4+ 1 represent the

measurement coefficients needed to evaluate %—, i.e.,

Wyg
& i+1 ~
ulff j=1
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The first column of W is all zeros since & = 0. We can then write (7.36) as

Oli = Z (I)j7i9~j =
j=1

1 _2% i i — i

g | s-e) o
2h =

hi hi i—2
(ﬁ—%)Z@N 20 —Z\pﬂeuczez

(7.42)

Starting with a® = 0 and &° = 0, expressions (7.41) and (7.42) for i = 1,..., N can
be used to recursively fill the columns of ® and W. The control law (7.38) can then

be written in the explicit feedback form

1 ~.
sy, = 1 > BN, (7.43)
j=1

The control law (7.43) allows us to calculate us,,, which is then added to usz,,. The
new value of us is subsequently used with the feedforward trajectories us and u; in

the nonlinear transformations

I, = us, (7.44)
Pyt = uju, (7.45)
n= ui{iu%uzﬁ, (7.46)

to calculate the input requests I,,, P,;, and 7. In experimental testing, these requests

are then sent as references to the respective dedicated controllers on the DIII-D device.
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7.4.2 Stability of the Target System

In order to facilitate the proof of stability of the chosen target system, we first write the
discretized target system (7.32)-(7.33) as a matrix equation. By noting the boundary
conditions (7.31), and defining C,, as a square diagonal matrix populated with the
values of C? for 1 <7 < N — 1, the set of ODEs describing the target system can be

expressed as
6(t) - (M - CW) /6(t)u1ff (t)7 (747>

where g = [zbl, e ,@DN’l}T € RY¥=2x1 ig the value of @' at the interior nodes, and

the elements of the system matrix M € RYN=1XN=1 are defined as

2h} 2h) 1

My = hy — T2 My_in-1=hy "= —z (7.48)
hy | hl Yt !
M, 5 = 72 + o’ My_1n—2= T o (7.49)
hé hi - 2R
M. =9 _ "1 M. =ht — 20 )
i,0—1 h2 Qh’ 2,0 2 h2 ) (7 50)
hé h’i .
Mi,i*l = ﬁ + ﬁ’ for 2 S ] S (N - 2) . (751)

The remaining entries in the M matrix are all zero. Taking V = %ﬁTI’B as a
Lyapunov functional, where I' is a positive definite matrix. We can compute the time

derivative as
V =pTT8 = BT (M — Cw) ui,, (1) (7.52)

Since uy,,(t) > 0 Vt and I' is positive definite, we have that (M — Cy) must be
negative definite to ensure that V is negative definite for 8 # 0. For the model pa-
rameters used in this work, which are representative of a particular DIII-D discharge,

M is negative definite and, since Cy, > 0, we can be sure that the matrix (M — Cy)
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is negative definite. As a result, the discretized target system is asymptotically sta-
ble. It can be seen from this analysis how the choice of C,, can adjust the speed of
response of the system. A detailed study of the stability properties of the open loop

current profile dynamics can be found in [100].

7.4.3 Adaptive Law for Disturbance Rejection

The feedback law (7.43) is designed to improve upon the speed of response and sta-
bility properties of the current profile in the event of perturbed initial conditions.
In order to improve upon the disturbance rejection capabilities of the controller, we
augment the backstepping control law with an adaptive law that estimates a potential
input disturbance on us and effectively adds integral action to the closed loop system.
We consider the model (7.28) with the addition of a disturbance u3, at the boundary,

such that the boundary conditions (7.29) become

0° =0

0N = —ks (us,, + us,) (7.53)

We follow the same backstepping procedure as before to obtain the recursively
calculated transformation (2.3). If the disturbance were a known quantity, we could
find the control law for us,, by subtracting (7.33) from (7.53) and putting the result

in terms of a*! = 0% — ¥ k=i —1,4, i + 1. This would result in

1 1 N-1 ~
u3fb = _k;_3aN_l — Uz, = _kj_S Z q)j,NQJ — U3y, (754)
j=1

where the matrix ® is found in the same way as shown in subsection 7.4-A. In practice,

the disturbance is unknown and the controller must make use of an estimate #g3,, such
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that the control law becomes
= .
U3fb = _k‘_3 Z (Pj,NQJ — ﬁgd. (755)
j=1

If we apply the transformation (2.3) and the control law (7.55), the disturbed system

is transformed to

g i,uA]iJrl . 2,@1 + ,uA]ifl ; uA}iJrl o wifl
w' o= uy,, | hy % + i o7
+hiyw' — Cha'), (7.56)
with boundary conditions
W = 0, (7.57)
A QNN— AN_IZ—/{}3 (U3fb+U3d)+k?3 (U3fb+ﬂ3d)

= k?3ﬂ3d, (758)

where @3, = U3, — us, is the error in the estimate of the input disturbance. We now
look for an adaptive law for the estimate w3, that guarantees stability of the target
system.

We can write the achieved target system as a matrix equation. By noting the
boundary conditions (7.57) and (7.58), the set of ODEs describing the target system

can then be expressed as

Bty = (M- Cw) B(t)ur,, (t) + Zuy,, ()3, (7.59)
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where 3, M, and C,, are defined as before. The vector Z is all zeros except

hN—l hN_l
Zn-1=ks ( 22 + ;—h) : (7.60)
We take
1 C
V= §BTF6 + 7311;1 (7.61)

as a Lyapunov functional, where I" is a positive definite matrix and Cj is a positive

constant. We can then compute the time derivative as

V = BTIB 4+ Csiig,iis, (7.62)
= BT (M — Cy)ui,,(t)8+ BT Zuy,, (t)s, (7.63)
+Csi, i3, (7.64)

= B'T(M - Cuw)uy,,(t)B

+ (BT Zuy,, (t) + Csits,) s, (7.65)

If we assume a constant disturbance and take the adaptive law

; . H uy,, (t)
uz, = Uz, —Uu3z;, = U3z, = —fC’;BTFZ, (766)
3

we obtain
V = B'T(M—Cw)u,, )8 (7.67)

As previously mentioned, M is negative definite for the model parameters used in
this work and, since, Cy, > 0, we can be sure that the matrix (M — Cy,) is negative

definite. Since wuy,,(t) > 0 Vt, I' is positive definite, and (7.61) is a function of j3
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and s, V is negative semidefinite. Given that 7£(t) is bounded, the conditions of
Barbalat’s lemma (see [51] p. 323) are satisfied and we can be sure that V — 0 as
t — 00, and, as a result, # — 0. It can be seen from this analysis how the choice of
C, can adjust the speed of response of the system and C3 determines the speed of
adaptation.

We note that the matrix ® can be used to write the vector of target system states,

$, in terms of the vector of measurements © = [0',... 0N "17 ie.,
B=0-30=(I - )0, (7.68)

This allows us to write the adaptive law as

. t
Gy, = —l”fc-—f:)ZTrT(f—é)@. (7.69)

The adaptive law (7.69) combined with the control law (7.43) allows for the calculation
of the feedback term wusz,,, which is then added to the feedforward term us,, to obtain
usz. The inputs u; and us are again kept at their feedforward values. These signals
are then used in the nonlinear transformations (7.44), (7.45), and (7.46) to obtain the

requests for I,, Py, and 7.

7.5 Controller Implementation in the DIII-D PCS

In this section, we present the real-time control algorithm implementation in the
DIII-D Plasma Control System (PCS) along with the simulation framework used to
test the controller and ensure the real-time algorithm was working correctly prior to

experiments.
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DIII-D Tokamak Yazis
or Simulink Model)

DIll-D PCS

Figure 7.4: DIII-D PCS implementation of the magnetic profile control algorithm.
Note that the PCS code can either be connected to the DIII-D tokamak or, through
the simserver architecture, a Simulink model of the magnetic diffusion equation for
simulation tests.

7.5.1 Real-Time Algorithm

The real-time feedforward-+feedback algorithm we have implemented in the DIII-D
PCS, depicted in Figure 7.4, is a general framework designed to enable testing of
a variety of control laws, and can be used to control several different profiles and
scalar quantities. Magnetic profiles that can be controlled include the safety factor,
q, the rotational transform, ¢ = 1/¢, the poloidal magnetic flux, ¢, and the poloidal
flux gradient, #. Available kinetic profiles include the electron temperature, the ion
temperature, and the toroidal rotation velocity. The framework can also be used to
control scalar quantities, including normalized plasma beta Sy, the minimum ¢, or the
internal inductance of the plasma, l;. The rtEFIT code [101], a real-time magnetic
equilibrium reconstruction code, and the real-time charge-exchange recombination
(rtCER) code [102]| were interfaced with the algorithm to provide measurements of

magnetic and kinetic profiles on a grid of measurement points. Only the diagnostics
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from rtEFIT were needed for feedback in testing the controller presented in this
work. The real-time algorithm performs the necessary coordinate transformation
to construct the variable of interest 6(p) from the data provided by rtEFIT (the
plasma current I(t), the poloidal stream function at the magnetic axis t),.;s and
the plasma boundary 4, and the safety factor ¢ at 64 evenly spaced points in
the normalized flux spatial domain ¥, = (¢ — Yawis) / (Vbdry — Yawis)). The profile
error 0 is then generated by comparing the measurements to the target profile 6;;.
The feedback portion of the algorithm is a discrete time state-space system with
a selectable sampling time. Based on the modulation rate of the MSE (motional
Stark effect) beam used to obtain ¢ profile measurements in real-time, a sampling
time of 20ms was used in this work (the beam was on for 10 ms and off for 10 ms).
Taking the estimate of the input disturbance 3, as a controller state, the control laws
(7.43) and (7.69) were put into a state-space form and a discrete time approximation
with the appropriate sample time was generated. Within the PCS, the discrete state
space control law produces the output uy,, which is added to the feedforward signal,
uss, before being passed to the nonlinear transformations (7.44), (7.45), and (7.46).
The resulting outputs I(t), P, (t), and n(t) are then sent to existing, empirically
tuned single-input-single-output (SISO) control laws for the respective quantities.
For example, a proportional-integral-derivative (PID) loop is used to regulate the
plasma current to the desired waveform via actuation of the ohmic coil voltage and
measurements taken using a Rogowski loop. A separate PID controller is used to
regulate the density through gas injection. The beam power is regulated through pulse
width modulation of the power supplies for each neutral beam injector. While the
current and beam controllers are typically effective and respond to reference changes
at a time scale much faster than the current diffusion time-scale, the density response

can be slower, especially when being decreased. The experimental results presented
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in Section 7.7 reflect this description (see Figure 7.12). While this dynamic could be
accounted for in future controller designs, it is not directly accounted for in the present
design. Nevertheless, simulations and preliminary experimental results show that the
closed-loop system is robust to poor density control to some degree. We have also
included in the PCS framework the possibility of introducing artificial disturbances

for testing through the signal ug4, and to specify target trajectories through the signal

Ors.

7.5.2 Simserver Architecture

Prior to experimental testing, the control scheme proposed in this work was evalu-
ated through simulations using the simserver architecture, a simulation environment
that allows the DIII-D PCS to exchange data with a Matlab/Simulink model that
generates simulated diagnostics. This framework enables debugging of the real-time
feedback code as well as assessment of the effectiveness of control designs prior to
actual experiments [103]. After the simulation phase, the same PCS code used in the
simserver simulations was used to control the actual device.

To test the control scheme proposed in this work, a Simulink model of the magnetic
diffusion equation (7.3) was integrated into a simserver and the real-time implemen-
tation of the control algorithm was programmed into the PCS [104]. The Simulink
model was constructed by discretizing the magnetic diffusion equation in space and
was made to output the same set of measurements sent to the PCS by rtEFIT during

experiments.
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Figure 7.5: Coeflicients of the linear combination of profile errors that generate the
feedback control term w3 .

7.6 Simulation Results

In this section, we present results of the simulation study used to test and tune the
controller design and implementation prior to experimental testing. The simulations
presented here demonstrate the ability of the controller to track a desired profile

evolution despite disturbances and perturbed initial conditions.

7.6.1 Simulation of Static Controller

For the results presented in this subsection, as well as for the experimental results, we
used the static, non-adaptive control law (7.43) designed with C? = 3.75 x 10716 for
1<i<5and C% =7.5x1071¢ for 6 < i < N where N = 10 (note that the simulation
model was discretized on a finer grid than that used for control). The elements of the
vector —®; n/ks, which represent the coefficients of the linear combination of profile
errors that generate the feedback control term wus,,, are shown in Figure 7.5.

As designed, the largest weight is placed on profile errors around j = 4, corre-
sponding to p = 0.4. In this simulation study, we tested the ability of the feedback
controller to reject an artificially added input disturbance and to overcome errors in

the initial condition of the profile. First, a particular set of feedforward inputs us;
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Feedback on

Feedback on Feedback off

Figure 7.6: Timeline depicting when the artificial disturbance and the feedback con-
troller are switched on and off during the closed loop simulation and the experimental
shot 146454.

was used in a feedforward only simulation to generate a target poloidal flux gradient
profile evolution ;. The simulation was run again with the addition of an input dis-
turbance of 0.1 MA (approximately 8%) to ug from ¢ = 0.5s to t = 2.5s. The feedback
controller was activated from ¢t = 0.5s to t = 2.0s to test disturbance rejection and
switched off from ¢ = 2.0s to ¢t = 2.5s to observe how the profile would drift away from
the desired one under the influence of the uncontrolled input disturbance. Finally, at
t = 2.5s, the controller was turned back on and the input disturbance was removed to
see if the controller could recover the desired profile despite the profile error caused
by the uncontrolled drift. The time intervals for which the system is disturbed and
for which the feedback controller is turned on are summarized in Figure 7.6.

Time traces of ¢ at several points along the profile are shown in Figure 7.7. The
results of the closed loop simulation are compared with the reference generated in
the feedforward simulation without the disturbance. A small error remained during
the disturbance rejection phase of the simulation (¢ = 0.5s to ¢t = 2.0s). This can be
expected since there is no integral action in the static controller. The steady state
error could be made smaller by increasing the gain of the controller (through the
parameters C? ), however, this would increase the sensitivity of the closed loop system
to measurement noise. Subsequent simulation results will show that this problem can

be avoided by using the adaptive law (7.69). When the controller was turned off from
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Figure 7.7: Time traces of ¢ at various points comparing the nominal feedforward
simulation (blue-solid) with the closed loop, disturbed simulation (red-dashed) using
the static control law. Note the effect of turning off the controller between ¢ = 2.0s
and ¢t = 2.5s (shaded regions on the plots).

t = 2.0s to t = 2.5s, the error caused by the boundary input disturbance (see Figure
7.7f) diffused in from the edge of the plasma over time, reaching at least as far as
p = 0.5 before t = 2.5s (see Figure 7.7c). At t = 2.5s, the disturbance was removed
and the controller was turned back on. The controller increased the value of ¢ at the
boundary (see Figure 7.7f) and the effect of this increase diffused inward over time,

causing the error initially present at t = 2.5s to be removed.

7.6.2 Simulation of Adaptive Controller

Here we present simulation results showing the improved disturbance rejection achieved
with the addition of the adaptive law (7.69). The controller was designed, as in the

previous case, using C¢ = 3.75 x 1070 for 1 < i < 5 and C!, = 7.5 x 1076 for
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Figure 7.8: Timeline depicting when the artificial disturbance and the feedback con-
troller are switched on and off during the closed loop simulation and the experimental
shot 146454.

6 < i < N and with N = 10. For the adaptive law, we chose C3 = 1.5 x 1071° and
I' = I, where [ is the identity matrix. The feedforward inputs used during the study
were the same as those used in the previous simulation and experiment. A distur-
bance in ug of -0.1 MA (approximately -8%) was applied from 0.5s< ¢ < 2.5s and a
-0.2 MA disturbance (approximately -17%) was applied from 2.5s< ¢ < 5.0s. In addi-
tion, an unmatched disturbance of +10% in both u; and uy was applied throughout
the discharge. A significant initial condition error was also imposed. Two simulation
cases were run: (1) feedforward only, (2) feedforward-+feedback using the adaptive
law (7.69). The feedback controller was active throughout the second simulation. A
timeline for the simulations is given in Figure 7.8.

In Figure 7.9, the ¢ and 6 profiles achieved in each of the simulation cases are
compared with the target profiles at several times. The first three plots (Figures
8.3a-7.9¢) show results during the first disturbance (+10% in u; and wus, -0.1 MA
in uz), while Figures 8.3¢-7.9f show results during the second disturbance (+10% in
uy and ug, -0.2 MA in u3). The disturbances caused the open loop profiles to differ
significantly from the target profiles. On the other hand, the adaptive backstepping
controller was able to quickly reject the disturbances and match the target profile
after a short time, as visible in Figures 7.9c and 7.9f. Even with the presence of

unmatched disturbances, the controller was able to achieve excellent regulation of the
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Figure 7.9: Comparison of ¢ and 6 profiles at various times for the adaptive control
simulation. The open loop, feedforward only profiles (¢: black, dashed, 6: black,
dash-dot) and closed loop profiles (¢: red, solid, 6: red, dotted) are compared with
the desired target (¢: blue diamond markers, #: blue circular markers).

desired target profile. It is expected that adding feedback control laws for the interior
and diffusive actuators u; and us could improve upon the results by adding extra

degrees of freedom to the control scheme.

7.7 Experimental Testing

The goal of the experiment presented here was to verify that the feedback controller
synthesized from a first principles based model of the poloidal flux profile evolution
is able to drive the poloidal flux gradient profile in the DIII-D device to a desired
target. While the feedback scheme could eventually be used to attempt to track
an arbitrarily chosen target, we began by testing the controller using a target that

is known to be achievable. We guaranteed the achievability of the target profile by
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Figure 7.10: Time traces of ¢ at various points comparing the experimental results for
the reference shot 145477 (blue-solid) and the closed loop, disturbed shot 146454 (red-
dashed). Note the effect of turning off the controller during the interval 2.0s< ¢ < 2.5s
(shaded regions of plots).

generating it from the results of the open loop shot 145477 using the same feedforward
inputs as those used in the simulation study. The reference scenario was a double-null
plasma with a toroidal magnetic field of 1.85T, and flat-top values of I,, n, and Sy (a
normalized figure of merit for plasma performance) of 1.2 MA, 2x 10! m~3, and 0.8%,
respectively. The resulting 6 profile was then used as the target for the closed loop
(feedforward+feedback) shot 146454. During shot 146454, we used the static control
law (7.43) designed with C% = 3.75 x 10716 for 1 < i < 5 and C}, = 7.5 x 1071¢
for 6 < i < N where N = 10. Additionally, an input disturbance of 0.1 MA in the
reference for us was added from ¢t = 0.5s to t = 2.5s. The feedback controller was
turned on from ¢ = 0.5s to t = 2.0s to test disturbance rejection and switched off from

t = 2.0s tot = 2.5s to allow the 6 profile to drift away from the desired one under the
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Figure 7.11: Comparison of experimentally achieved ¢ and 6 profiles at various times
for reference shot 145477 (q: blue diamond markers, 6, blue circular markers) and the
closed loop, disturbed shot 146454 (¢: red-solid, 6: red-dashed). Partial disturbance
rejection is seen in (a), the effect of the uncontrolled disturbance can be noted in
(b), and the recovery of the target profile after the disturbance is removed and the
controller is turned back on can be observed in (c). The red shaded regions represent
the standard deviation of the measurements over a 0.25s window prior to the time
shown.

influence of the input disturbance. Finally, at ¢ = 2.5s the controller was turned back
on and the input disturbance was removed to see if the controller could recover the
desired profile despite the error caused by the drift. This is the same scenario that
was used in the first simulation results.

Time traces of ¢ at several points along the profile are given in Figure 7.10. The
results of the closed loop shot 146454 are compared with the reference generated in the
feedforward shot 145477. During the closed loop shot, there was an initial condition
error, which can most clearly be seen in Figures 7.10b and 7.10c, in addition to
the artificially applied input disturbance. Though the controller mostly rejected the
disturbance during the first phase (¢ = 0.5s to ¢ = 2.0s), a small amount of error
remained at the end of the controlled interval (see Figure 7.10f). As was mentioned
before, this offset is because the backstepping controller is static, that is, it contains
only proportional feedback and no integral action. The offset could be reduced by

increasing the gain of the controller, however, this would increase the sensitivity
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Figure 7.12: Comparison of requested and achieved actuator values during the feed-
forward shot 145477 and the closed loop, disturbed shot 146454. During the closed
loop shot, the feedback control was turned off between ¢t = 2.0s and ¢ = 2.5s (shaded
regions of plots).

to noise and may cause the controller to be too aggressive. The addition of the
adaptive law (7.69), which will be tested in a future experimental campaign, should
improve upon the disturbance rejection and tracking capabilities of this scheme, as
was demonstrated in simulations. The error caused by the disturbance increased when
the controller was turned off, and the error diffused in from the edge of the plasma
throughout the brief uncontrolled drift phase (¢t = 2.0s to ¢ = 2.5s), as can be seen
in Figures 7.10c-7.10f. Finally, once the disturbance was removed and the controller
was turned back on at t = 2.5s, the target values of ¢ were quickly recovered.

In Figure 7.11, the ¢ and 6 profiles achieved in the closed loop, disturbed shot
146454 are compared with the desired reference profiles obtained from shot 145477 at
several times. Figure 7.11a shows that the controller partially rejected the disturbance
and achieved a profile close to the desired one shortly before it was turned off at
t = 2.0s. Figure 7.11b shows the error resulting from the disturbance after the brief
uncontrolled drift phase (¢ = 2.0s to t = 2.5s), while the successful recovery of the
desired profile after the controller was turned back on is clearly seen in Figure 7.11c.
The red shaded regions, which represent the standard deviation of the measurements

over a 0.25s window prior to the time shown, provide an indication of the measurement
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noise.

Finally, the actuator requests and achieved values are compared in Figure 7.12.
It should be noted that while the total plasma current and total power were tightly
controlled and the requests were reproduced quite well, the request for line averaged
density was often not achieved. This represented additional input disturbances aside

from the intentional one added to the feedforward input references.

7.8 Conclusions

We have presented a scheme for controlling the current profile in L-mode discharges
in DIII-D based on a dynamic model of the evolution of the poloidal magnetic flux
profile. By employing a backstepping control design technique, a transformation was
found from the spatially discretized system to an asymptotically stable target system,
along with a boundary feedback control law. The resulting control law is designed to
augment an arbitrary set of feedforward input trajectories. We have also presented
an adaptive law to add integral action to the control scheme. Through a nonlinear
transformation of the control inputs, the scheme provides stabilizing reference values
for the total plasma current, non-inductive power, and plasma density. A simulation
study shows the performance of the controller when initial conditions are perturbed
and the input is biased. Preliminary experimental results are also presented, showing
the controller to perform well despite the presence of additional disturbances caused
by the physical actuators and noisy real-time measurements of the 6 profile. Exper-
imental testing of the adaptive scheme presented in this work will be carried out in

future campaigns.
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Chapter 8

Backstepping Control of the Current

Profile in H-mode Discharges

8.1 Introduction

In the previous chapter, a first-principles-driven control-oriented model for the current
profile evolution in L-mode discharges was used to design a backstepping boundary
feedback control law. The proposed scheme was shown, through simulations and
experimental results, to be capable of rejecting disturbances and regulating the cur-
rent profile around a desired trajectory. The bootstrap current, a self-generated,
non-inductive current source, was neglected in the model derivation, since L-mode
discharges typically have a small fraction of bootstrap current. In this work, an ex-
tension of the model that includes the bootstrap current and is therefore suitable for
H-mode discharges is used to develop a model-based controller for H-mode discharges
(a detailed description of the model development can be found in [105]). Building
upon the designs proposed in [106, 95|, the PDE describing the current profile evolu-

tion is discretized in space using a finite difference method and a backstepping design
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is applied to obtain a transformation from the original system into a particular tar-
get system. The target system is rendered asymptotically stable by control laws for
the available distributed actuators, which complement the backstepping boundary
control law. Numerical simulations show the ability of the scheme to track target
profiles, and the disturbance rejection capability of the scheme is demonstrated in a
preliminary experiment on DIII-D.

This chapter is organized as follows. In Section 8.2, a first-principles-driven model
for the poloidal flux gradient profile evolution in H-mode discharges in DIII-D is
introduced. The objectives of the proposed control scheme are given in Section 8.3,
while the details of the design are presented in 8.4. In Section 8.5, the feedback
controller performance is tested through simulations, and in Section 8.6, the controller
is tested in a preliminary experiment in the DIII-D tokamak. Finally, concluding

remarks are given in Section 8.7.

8.2 Current Profile Evolution Model

To obtain a PDE describing the evolution of # in H-mode discharges, we again start

from the well known magnetic diffusion equation [97],

<Jni-B>
Byo ’

o a¢) .
——— | pFGH— | + RoHn(T, 8.1
5 " popE2 P 0D (p 9 oHn(T) (8.1)
which describes the poloidal magnetic flux evolution. The boundary conditions are

again given by

%
9p

Mo Ry
27 A

p=1 é

(), (8.2)
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where () is the total plasma current.

In order to arrive at a control-oriented model of the current profile evolution,
simplified empirical models of plasma parameters are used to capture the dominant
physics describing how the available actuators affect the system. In developing these
models, care was taken to ensure their applicability to high confinement mode (H-

mode) discharges in DIII-D. The model for the electron density is given by

ne (p,t) = nl" (p)n(t), (8.3)

where nP™/(p) is a reference electron density profile and 7n(t) is the line averaged

density. The electron temperature is modeled as

T (pyt) = kr, T2 (p) (8.4)

where k. is a constant, TP /% () is a reference profile, P, (t) is the total average
NBI and gyrotron heating power. The model for the non-inductive toroidal current
density driven by each auxiliary source is given by

<3k -B >
Byo

Te (ﬁa t) Pk(t)

.profile ; ~
= kgl (p) oD

(8.5)

where kj is a constant and j7*"° () is a reference profile for the non-inductive

current deposition for the k-th auxiliary source. In this work, we consider the total
gyrotron power (k = 2), the total on-axis beam power (k = 3), and the total off-axis
beam power (k = 4) as available auxiliary sources. The bootstrap current, a self-

generated non-inductive current source that arises due to gradients in the magnetic
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field strength and plasma pressure, is modeled as [68|

< jus - B > kaeVRO on.
2L T, ——
Bso Foo7 o)
0T,
+{2L31 + Lso + aLag} ne—— o5 | (8.6)

where kv = 1.602 x 107197 /keV, and L3 (p), L3z (p), L34 (p), and a (p) depend on
the particular magnetic equilibrium and on the particle collisionality of the plasma.

The plasma resistivity, n (7%), is given by
. keppZe

where k.;r and Z.¢; are constants.
To obtain a PDE governing the evolution of 6(p,t), the empirical scaling models
for the temperature, resistivity, and current drive are substituted in (8.1), the result

is expanded with the chain rule and differentiated, yielding

o0 920 00 4
(hla + hlb + hlcg) (51 (t) + Z hkuk (t)
k=2

ot 0p? op
Ldfs = f500

+ (Ed—ﬁ + @%) U5(t), (88)

Q(O,t) =0, 0<17t> = _k6u6(t)a (89)

where hy,, hip, and hy. , hy for kb = 2,3,4, f5, and D, are functions of p, kg is a

constant, and

3/2 ) Pk
t — _n_ , u t — 5
ulf) (f(w Pm<t>> STV ez
73/2

us(t) = 5, ug(t) = I(t). 8.10
(t) (mwm)/ (t)=1I(t) (8.10)
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for k = 2,3, 4. Equation (8.8) admits actuators u = [uy, ..., ug], which each represent
nonlinear combinations of the physical actuators, I(t), n(t), and Py(t) for k = 2,3, 4.
The controller proposed in this work will generate waveforms for these physical actua-
tors. These waveforms represent references to be sent to existing dedicated controllers

for each of the respective quantities.

8.3 Control Objective

Let upr(t) = [u1,,(t),..., ug,,(t)] represent a set of feedforward control input tra-
jectories and 0¢(p,t) be the associated poloidal flux gradient profile evolution for a

nominal initial condition 6;(p,0). The nominal profile evolution satisfies

00, %0 Oy
Tl (hm 97 + hup 9 + hacllys ) uag, (1)

4
T Z hkukff (t) +9g (fo) u5ff (t)a
k=2

fo(O,t) = O, fo(l,t) = —kGUfo(t),

where g () = <%‘2f—g - g—gg—g> :

Given errors in the initial conditions or other disturbances, the actual state will
differ from the desired target, i.e. 6(p,t) = O74(p,t) + 6(p,t), where 6 represents
the error between the achieved and nominal profile. We consider v = uygy + up, +d

where the feedback control signals w,(t) = [u1,,(f), ..., us,,(t)] are generated by a

to-be-designed control law and d = [dy,..., dg| represents a set of constant input
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disturbances. The dynamics of the deviations can then be written as

o0 020 o0
F (hlaa +h1baA

+ hlc§> Ui, + gus,,

%0 00
+ (hla + hlb + hlce) (Ulfb + dl)

0p? dp
4
+ Z hi (ukfb + dk) +g (U5fb + d5) ; (8.11)
k=2
6(0.) =0, 0(1,1) = —ks (usy, + do) (8.12)

where g = g(0) — g(6y¢).
We first attempt to cancel the effect of the unknown disturbances by defining
the feedback laws ., = v, — cik, for k = 1,...,6, where czk is an estimate of the

disturbances, and vy, is a to-be-designed control signal, resulting in

o0 920 a0 -
8t (hlaa + hlbaA —|— h109> ulff

0%0 06 ~
+ <h1aa + hlbaA + h109> (Ul + dl)

4
+ Z hk (Uk + Czk) + g (U5 + CZ5> + §U5ff(§,
k=2

ﬂaﬂﬂxé@w:—%@ﬁdg.

where dj, for k = 1,...,6 is the disturbance estimation error. Note that, while the
proposed backstepping design can handle nonlinear terms, the term ¢ has been lin-

earized in this case, i.e., we take g ~ 95 where g = % , to simplify the design and
0=0s¢

implementation of the controller in the DIII-D plasma control system (PCS), which

is currently set up to handle linear controller systems coupled with nonlinear trans-

formations, but not general nonlinear control laws. The objective of the controller is
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Figure 8.1: Schematic of the backstepping control design with boundary and dis-
tributed actuation augmented with disturbance estimation.
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to force A(p,t) to zero using distributed actuators v, Yk € [1,5], and the boundary

actuator vg, while accounting for the effect of disturbance estimation errors.

8.4 Controller Design

8.4.1 Backstepping Transformation

Figure 8.1 illustrates the control design approach. A backstepping technique is used
to transform the original system into a particular target system. The target sys-
tem is then rendered asymptotically stable through the choice of design parameters,
boundary conditions, control laws for the distributed interior actuators, and update
laws for the disturbance estimations. The combined boundary-interior control law
is obtained using the inverse of the backstepping transformation.

By defining h = +, where N is an integer, and using the notation z'(t) = z(ih, t),

1
N
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1=20,1,..., N, we discretize the system as

A T N R
" (h” o Ty
e ; gitl — 9pi + g1
130w, + (hla -

Pl 91—1 o _
+h11bT + h’l(ﬁ’) (Ul + d1>

4
+ Z h';f (Uk + Jk) + gZ (U5 + d5> + giu5ff§i’
k=2
with the boundary conditions written as
QNO = O, QNN = —k?(; (’Uﬁ + dﬁ) .

The following target system is considered:

iy ; ?I)i—f—l _ 2'U~]Z + ﬁ)i—l ; wi—l—l _ 'U~]i_1
w = hla h2 + hlb 2h

+hzlcwl — Clﬁ)z) Ulff + Qiu5ffu~)i + JZ (Ul + Jl)

+iH,i (vk+c2k> + G <v5+ci5),

k=2

with the boundary conditions chosen to be
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(8.14)

(8.15)

(8.16)



and where

; ; ei—i—l _ 292’ + 91‘—1 ; 91‘4—1 _ 92‘—1 o
J' = (hla h2 + hlb 2h, + hlcg )
RS Ot (1 O 20 47!
— 8‘9] la h2

it _ it
hly g+ h{cef) :
i—1

S dai-1 .
Hj =hi,— " %h{w vk € {2,3,4}
J

L hai-l
G'=g"' — Z Y q’.

Jj=1

The term « is a to-be-found backstepping transformation in the form
W == (0,0,

By subtracting (8.15) from (8.13), the expression &'~ = §° — " is obtained in terms

of ak-1 :ék_wk7 k=i—1,1,1+1, ie.,

o (s af — 2041 4 oi2 o — o2
amt =\ hy, e + o

92‘4—1 _ 2972 + 01‘—1
h?

+hia "+ Chw') uy,, + (h’ia

i — Hiil il i 7
+h1bT + hhﬂ —J ) (Ul + d1>

+ 24: (hi — H}) (vk + cik> + (¢ =G (v5 + cZ5>

k=2

~ti—1
+U5fngé )
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which can be solved for ot to yield

: 1 (R hi, -1 C_9ail 4 qi2
2 —_ _la _ 10 _ hz
“ T, <h2 - 2h) T2

i a'? i e ~i -
Iy 57 + hi.«o l—i—C'lw)ulff + &t

; 02+1 _ 201’ + 91’—1 ; 0i+1 _ 91‘—1

B U Dy el T

— b0 = 1) (v 4+ di) = (g = G) (vs + ds)

- Z (b, = Hi) (o + di) = s, % (8.17)
where a® = 0 and &' is calculated as
i1 (aaz 1. a&i—l . > 26: o1
—0 + —_— U, ,. (8.18)
“apk  ff J
k=1 oo aeff j=1 aujff "

Through its dependence on 5, expression (7.37) depends on the to-be-designed
distributed control laws which will not in general be spatially causal and would vio-
late the strict-feedback structure required for backstepping. It also depends on the
disturbance terms, which are unknown. However, by our choice of target system,
the terms involving J?, H;, and G' exactly remove the undesirable terms from the

recursive expression (8.17), upon substitution, i.e.,

(M BN 20 o
O‘_(ﬁ+%) e

i—2 ~. .
_h?lbo;_h + hllc@lfl + C0' — Clall)
_ S5¢f glazfl + astrzct:| ’ (819)
Utyy Wiy
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where

i—1 ; ~ ~ ~
) 6041_1 [( ) 9k+1 _ 29k + ek 1
< 1—1 7 k k}
Xgtrict — Z A hla 2 + h 0
— 0o h
N §k+1 _ pk—1 ) -
+h1bT ulff +g u5ff9
6 aaz 1
- Z O ujff - Z 89k eff (820)
f

j=1 Jf

Next, subtracting (8.16) from (8.14) and putting the resulting expression in terms of

L =¢F — @, k=1i—1,i,9+ 1, the control law for vg can be defined as

1
v = ——a L. (8.21)
ke

8.4.2 Stability of Target System

We design the control laws for the distributed actuators, as well as the update laws
for the disturbance estimations to stabilize the target system. We consider the control

Lyapunov function

6 7
2Ry

l\DIH

(N .
=52 Qu (@) +
=1
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where Q' , for i € [1, N—1] are positive definite weights, and K}, are positive constants.

We calculate its time derivative as

N-1 6 5 3
V= QLuwit + ) =t
=1 k=1
5 5 cz
T k
<-W AWWulff+ka@k+de @k—FE
k=1 k=1
_ o h]\zil thfl CZ
+dg | —k1,QY 1N 1[ }12 + 1}‘; 1u1ff+?6 : (8.22)

where

hN*l thl
N-1,N-2 la 1b
AW — [ h2 + h :| ulff,
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are the elements of the positive definite matrix Ay, and

N—-1
6, => Q'
=1

N-1

Or =Y _ Qu'Hi Vk € {2,3,4}
=1
N-1

_ i i
O; = E Q. w'G",
i=1
are nonlinear, time-varying functions of the error measurements. We take the control

laws and update laws

V1 = — T1@1, (823)
Vp = — Tk@ka Vk € {2, 3,4} (824)
Vg — — T5@5, (825)
. hN_l hN_l

dg = — KaQﬁ‘le‘l {ZL? + 1;; } Up g (8.27)

where T, > 0 Vk € {1,2,3,4,5} are design constants. Assuming constant distur-

bances, this reduces (8.22) to

5
V< -WTApW = > 7,65 (8.28)
k=1
Since Ay is positive definite, we have that Vv < (. Since V > 0 and Vis bounded, the
conditions of Barbalat’s lemma are satisfied, and we have that V — 0. This implies
that @ is driven to zero, guaranteeing asymptotic stability of the target system,
and, consequently, §. Note that the nonlinear control laws are linearized around the

feedforward trajectories for implementation in the PCS.
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8.4.3 Physical Actuator Requests

The nonlinear transformations (8.10), must be inverted to obtain references for the
physical actuators from the combined feedforward+feedback output of the controller.
However, because the output of the controller is u € R®*!, whereas there are only five
physical actuators available, there is not, in general, a solution to the inverse trans-
formation. To overcome this, an additional actuator is required that provides heating
without driving current, allowing for P,,; to be independently modulated. On DIII-D,
this type of actuation could be achieved with a combination of co- and counter-current
beam injection that drives very little current, however, counter-current beams were
not used during the present experimental campaign. Instead, a weighted least squares
fit was used to find the the individual beam and gyrotron powers that would best
match the outputs of the controller.

The inverse nonlinear transformations between the controlled inputs (uy for k =

1,...,6) and the physical actuators on DIII-D are

UgUs UzUs UqUs
]p = Usg, Pec = 2/3° Pnbi,on = 2/3 Pnbi,off = 2/3 7
Uy Uy Uy
u 2 u
5 5
Ptot = ( ) , Up = m (829)
U1Ug Uy

We consider a linear least squares problem of the form

BLs = arg mﬁin (yrs — X1sPrs)" Qrs (yrs — X1sBLs) ,
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where

a7 100
' PeC
=573 010
yrLs = “ s Brs=| P, |» Xis= :
gt . 00 1
Uy .
nbi,
<us )2 " 111
ui1ue L .

and Q)rs is a diagonal weighting matrix included to weight the importance of each

element of the residual. This results in the solution

5 T -1 T
Bus = |(X1s)" Xis] (X" uis, (8.30)
where
Xis = qusXrs, Yus = qusy,
and qng = Qi‘fs The references in the vector B s can then be sent to the appropriate

physical actuators on DIII-D.

8.5 Simulation Results

In this section, we present results of the simulation study used to test and tune the

controller design and implementation prior to experimental testing.

8.5.1 Disturbance Rejection

In this simulation, one disturbance (d; = dy = —0.065, dg = 0.1) was applied from
0.5s to 3.0s, and a different disturbance (dz = dy = —0.1, d5 = —0.25, dg = 0.1 ) was
applied from 3.0s to the end of the simulation. The feedback controller was turned

on throughout the simulation. The time-varying controller matrices were updated
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Figure 8.2: Time traces of ¢ at various points during the disturbance rejection sce-
nario, comparing the nominal feedforward simulation (blue, solid) with the closed
loop, disturbed simulation (red, dashed) and the open loop, disturbed simulation
(black, dash-dot).

every H00ms between 0.5s and 3.0s. An artificial noise signal was also added to the
measurements of . Time traces of ¢ at various points are shown in Figure 8.2. The
controller was able to quickly reject the initial condition errors in the outer part of
the domain (Figure 8.2d, 8.2e, and 8.2f), while the interior part of the domain took
longer (around 2-3s) to achieve the desired target, due to the slower dynamics in the
interior region (Figure 8.2a, 8.2b, and 8.2c). Despite the change in the disturbance
at ¢ = 3.0s, the controller was able to keep the profile very close to the desired
target throughout the remainder of the simulation. Figure 8.3 shows the ¢ and 6
profiles at several times, showing that the closed loop response is improved from
the open loop case, most noticeably in Figure 8.3d. Figure 8.4 shows the actuator

trajectories during the simulation. The plasma current (Figure 8.4a), which represents
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Figure 8.3: Comparison of ¢ and 6 profiles at various times for the disturbance re-
jection scenario. The closed loop profiles (¢: red solid, #: red dashed) and open loop
profiles (¢: black dotted, #: black dash-dot) are compared with the desired targets
(¢: blue, triangular markers, 0: blue, circular markers).

the boundary actuator, was modified significantly by the backstepping controller. It
can be noted that the controller increased the off-axis beam power while decreasing
the on-axis power during the first disturbance. In response to the second disturbance,
the EC (electron-cyclotron) power and off-axis beam power were increased until they
reached saturation (around ¢ = 4s and ¢t = 5s, respectively), as seen in Figures
8.4c and 8.4e. As the controller determined additional power was still necessary to
maintain the desired profile, the on-axis beam power (Figure 8.4d) was increased
around ¢ = 5s. The diagnostic power, shown in Figure 8.4f, is a portion of the on-axis
beam power that is required to be held constant for current profile measurements

in experiments. It was therefore held constant throughout the simulation to better
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Figure 8.4: Plots of plasma current, density, EC power, on-axis beam power, off-
axis beam power, and diagnostic beam power during the disturbance rejection sce-
nario comparing the unsaturated requests during the closed loop simulation (magneta,
dash-dot), the saturated values (red, dashed) from the feedback controller, and the
open loop values (black, dash-dot). Shaded regions indicated time intervals during
which the feedback controller was turned off.

recreate the conditions of experiments.

8.5.2 Profile Reference Tracking

To test the target tracking capability of the control scheme, two input trajectories
Feedforward 1 and Feedforward 2 were used to generate two distinct target current
profile evolutions Target 1 and Target 2. During the closed loop simulation, Feed-
forward 1 was provided to the controller throughout the simulation. The initial
conditions were perturbed, and the controller target was changed from 1 to 2 at 2.5s.
The feedback controller was turned on throughout the simulation. The time-varying

controller matrices were again updated every 500ms between 0.5s and 3.0s. An ar-
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Figure 8.5: Time traces of ¢ at various points during the target tracking scenario,
comparing Targets 1 and 2 (black, dash-dot and blue, solid, respectively) with the
closed loop simulation (red-dashed). The controller targets were switched at 2.5s
(indicated by the vertical orange dashed line).

tificial noise signal was also added to the measurements of #. Time traces of ¢ at
various points are shown in Figure 8.5, showing that the controller was able to reject
the initial condition errors (most noticeable in Figures 8.5a and 8.5b) and to achieve
Target 1 prior to 2.5s. After the target was switched, as indicated by the vertical
orange dashed line, the controller was able to move the profile to Target 2 by around
4.0s. Figure 8.6 shows the ¢ and 6 profiles at several times. Figures 8.6a and 8.6b
clearly show the controller achieved Target 1 by ¢ = 2.5s, while Figures 8.6¢ and 8.6d
show progress toward and achievement of Target 2. Figure 8.7 shows the actuator
trajectories during the simulation. While the actuators remained fairly close to the
feedforward values during the first part of the discharge, since they only needed to be

modified to account for initial condition errors, increased feedback actuation can be
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Figure 8.6: Comparison of ¢ and € profiles at various times for the profile tracking
scenario. The closed loop profiles (¢: red solid, #: red dashed) are compared with
Target 1 (¢: blue, circular markers, 6: blue, triangular markers) and Target 2 (¢:
magenta, square markers, 0: magenta, diamond markers).

noted in the second phase (after ¢ = 2.5s). The plasma current was increased, while
the density was reduced (Figures 8.7a and 8.7b, respectively). The EC power and
off-axis beam power (Figures 8.7c and 8.7¢) are essentially turned off to achieve Tar-
get 2, while the on-axis power (Figure 8.7d) remains close to the feedforward value.
The diagnostic beam power was again kept constant in the simulation, as shown in

Figure 8.7f.
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Figure 8.7: Plots of plasma current, density, EC power, on-axis beam power, off-
axis beam power, and diagnostic beam power during the first target tracking scenario
comparing the feedforward values (blue solid) and the closed loop values (red dashed).

8.6 Experimental Results

In this section, we present preliminary experimental results showing the controller’s
performance on the DIII-D device. A target profile was generated based on the re-
sults of an open loop reference shot #150320. Again, no balanced beam was available
during this closed loop experiment, removing a degree of freedom. In addition, two
of the beams were needed for current profile diagnostics and were therefore unavail-
able for feedback. Furthermore, the gyrotrons, which were turned on at 2.5s in the
reference shot, were unavailable during the closed loop shot. This reduced the avail-
able current drive and heating, and contributed to increased MHD instabilities. The
increased MHD activity during the shot caused the shot to be terminated early at

3.7s. Additional artificial disturbances were also introduced in the feedforward beam
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(a) p=0.05

Figure 8.8: Time traces of ¢ at various points, comparing the closed loop (blue, solid)
with the target (red-dashed) during shot #154398.

power trajectories. Time traces of ¢ at various locations are presented in Figure (8.8),
showing that, despite the disturbances, the controller was able to achieve fairly good
tracking of the desired target throughout the discharge. Figure (8.9) shows the ¢ pro-
file at various times, along with a shaded region representing the standard deviation
of the measurements over a window of 0.25s prior to the displayed time. Figure (8.10)
compares the achieved, requested (output of the controller), and feedforward actuator
trajectories, showing the modification of the input trajectories by the controller. In
response to the disturbances, the density was reduced. Because the lack of EC power
reduced the amount of off-axis current drive, the controller responded by increasing
the off-axis beam power (until it hit saturation) and decreasing the on-axis beam
power. The plasma current began to oscillate around the desired reference, appar-

ently because the controller was amplifying the measurement noise, which was much
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Figure 8.9: Comparison of ¢ profiles at various times during shot #154398. The closed
loop profiles (blue solid) are compared with the target (red, diamond markers). The
shaded regions represent the standard deviation of the measurements over a window
of 0.25s prior to the time shown.

larger in this experiment than expected. This will be addressed in future experiments

by reducing the gain K.

8.7 Conclusions

We have presented simulation and preliminary experimental results showing the per-
formance of a backstepping boundary-+interior current profile controller based on first-
principles-driven model of H-mode DIII-D discharges. By employing a backstepping
control design technique, a transformation was found from the spatially discretized

system to a particular target system. The target system was rendered asymptotically
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Figure 8.10: Plots of density, plasma current, on-axis beam power, and off-axis beam
power during shot #154398 comparing the feedforward values (red dashed) and the
closed loop values (blue solid). Values actually achieved by the physical actuators are
also shown (magenta dash-dot).

stable via the design of distributed feedback control laws and disturbance estimation
update laws. The resulting feedback controller is designed to augment an arbitrary
set of feedforward input trajectories. Through a nonlinear transformation of the
control inputs, the scheme provides stabilizing reference values for the total plasma
current, total EC power, on-axis NBI power, off-axis NBI power, and plasma density.
A simulation study showed the performance of the controller during tracking and
disturbance rejection scenarios. Promising preliminary experimental results demon-
strated the ability of the scheme to track a desired profile evolution despite significant
disturbances. Further experimental testing, using EC power and an implementation
of the full nonlinear controller, will be done in the future to better assess the perfor-

mance of the control scheme in a variety of scenarios, including disturbance rejection,

235



and target tracking.
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Chapter 9

Conclusions and Future Work

This dissertation has focused on developing and studying nonlinear burn condition
and kinetic profile control strategies in tokamak fusion plasmas. In this final chapter,
we summarize the results of the work and briefly describe some areas that merit future

research.

9.1 Contributions

The contributions of this dissertation are:

1. Nonlinear model-based zero-dimensional burn control combining available ac-
tuation. The effect of the tritium ratio on the fusion heating power is exploited
to modulate plasma heating and control the temperature through isotopic fuel
tailoring. For scenarios in which the combined modulation of auxiliary power
and isotopic mix cannot achieve stability and performance requirements, impu-
rity injection is used as a back-up actuator. The controller synthesis is based
on the full nonlinear model, allowing the controller to deal with a larger set

of perturbations in initial conditions than linear model based controllers. The
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controller handles both thermal excursions and quenches and depends paramet-
rically on the equilibrium point, allowing it to be used to drive the system from

one equilibrium point to another.

2. Nonlinear adaptive burn control with online operating point optimization. While
many of the model parameters necessary for implementation of the proposed
nonlinear control scheme are either measured or can be calculated based on
first-principles equations or scaling laws, some parameters will be, in practice,
uncertain or unknown. A nonlinear adaptive control scheme is proposed to en-
sure that the burn condition reference is asymptotically stable despite model
uncertainty. In addition, an online optimization scheme is used which alters the
controller references in real-time to optimize a given figure of merit for reactor

performance.

3. Nonlinear output feedback based burn control. Due to the extreme conditions
in fusion reactors the diagnostic systems needed to provide the state measure-
ment necessary for implementation of the proposed control designs may not all
be available. To overcome this obstacle, an observer is used to estimate the
required states based on the available measurements. Due to the nonlinearity
of the burning plasma dynamics and, in general, the measured output map,
a nonlinear observer is proposed. The observer is augmented with an integral
term, resulting in a nonlinear proportional-integral observer, which guarantees
convergence of the predicted and measured outputs, despite model uncertainty.
The output feedback control design is coupled with adaptive parameter estima-
tion and operating point optimization to ensure desired reactor performance is

achieved.

4. Simulation framework for testing burn control strategies in METIS. The fast
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integrated modeling code METIS is coupled with a volume averaged model of
particle dynamics and a general feedback control block in Simulink, enabling the
simulation of various burn control strategies. With this tool burn control strate-
gies can be simulated in a wide-range of operating conditions and scenarios, and

their effect on other plasma parameters can be assessed.

. Backstepping density and temperature profile control in burning plasmas. The
novel design is an extension of the backstepping technique for PDE systems that
allows for simultaneous boundary-+interior feedback control design and incorpo-
rates adaptive disturbance estimation to improve system response. The result-
ing nonlinear controller is demonstrated in simulations to be able to stabilize a

set of unstable equilibrium profiles, even in the presence of input disturbances.

. Backstepping current profile control in L- and H-mode discharges in DIII-D.
A set of nonlinear profile control strategies were developed, based on a first-
principles-driven model of the current profile dynamics. The approaches were
successfully demonstrated in simulations, as well as in experiments on DIII-D
as part of the first ever campaign to experimentally test first-principles-driven

model-based current profile control laws.

Future Work

While the simulation framework for testing burn control designs in METIS is a sig-

nificant step towards the development of controllers for ITER, a comprehensive study

of controllers under the complete range of expected operating conditions (including

potential fault scenarios, like the loss of certain diagnostics or actuators) should be

carried out. As much as possible, burn control designs should be tested experimen-

tally in existing devices. Although present-day tokamaks cannot actually achieve

239



burning plasma conditions, through careful experimental design, the dynamics of
burning plasmas can be mimicked to some degree.

Though the feasibility of controlling kinetic profiles in a burning plasma using a
combination of distributed and boundary feedback was shown in Chapter 6, more
study will be necessary to find physical methods for the modulation of the kinetic
variables at the edge of the plasma, i.e. achieving the desired values of u,, upr,
and ug. This will have to be done through modulation of the physical properties
of the plasma scrape-off layer (SOL) such as gas puffing, gas pumping, or impurity
injection. Moving forward, model improvements will be made by including models
for the diffusivity and pinch velocity, as well as models of the SOL in order to apply
more realistic boundary conditions to the system.

The current profile control strategy developed in Chapters 7 and 8 will be tested
through additional experiments and extended to other tokamaks, including NSTX
at Princeton Plasma Physics Laboratory. Because of the coupling of the dynamics
of the current, density, and temperature profiles, as well as the fact that they share
many of the same actuators, the problem of integrating current profile control and

burn control strategies must also be explored.
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Appendix A

Particle Recycling Model Derivation

The following particle recycling model derivation is based on a similar model derived

in [41]. The particle balance for deuterium and tritium ions can then be written as

dnp np R inj
- = = oS S Al
o - + ferrSp +Sp (A1)
dnrp nr R inj

- A2
yr -+ Jers ST+ ST, (A.2)

where SE and SE represent the total recycling fluxes from the plasma facing compo-

nents that reaches the plasma edge. The recycled flux satisfies

n
SE = frefi + (1 =~"79) SPFC 4 frep (1= fers) SD (A.3)

T
SII? = frefT_;+7PFCSPFC+fref (1_feff) Sfllfbv (A4>

where vFC is the tritium fraction of the particle flux from the plasma facing com-
ponents, STFC. The third term in each expression represents the recycled flux that
is screened by the plasma due to imperfect core fueling efficiency and subsequently

reflected by the surface. To avoid the need for a self-consistent model of wall implan-
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tation, diffusion, and re-emmission to obtain the desorbed flux ST¥¢

, we simplify the

model by considering a recycling coefficient defined as the ratio of total recycling flux
to the total flux to the surface, i.e.

R R R

Rel — Sp+sr S

o g Ak (A.5)

Note that the recycling coefficient includes the effect of wall pumping and active
pumping. In order to incorporate the recycling coefficient into the model, we must

write an expression for the flux to the surface

n

S5 = T2 (U= L) (=" ST Ly (U= fug) SB (A)
n

S; = 7-_,1,1:+ (1 —feff> ’}/PFCSPFC—i_fref (1 _feff) 5;7 (A7>

where the third term represents the surface flux that is reflected and subsequently
returned to the surface due to imperfect fueling efficiency. Since the recycling coefhi-
cient compares total hydrogen fluxes, not individual isotopes, we sum corresponding

equations to obtain

SR - fref (n—D + n—T) + SPFC + fref (1 — feff) SR, (AS)
D T
n n
S5 = 2 (1= fopp) STFC 4 frop (1= fupp) S5, (A.9)
D T

Using these expressions, we can solve to obtain

n n
SPFC = ST = frep (L= fegp)] = fres (T—g + T—;) : (A.10)
S np  nr R
— (P2 T - .
S (TD+TT)+( feff)S
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From the definition of the recycling coefficient, we have that S° = S®/R¢//. Substi-

tuting this definition and rearranging, we can obtain

Relt n n
R D T
= — 4+ —=]. A1l
S 1— ReFF (1 — fopy) (TD TT) ( )

Substituting into (A.10) yields

[ = frep (1= fegp)) RS np . nr
gPFC _ { TR ) - fref} (% + ;) ) (A.12)

Solving (A.3) and (A.4) for SE and S%, respectively, and substituting (A.12) results
in
1

SR = { re n_D
b 1_fref(1_feff> f fTD

+ (1 —AFFO) Fl Ifreée(fllefjf;)eiﬁeff —~ r] (Z—;’ + ?_—;F) } , (A.13)

1 {f nr
U= freg (1= fepp) U7 rr

(1_fre (]-_fe ))Reff n nr
A PFC { = ]J;)eff 0 _f]}eff) _ fmf} (i + ;> } . (A.14)
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Appendix B

Lyapunov Stability Basics

In this appendix we review the basics of Lyapunov stability theory, which is crucial

to the stability proof in this paper. Consider a nonlinear dynamic system of the form

T = f(z,u), (B.1)

where x (state variable) and w (control input) are vector valued functions of time.

We seek a feedback control law of the form
u = k(z), (B.2)

to achieve a desired property, for example, stability of a certain equilibrium point. A

point x = z, is an equilibrium of the system when

f (e, ki (z)) = 0.

With a shift of the system’s origin, i.e, T = = — . the equilibrium can be made to

occur at ¥ = 0. An equilibrium Z = 0 of (B.1) and (B.2) is globally asymptotically
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stable if there exists a continuously differentiable function V(%) such that
V(z) >0 for all z # 0 and V (0) =0,

V(z) - o0 as |z| — oo,
AV
V:%f(x,k(x))<0for all T # 0.

For example, if we can find a quadratic Lyapunov function V = #7PZ with V =
—27Qz, P, Q > 0, all of the conditions are satisfied and the equilibrium z. is asymp-
totically stable.

The problem of finding a Lyapunov function V' (x), even for a system known to be
stable, can be very difficult in general. It is often even more difficult when we have
to find V(z) and the feedback law k(z) at the same time.

We note that for linear systems, other stability tests exist, for example, Routh-
Hurwitz. However, for nonlinear systems such as the one considered in this work,
some form of Lyapunov analysis is the only tool available. See [51] for a complete

approach to the Lyapunov stability theory.
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