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Abstract

A novel plasma position and shape controller has been developed for
the highly flexible shaping poloidal-field coil set of the TCV tokamalk,
to aid in the precise control of advanced configurations such as negative-
triangularity plasmas, snowflake and super-X divertors, and doublets. This
work follows and relies on the deployment of a new, sub-ms, real-time
magnetic equilibrium-reconstruction algorithm. The controller formulation
ensures flexibility through an ordering of controlled variables from the most
easily to the least easily controlled, while respecting the hardware limits on
the poloidal-field coil currents. A rigid, linearised plasma response model
for the TCV tokamak is used for the verification and determination of
the control parameters. The controller has been applied successfully to a
variety of TCV plasma discharges.

1 Introduction

The plasma shape requirements in a practical, highly efficient tokamak are very
stringent. High performance in tokamaks is achieved by plasmas with elongated
poloidal cross section. Since such elongated plasmas are vertically unstable [I],
active position control is clearly an essential feature of all machines. Addition-
ally, in order to obtain the best performance from a given device, it is necessary



to maximise the plasma volume within the available space; hence, the ability to
control the shape of the plasma while ensuring adequate clearance between the
plasma and the plasma-facing wall components is a crucial asset in modern toka-
mak operation. In tokamaks, the shape of the plasma cross-section is observed to
strongly influence a wide range of plasma properties, such as the plasma pressure
and current limits [2] and the sawtooth stability [3, 4]. Experimental investiga-
tions in TCV have revealed that the energy confinement time (the ratio of the
energy stored in the plasma to the power used to heat it, a confinement figure
of merit) nearly doubles when going from positive to negative triangularity [5].
Accurate shape control can not only take full advantage of such properties, but
can also allow detailed comparisons between experiment and modeling and test-
ing of theoretical models of plasma stability and confinement. Plasma shaping
is also effective in stabilising MHD modes and preventing disruptions, especially
in the current ramp-up, which is of key importance for the ITER high-currents
scenarios. Active plasma shaping thus has a direct impact on MHD stability and
on heat and particle transport.

On the TCV tokamak, plasma shaping is especially challenging, as the device
features a highly elongated vessel that does not intrinsically constrain the plasma
shape and is specifically designed for shape versatility, with a highly flexible
poloidal-field coil system. Indeed, TCV accommodates a large variety of plasma
shapes, together with various divertor configurations, including single and double
null divertor with a broad range of strike point positions and flux expansions.
This flexibility has been further extended in recent years to high order null points
with more than two strike points such as in the so called ’snowflake’ divertor
[6]. Even more recently, other advanced configurations such as the super-X,
X-divertor, and X-point-target divertor have been explored in TCV [7, [§]

Until now, the TCV plasma shape has been controlled almost entirely in
feedforward mode, with the exception of a linearised elongation controller em-
ploying a simplified estimator, used in some discharges [9]. A real-time control
algorithm capable of not only providing control of plasma position but also high
order shape moments, X-points and strike points would thus be highly desir-
able for optimizing performance in future TCV campaigns. Deviations from the
assumptions used in calculating the feedforward parameters can and do cause
departures from the desired shape in the absence of feedback control. This hap-
pens in particular as a result of auxiliary heating and current drive altering the
current profile. Feedback control is also clearly superior to pure feedforward con-
trol in its ability to deal with disturbances. Success in controlling plasma shapes
in feedforward mode in TCV has often been achieved by virtue of tuning over
multiple discharges.

Plasma shape control in tokamaks involves basically two steps:

e Identification of the plasma boundary in real time.

e Adjustment of the poloidal field coil currents to bring the real shape as
close as possible to the preprogrammed shape.
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Figure 1: Poloidal cross-section of TCV, showing the flux surfaces obtained
from LIUQE, ohmic coils (A-D), the poloidal field coils (E-F), the fast internal
coils (G) and the toroidal field coil connections (T).

The deployment of the real-time version of the Grad-Shafranov equilibrium
reconstruction code LIUQE [10], i.e., RTLIUQE [I1], with a sub-ms cycle time
(0.4ms), has fulfilled a necessary requirement for the development of a real
time plasma position and shape control algorithm, based on the information of
poloidal flux and magnetic field provided by the real-time Grad-Shafranov solver.
The latter provides an approximate solution to the Grad—Shafranov equilibrium
relation that yields the best fit to the diagnostic measurements, with additional
assumptions on the plasma kinetic profiles, as the diagnostic data are generally
insufficient to constrain the problem towards a unique solution. The solutions
are produced at a rate that is amply sufficient for discharge control, with the sole
exception of the control of the vertical stability on a sub-ms time scale, which is
still entrusted to the legacy analogue control system.

The main operational parameters of the Tokamak a Configuration Variable



(TCV) [12] are the following: major radius 0.88 m, minor radius 0.25 m, vacuum
toroidal field up to 1.5 T, plasma current up to 1 MA, elongation up to 2.8, tri-
angularity from -0.7 to 1. shows the TCV poloidal cross-section. Two
OH coil circuits are used to inductively create the desired toroidal electric field
inside the vacuum vessel. The first circuit powers the central solenoid Al; the
second circuit powers the coils B, C' and D connected in series. The arrangement
is designed to minimise the stray fields in the vacuum vessel when the currents
in the two circuits are equal. The extreme shaping flexibility is provided by
the 16 independently powered poloidal field coils (E-F'). The toroidal field in
TCV is created by 16 toroidal field coils connected in series. The 16 coils are
connected through a bus, modeled with the two poloidal field coils T'1 and 772.
T3 represents the return loop of the connection. The vertical stabilization of
the most highly elongated TCV plasmas is not possible with the main poloidal
power supply system and the external poloidal field coils because of the relatively
slow switching time of the thyristors and the shielding from the vacuum vessel.
Consequently, a fast power supply is used to energise a pair of low-impedance
fast internal G coils. The switching frequency is typically 10 kHz [I3]. On TCV,
the creation of an extreme variety of plasma shapes and magnetic configuration
is accomplished with the help of the Matrix Generation Algorithm and Measure-
ment Simulator (MGAMS) and Free Boundary Tokamak Equilibrium (FBTE)
codes [14], [I5], the suite of software tools used routinely on TCV to determine
the feedforward poloidal coil currents as well as the feedback parameters for a
given plasma configuration.

This extensive poloidal-field coil system and the recent successful implemen-
tation of RTLIUQE on TCV have paved the way to the design of a new plasma
position and shape controller. The Matlab-Simulink environment of the digital
control system [I6] of TCV provides a flexible platform for implementing new
algorithms in parallel with the legacy analogue TCV controller. As a minor but
important step along this path, a new controller was also developed to actu-
ate the sign switching of the poloidal-field coil currents (the so-called ‘sign-bit
controller’).

The paper is structured as follows. Section [2|describes the design and the key
features of the new generalised plasma position and shape controller. The formu-
lation of the linearised plasma model of TCV that is used to verify the controller
performance and determine the control parameters is reported in The
experimental implementation of the control algorithm on various TCV plasma
discharge types is discussed in A brief overview of the plasma mod-
elling, controller design and experimental results, as well as an outlook for the
physics applications of the controller to advanced plasma configurations is pro-

vided in The sign-bit controller is presented in the Appendix
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Figure 2: Simplified block diagram representation of plasma shape and position
control algorithm.

2 Plasma position and shape controller design.

The generalised plasma position and shape controller is primarily based on the
isoflux control scheme. The plasma target shape is defined as a set of control
points on the desired plasma boundary, and the poloidal flux at control points
is controlled to be equal [I7]. For a limiter plasma discharge, the flux differences
between adjacent control points are controlled. In the case of divertor discharges,
the primary X-point is used as the reference point and the flux error differences
between it and the other control points on the plasma boundary are controlled.
Similarly, the divertor leg is controlled by requiring the poloidal flux on the
control points on the leg to be equal to that of the X-point. X-points are obtained
by controlling the poloidal magnetic field at the reference X-point position to
Zero.

The generalised plasma position and shape controller can was developed in
two stages: a time-invariant version at first, and then a more general time-varying
controller.

2.1 Time invariant controller design

The architecture of the plant used for the design of the generalised plasma po-
sition and shape controller is a MIMO (multiple input and multiple output)
system with poloidal field coil currents as inputs and the controlled variables as
outputs. A change in one of the inputs will affect all the outputs of the system,
that is, there is an interaction between the inputs and the outputs. A specific
aim of the design is to convert this to a non-interacting system, where an input
only affects its corresponding output. Figure [2| shows the simplified block dia-
gram for the plasma position and shape controller algorithm. A non-diagonal
generalised plant P, is defined, where a change in its input would affect all its
outputs. Consequently, a compensator design Pg*, pseudo-inverse of the static
(DC) gain of the generalised plant, is derived, provided that P, has a full row
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Figure 3: Schematic block diagram for the generalised plant.

(output rank), to counteract the interaction of the plant. The result is a ‘newly’
shaped plant, G, = Png*, which is nearly diagonal and easier to control than the
original plant FP,. A diagonal proportional and integral controller K is utilised,
with diagonal gain matrices K, and K to be designed. The control law takes
the form of , where  is the control signal (the vector of 16 poloidal field coil
current references) and € = (7 — 2) is the error defined as the difference between
the reference 7 and the controlled variables 7.

u=K(s)e

K(s) = K,, (1 + K) M

S

Figure |3| shows the schematic block diagram for the determination of a gen-
eralised plant P,. A plant P is defined, which accepts poloidal-field coil currents
as inputs and outputs the poloidal flux 1/71, and poloidal magnetic field gb at the
control points. The definition of P is an approximation as it only includes the
DC component of a highly dynamic system. In particular, the issue of vertical
stability, i.e., the growth of the fast axisymmetric mode, is assumed to be entirely
decoupled (e.g., separated in frequency space) from the shape-control problem
and to be handled by a separate system (namely, the vertical stability control
loop in the legacy hybrid control system). This assumption can never be strictly
true, so improvements in controller decoupling are under consideration for the
future. Hence, neglecting the dynamics and linearising around an equilibrium
point, the plant P with §Ipr as inputs and dy as outputs is given by . Here,
Gy 18 the matrix such that &Eb = Gbéfpp, where 51/71, is the poloidal flux at the
control points on the plasma boundary, G4 is the matrix such that 51@1 = Gd5fpp,
where 5@[7,1 the poloidal flux at the control points on the divetor leg, G, is the
matrix such that 6B; = GchSpr, where 6§p is the poloidal magnetic field (r
and z compoments) at the X-points. M, is the near-diagonal matrix that trans-
forms absolute poloidal fluxes to flux differences between points and, similarly,



M, is the matrix that transforms absolute fluxes on divertor-leg points to flux
differences with respect to the X-point.

Mbi
P=| MGy (2)
Gp,

The control algorithm includes a constraint, which guarantees that the aver-
age addition of poloidal flux at the control points is zero, to prevent interference
with the plasma current control. To achieve this, a null space basis NV, is deter-
mined such that [17Gy]N.u, = 0V u, € R™~1 where n, is the number of poloidal
field coils. An input scaling matrix S; ensures common units for the poloidal field
coil currents (kA in practice) and an output scaling matrix S, scales the plant
outputs to dimensionless quantities that are roughly comparable in magnitude.

A crucial element in the design is the matrix 7', given by , which converts
the dimensionless plant outputs to physically meaningful estimators, such as,e.g.,

vertical and radial plasma position estimates, where JZ = MbdZ/J/dZ/ ‘ ‘MbdZD/dZ) ‘

and 1/73 = Mbd?ﬁ/dR/ ‘ )MbdZ/)/dR‘ ‘ are the vectors representing the change in the

controlled poloidal flux differences due to vertical and radial displacement at the
control points on the plasma boundary. A projection of the dimensionless plant
outputs onto the vectors corresponding to a vertical and a radial displacement
ensures that the first two entries are estimates of the radial /vertical position.

Finally, the estimators are weighted with the help of a weight matrix W,
which provides a means to prioritise the various meaningful plasma estimators
based on their level of importance for a given plasma configuration.

—,

T
Z

Uk
T=|1
0
0 0 I

A new plant P, = W,TS,PS;N, is thus finally defined. The next step is to
perform a singular value decomposition (SVD) [I8] of P, = UXVT, which pro-
vides a matrix V, representing a set of orthogonal vectors in the admissible input
coil current space and U, the output directions. This organises the controlled
variables into large and small singular values represented by , and as a result
provides the freedom of limiting the control to the n, ‘largest’ singular values
of 1, obtained by projecting the weighted errors on the output space of these
singular values, Uj.

7 (3)

~N O O O
o O O O

1 0 0 Vi
P= o) (3 9 o) i ()
3



The generalised plant P, is then defined as P, = UT P,. The controller for
the original plant P is thus represented by (5)).

Cy(s) = S:N.PF K (s) (5)

2.2 Time varying controller design

The controller designed above is only applicable to plasma scenarios involving
a plasma shape and position that remain fixed during the discharge. The next
step is to tackle time-varying configurations. The chosen approach is to construct
individual controllers for the equilibria pre-defined by the shot design sequence.
These are, however, sampled at a smaller time step than the original sample
times. A linear interpolation in time is performed between the control points
defined by various equilibria during the shot design phase. The sample time of
the linear interpolation is usually chosen as 10ms. The individual controllers
with respect to each of the interpolated equilibria at smaller time steps are then
determined using . Measures are taken such that the output of the currently
active controller C; (s) switches to the output of the subsequent controller C}+(s)
smoothly ensuring a continuous transition between the controllers throughout the
plasma discharge, where ¢ represents the index of the controller. The output of
the controller, Uy, at the switching sample k, is defined as:

Uk = uk”l + (Uks_li — uks_1i+1)F(k — k‘s) (6)

where the indexes i and i+1 denote the latter and former controllers, F'(k—ks) =
e~(k=k)7 is a decaying exponential function, 7 determines the time constant of
bumpless transfer.

2.3 Anti windup and bumpless transfer

Any saturation in the poloidal field coil currents results in a mismatch between
the controller output and the system input. Thus, the feedback loop is broken,
since changes in the controller output no longer affect the system. (In reality, the
violation of any of the above-mentioned limits causes an immediate termination
of the pulse rather than a saturation, but this does not affect the formalism
discussed here). Saturations can cause the integrator that is included in the
controller to accumulate as it will continue to integrate a tracking error and
produce increasing control signals which, due to the saturation, do not affect the
plant output. In general, the state space representation of the controller is given
as
.= Fx.+ Gy

7
u = Cx.+ Dy (7)

where . represents the state and F', G, C' and D are the state space matrices,
y and u are the input and output of the controller. The state and the control
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Figure 4: Block diagram of the controller showing the modification to avoid anti
windup.

b

Bumpless
transfer

+

e’ u
Controller Plant
+

e

-0

Y

Figure 5: Block diagram of the controller showing the bumpless transfer imple-
mentation.

signal can continue to evolve, although the influence on the process is restricted
because of saturation.

A general state space controller can be formulated which avoids the windup
problem; in this case, the control law is rewritten as indicated in figure 4] This
can be expressed as follows:

t = Fz.+ Gy+ K(usqy — Cx. — Dy)
= (F-KC)z.+ (G- KD)y+ Ku
= Fyw.+ Goy + Ktlgq (8)

If the system of is observable, the matrix K can always be chosen such that
Fy = F — KC has stable eigenvalues [19]. This ensures that the state assumes a
proper value when the controller output saturates and thus prevents the problem
of windup.

The discontinuity introduced by the switching between the position control
of the TCV hybrid controller to the position control performed by the designed
controller is avoided by developing a bumpless transfer mechanism shown in



figure fl Through the addition of a modification b to the error on each controller
variable e,
e=e+b (9)

where €’ is the modified error to the controller. The modification b, providing a
smooth transition between subsequent controllers, is defined as follows:

—e Vit <t
"= {ets (L(s)—1) Vit (10)

where e;, is the error between the controllers at the switching time t5 and L(s)
is a first order filter in the Laplace domain s, with time constant 7,

L(s) = — (11)

7s+ 1

The formalism defined by @D ensures that, before the activation, the con-
troller artificially witnesses a zero error and tends smoothly to the active error
according to the chosen time constant defined by .

2.4 Implementation with the TCV hybrid controller

Figure[6]shows a block diagram representation of the TCV hybrid controller with
the generalised plasma position and shape controller. The simplified scheme of
the TCV hybrid controller is shown in the grey box of figure [l The measure-
ments (magnetic flux loops, magnetic probes, FIR laser interferometer fringe
counter, coil current measurements) from the TCV tokamak are processed by
the A matrix, generating controlled variables, as linear combinations of the in-
puts signals. The set of controlled variables consists of the plasma current I,
the poloidal field coil currents I,¢, the vertical position estimator zI, and the
radial position estimator. The controlled variables are then subtracted from the
reference signals to yield the respective error signals. The error signals are fed to
their respective controllers and actuators: C,(s) represents a proportional and
integral controller and T}, selects the ohmic coils as an actuator for controlling
the plasma current; Cz(s) represents a proportional and differential controller
and T, selects a combination of the F' poloidal field coils to control the plasma
vertical position; Cr(s) is a proportional controller and Tg selects a combination
of the F poloidal field coils to control the radial position of the plasma; Crpg(s)
is a differential controller and Trpg selects the internal G coils to control the
plasma vertical instability; Cy,s(s) is a proportional controller and 77,; selects
the combination of poloidal field coils orthogonal to the coil combination pro-
viding vertical and radial control. The actuator control signals are then passed
through the M matrix which is constructed with mutual inductance coefficients,
i.e., performs the decoupling of the mutual inductances. The resistive compensa-
tion and the feedforward voltages Vs are added to the outputs of the M matrix
to generate the input voltages V, for the actuators.

10
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Figure 6: Block diagram showing the implementation of the generalised plasma
position and shape controller with the TCV hybrid controller.

The implementation of the generalised plasma position and shape controller
with the TCV hybrid controller is shown in the blue box of figure[6][20]. The con-
troller algorithm resides on the same real-time node as the TCV hybrid controller
and functions on a cycle time of 0.1ms. The controller formalism defined in the
section [2| relies on the legacy analogue TCV hybrid controller for stabilizing the
vertical position of the plasma [21], that is only the differential control in the
vertical control loop remains in the TCV hybrid controller. To ensure a reliable
radial and vertical position control of the plasma, an appropriate weighting is
applied on the position estimators in the generalised plasma position and shape
controller such that the control of the first two controlled variables corresponds
to plasma position control. The isoflux surfaces generated by the poloidal field
coil directions corresponding to the first two controlled variable controlling the
vertical and the radial plasma position, are shown in figure [} The RTLIUQE
provides the poloidal flux and the poloidal magnetic field at the control points
on the plasma boundary. The controller design includes a pre multiplier matrix
U, = UTW,TS, and a post multiplier matrix Vy = SiNCP;: the latter translates
the RTLIUQE outputs to controlled variables, Z, while the former provides the
coil directions for controlling the controlled variables. The reference signals are
defined as zeros. The error signals are fed to a proportional and integral controller

11



K (s) defined by ([I)). The control algorithm is developed in Matlab-Simulink en-
vironment and the Simulink code is then used to study the performance of the
controller with the plasma model described in section [3 The Simulink code was
later implemented in the digital control system of TCV to minimise coding errors
and development time.

(a) Isoflux surface: (b) Isoflux surface:
Controlled Variable #1 x210’3 Controlled Variable #2 x810’3
0.8 ‘ : : ‘ 0.8 ‘ . ‘ ‘
0.6 : 15 0.6 : 6
0.4 1091 0.4 4
o l Qy 2,
0.2 “ \ 105 0.2 12
@, DDDZ&:& é’é’gﬁa;
= " .000135 0002437, =
E oBlo” ““-\,a,m@ 0 E o 0
N N
-0.2 4-0.5 -0.2 4-2
-0.4 1 -0.4 -4
-0.6 15 -0.6 -6
-0.8 2 -0.8 -8

Figure 7: Isoflux surfaces generated by the poloidal field coils £1 — E8 and
F1 — F8 for a limiter plasma configuration for controlling the (a) first and (b)
second controlled variable. The plasma boundary is denoted by the magenta
circles.

3 Plasma Modelling

The optimization of the control parameters for the generalised plasma position
and shape control is performed with the help of a linearised plasma response
model, the RZIP model [22]. The model is constructed with physical laws and
simplifying assumptions. A set of circuit equations is developed, based on the
supposition that the plasma current distribution remains constant during any
control action, but that its centroid can move vertically and radially and its
integral, the total plasma current, can change. The plasma model is based on the
linearization assumption that small variations in the poloidal field coil voltages
lead to small changes in the plasma current, poloidal field currents, vacuum vessel
currents and plasma radial and vertical positions, about a given unperturbed
equilibrium state.

12



The set of equations composing the model comprises the circuit equations
for the poloidal field coils, the vessel currents and the plasma, in addition to
the plasma radial and vertical force balance equations.All spatially dependent
quantities are evaluated using the plasma current distribution derived by the
LIUQE equilibrium code,

> ARy, Zi) Jo(Ri, Zi)
Zi J¢(Ri7 Zi)
where A is any parameter of interest.

The circuit model representation of the structures (active and passive con-
ductors) takes the following form:

(4) = (12)

— -

_ g . o d

Va - Maa]a + MavIv + RaIa + E(Map]p) (]‘3)
e e o d

0= Mvav + Mva[a + Rv]v + _(MUPIP) (14)

dt
where M denotes a mutual inductance matrix, with indexes a, v, and p referring
to "active conductor", "vessel" (passive conductor), and "plasma", respecively.
R, and R, are the active and passive conductor resistance matrices, IZ and fv are
the vectors of currents in active and passive conductors, I, is the plasma current
and V, is the vector of voltages for active conductor.

The plasma current dynamic response is governed by a similar circuit equa-
tion, which treats the plasma as a single circuit consisting of a distributed array
of conducting elements. The plasma response equation can be written in the
form

d. o= do d
0= %(Mpa[a) + E(MPU[U) + a([/p[p) T Rp[p (15)

where L, is the plasma self-inductance and R, the plasma resistance matrix.
Next we tackle the time derivatives of the radial and vertical force balance
equations, neglecting the plasma inertia. The radial force balance consists of two
components: the Lorentz force acting on the plasma due to the vertical magnetic
field and the hoop force generated by the plasma pressure in toroidal geometry.

d ( @R\ d [pl?

L L T +2rRLB. | = 1

dt (m”dﬁ) dt( p | remhl ) 0 (16)
d [ &7\ d
2,22 = L (CorRIB,) = 17
dt(m”dﬁ) gi (T2 RLB) =0 (17)

where m,, is the inertia of the plasma, R and Z represent the radial and vertical
positions of the current centroid, B, and B, are the radial and vertical magnetic
fields produced by the conductors, I is a function of the plasma self inductance,
l;, and plasma beta, 3.

13



Linearisation of the set of equations around an equilibrium point, I, = fao(t)+

=

81, I, = Lo(t) + 0L, I, = L, + 61, Vo +6V,, R= R, + R, Z = Zy+ 0Z and
['=T,+ dT', and defining M, R, (t) and u(t) as follows

My May My, % % R, 0 0 0 0
My My M, Z5pe %2 0 Ry 0 0 0
M = % %g L, Mz 0 |,R=| 0 0 R, Rug 0],
ag//_Rpa a?//_va MRp MRR MRZ RRa RR’U RRp RRR 0
BZpa BZPU 0 MZR MZZ Rza RZv 0 0 0
S, v,
S, 0
Zt)y=| o1, |,aw)=1|o
Lo0R Sg
1,007 0
(18)

the elements of the matrices M and R are defined in the appendix
The complete dynamic system including the conductors and plasma can be
expressed in the state space form with @ as inputs and g as outputs of the system

i = A7+ B
oo (19)
y=Cx+ Du

where the first equation is called the state equation with A = —M 'R and

B = M1, respectively. and the second equation is called the output equation.
The only positive eigenvalue of matrix A is the plasma vertical displacement
event growth rate which is a specific characteristic of the plasma’s vertical speed
of response. For typical discharge shapes of TCV, the vertical growth rate is
about 200 — 300 s~!. ¢ represent a vector of the measurements consisting of
the radial r1, and vertical zI, estimators of the TCV hybrid controller and the
controlled variables Z of the generalised plasma position and shape controller.
C' is a matrix relating the measurement to the states of the system and D is a
direct feedthrough matrix denoting the sensitivity of the measurements to the
inputs and are represented as follows

Cr]p
c=| C.|.D=0 (20)
C.

The matrices C,r, and C, converts the states to plasma position estimators
of the TCV hybrid controller and matrix C, coverts the states into the controlled
variables of the generalised plasma position and shape controller.

The loop for the reconstructed radial, 1, and vertical, zI, position estimators
from the RZIP plasma model is closed with the position controller from the TCV
hybrid controller described in section A stable closed loop step response is

14



(a) Step response:Vertical position estimator (TCV hybrid controller)
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Figure 8: Linearised plasma modelling simulation results for the TCV tokamak.
(a) Step response of the vertical estimator for the TCV hybrid controller and (b)
step response of the first controlled variable and its effect on the higher order
controlled variables for the generalised plasma position and shape controller. (c)
Step response of the controlled variables controlling the plasma position and
shape.

shown in figure [§f(a) for the vertical position estimator for the TCV tokamak for
a given proportional K, and differential control Ky in the TCV hybrid controller.

A stable response with respect to a step reference on the first controlled
variable of the generalised plasma position and shape controller derived from
the RZIP plasma model is shown in figure [§(b) with only a proportional gain
K, . For a given plasma current distribution and set of controller gains, the
ratio between the open loop gain for the generalised plasma position and shape
controller and that for the position controller within the TCV hybrid controller
from the simulation is found to be 1.5. Thus, for the given case, the simulation
predicts the use of either a higher differential or a lower proportional gain within
generalised plasma position and shape controller in order to have a comparable
response. In general, the modelling predicts that the differential gain in the TCV
hybrid controller or the gains of the new controller are to be modified in order
to obtain an adequate performance.

The RZIp simulation not only predicts the fact that a simple proportional
control on the first controlled variable related to the vertical position of the
plasma can provide a suitable controller performance, but also shows the coupling
among the controlled variables in steady state. Figure (b) shows finite steady
state offsets in the response of the remaining controlled variables with respect to
a step reference on the first controlled variable. A comparison between the step
response on the first two controlled variables (related to the plasma position
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control) and a higher order controlled variable (related to the control of the
plasma shape) for a fixed proportional K, and integral gain Ky = 1/7y is
shown in figure [§](c). A slower dynamical response of the higher order controlled
variable in comparison to the first two is observed for a fixed proportional and
integral gain on the controlled variables, pointing towards higher gains on the
the higher order controlled variables to improve the tracking performance of the
plasma shape.

4 Experimental results

Dedicated experiments have been performed to test the generalised plasma posi-
tion and shape controller during the TCV campaign in 2016-2017. The analysis
of the experimental results is divided into two main sections, with each section
comprising of application of the controller design on plasma scenarios including
fixed as well as time varying plasma position and shape.

4.1 Limiter plasma configuration
4.1.1 Plasma configuration with fixed plasma shape and position

Limiter plasma discharges (54105 and 54111) involving fixed plasma position
and shape in time were chosen to test the controller formalism with the aim of
exploring the range of proportional and integral gain for controlling the plasma
position. In the discharge 54105, the proportional gain of the first two controlled
variable representing the control of the plasma position was scanned while setting
the integral gain for all controlled variables to 0. Similarly, in the discharge 54111,
the integral gain on the first two controlled variables was scanned with a fixed
proportional gain in the controller.

Figure 9] illustrates the range of control parameters, i.e. proportional and
integral gains, that provide stability in conjunction with the differential vertical
controller of the TCV hybrid controller. Figures [ffa) and [9(b) show a median
range of consistent proportional (0.55-0.85) and integral gains (0.02-0.2 s) for a
given limiter plasma configuration. Insufficient gains are usually identified exper-
imentally by loss of control, excessive gains by oscillatory behaviour. (figures @(c)
and [9)(d)). Figures[dj(e) and [|f) show the associated vertical position reference
and measurement for the given discharges.

For validating the feature of the controller design of limiting the controlled
variables to the set that is most easily controlled, while respecting the hardware
limits on the poloidal field coil currents, a series of limiter plasma discharges
with fixed plasma shape and position were performed for a given set of controller
gains (K, = 0.55,7,; = 0.2s), every successive discharge including a larger set
of active controlled variables. Figure [10] explores the effective number of active
controlled variables that are required to provide a suitable control of plasma
position and shape while limiting the demand on the poloidal field coil currents.
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Figure 9: Investigation of the effect of proportional and integral gains on the
performance of the generalised plasma position and shape controller. (a) Pro-
portional gain scan without integral gain and (b) integral gain scan with a fixed
proportional gain for a limiter plasma configuration with fixed plasma shape and
position. (c¢) and (d) Time evolution of the norm of the error on the first con-
trolled variable related to the plasma vertical position. (e) and (f) Reference and
the measurement of the vertical position of the plasma magnetic axis obtained
from RTLIUQE. 6 and x represents the reference of the plasma triangularity and
elongation from FBTE.

Figures [10)(c) and [L0[d) show the norm of the normalised poloidal field coil
currents requested by the controller and the norm of the errors on the full set of
controlled variables as functions of the number of actively controlled variables.
These plots demonstrate that controlling a subset (with high singular values)
of variables is sufficient to provide satisfactory shape and position control, and
conversely that there is little to gain in adding control channels that have small
singular values - rather, this increases the danger that coil current limits are
violated. Figures [10](a) and [L0[(b) show the contour plots of the poloidal flux
distribution and the last closed flux surface (LCFS), with the control points
defining the plasma boundary, at time instants before and after the controller
activation for the discharge 51437 with 8 actively controlled variables and fixed
set of controller gains (K, = 0.55,7;; = 0.2s). They illustrate the enhancement
in the plasma position and shape in comparison to the TCV hybrid controller
for a given set of optimised control parameters and a fixed number of actively
controlled variables.
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Figure 10: Investigation of optimum number of actively controlled variables for
plasma position and shape control for a limiter plasma configuration with a fixed
set of controller gains (K, = 0.55,75; = 0.2s). (a) Poloidal flux map (black lines)
¥, and (b) last closed flux surface (blue line) obtained from RTLIUQE before
and after the controller activation with an optimum number of active controlled
variables (8). (¢) Norm of the normalised poloidal field coil currents requested
by the controller at steady state and (d) norm of the error of all the controlled
variables with time as a function of the actively controlled variables. The pre-
programmed control points are given by the magenta circles. 6 and x represents
the reference of the plasma triangularity and elongation from FBTE.

4.1.2 Plasma configuration with varying plasma shape and position

Two limiter plasma discharges were performed, one containing a scan of the
plasma vertical position, followed by a scan in the plasma elongation (55141) and
the other including a scan from negative to positive plasma triangularity (55144)
to test the performance of the time varying version of the controller design with
an optimised number of actively controlled variables (8) and controller gains
(position (K, = 0.55 and 7, = 0.1s)and shape control (K, = 0.3 and 7, =
0.01s)).

Figure [11] shows the application of the controller to the complex plasma sce-
nario involving sweeps of plasma position and elongation. The norm of the errors
on the active controlled variables (figures[l1j(c) are reduced rapidly at the time of
the controller activation and are then kept close to zero, providing a satisfactory
tracking of the plasma position (11{d)) and shape variables (elongation (figure
11j(e)) and triangularity (figures[11}f)). Figure [I2]shows the evolution of the last
closed flux surface at various time instances during the discharge.

Figure[13|shows the application of the controller to a scenario involving a scan
of the plasma triangularity from a negative to a positive value. Upon controller
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Figure 11: Performance of the generalised plasma position and shape controller
for limiter plasma configuration involving a scan of plasma vertical position and
elongation with 8 actively controlled variables and fixed controller gains for po-
sition (K, = 0.55 and 7,; = 0.1s) and shape control (K, = 0.3 and 7,; = 0.01s).
(a) Poloidal flux contour v, (black lines) and (b) the last closed flux surface
(green line) at different time instants of the controller operation obtained from
RTLIUQE. (¢) Time evolution of norm of the errors of the actively controlled vari-
ables. Reference and measurement of the plasma vertical position (d), elongation
(e) and triangularity (f) obtained from FBTE and LIUQE. The pre-programmed
plasma boundary is given by control points in magenta circles.

activation, the norm of the errors on the actively controlled variables is reduced
and adequate tracking of not only the plasma triangularity (figure [13(f)) but
also of the plasma vertical position (figure [13|(d)) and elongation (figure[L3|e)) is
obtained. The time evolution of the last closed flux surface during the discharge
is shown in figure

The perturbations observed in the norm (figures[1}c) and [13{c)) of the errors
on the controlled variables are induced by step changes in the poloidal field coil
currents resulting from a change in polarity or from switching of the controller
algorithm to control a new equilibrium. However, the designed controller rejects
the disturbances and forces the controlled variables to track the desired reference.

4.2 Divertor plasma configuration
4.2.1 Plasma configuration with fixed plasma shape and position

After successfully testing the controller design for fixed and time varying plasma
position and shape for the limiter plasma configuration, the controller design was
extended to divertor plasma configurations. Similar to the previously discussed
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Figure 12: Last closed flux surface (red line) and vertical position Z, of the
plasma magnetic axis (blue circle) obtained from RTLIUQE for the plasma dis-
charge 55141, at various time instances. x and ¢ represent the plasma elongation
and triangularity obtained from LIUQE. The pre-programmed plasma boundary

is denoted by magenta circles.
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Figure 13: Performance of the generalised plasma position and shape controller
for a limiter plasma configuration involving a scan of the plasma triangularity
with 8 actively controlled variables and fixed controller gains for position (K, =
0.55 and 7,; = 0.1s) and shape control (K, = 0.3 and 7,; = 0.01s). (a) Poloidal
flux contour v, (black lines) and (b) last closed flux surface (green line) at
different time instants of the controller operation, obtained from RTLIUQE.
(¢) Time evolution of norm of the errors of the actively controlled variables.
Reference and measurement of the plasma vertical position (d), elongation (e)
and triangularity (f) obtained from FBTE and LIUQE. The pre-programmed
plasma boundary is given by control points in magenta circles.

procedure, a divertor discharge with fixed plasma shape and position was per-
formed (55725). Figure [L5[shows the successful application of the controller to a
time invariant divertor plasma configuration with an optimised set of controlled
variables controlling simultaneously not only the plasma shape and position but
also the position of the divertor leg and the poloidal magnetic field at the X-
point. The contour plots before and after the controller activation are shown in
figures [15|(a) and [15|(b). Again, the controller activation results in the reduction
of the norm of the errors on the actively controlled variable (figure [15]c)), and
excellent and smooth tracking is achieved as shown by a comparison of the ref-
erences with the measurements of the plasma position and shape variables, as

shown in figure [I5{(d) and figures [L5|(e-f).

4.2.2 Plasma configuration with varying plasma shape and position

A complex divertor plasma discharge to test the time varying version of the
algorithm in a divertor configuration was performed (55147) including sweeps
in both the plasma and shape variables. Figure illustrates the universality
and flexibility of the controller using a divertor plasma configuration involving
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Figure 14: Last closed flux surface (red line) and vertical position Z, of the
plasma magnetic axis (blue circle) obtained from RTLIUQE for the plasma dis-
charge 55144, at various time instances. x and ¢ represent the plasma elongation
and triangularity obtained from LIUQE. The pre-programmed plasma boundary
is denoted by magenta circles.
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Figure 15: Performance of the generalised plasma position and shape controller
for controlling a time varying divertor plasma configuration with optimised ac-
tively controlled variables (8) and controller gains for position (K, = 0.55 and
75 = 0.1s) and shape control (K, = 0.85 and 7,; = 0.05s). (a) Poloidal flux
contour 1, (black lines) and (b) last closed flux surface (green line) at differ-
ent time instants of the controller operation, obtained from RTLIUQE. (¢) Time
evolution of norm of the errors of the actively controlled variables. Reference and
measurement of the plasma vertical position (d), elongation (e) and triangularity
(f) obtained from FBTE and LIUQE. The pre-programmed plasma boundary is
given by control points in magenta circles.

complex and simultaneous changes in the plasma position and shape during the
plasma discharge. Figure (c) shows the norm of the errors on the actively
controlled variables. The tracking performance of the controller with respect to
the plasma position and shape variables is shown in figures [16](d) and [16](e-f).
Figure |17 shows the evolution of the separatrix at various time instances for the
plasma discharge.

5 Summary and conclusion

A generalised plasma position and shape control algorithm, developed particu-
larly for advanced plasma configurations, has been presented in this paper. A
linearised plasma model (RZIp), re-derived here in its entirety, is used to study
the coupling between the TCV hybrid PID controller and the new generalised
plasma position and shape controller. The model is also used to verify the perfor-
mance of the control algorithm as well as to optimise the control parameters for
the controlled variables. A successful experimental implementation of the con-
trol algorithm has been demonstrated for both fixed and time varying plasma
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Figure 16: Performance of the generalised plasma position and shape controller
for controlling time variant divertor plasma configuration with optimised actively
controlled variables (8) and controller gains for position (K, = 0.55 and 7 =
0.1s) and shape control (K, = 0.3 and 7,; = 0.01s). (a) Poloidal flux contour 1,
(black lines) and (b) last closed flux surface (green line) at different time instants
of the controller operation, obtained from RTLIUQE. (c¢) Time evolution of norm
of the errors of the actively controlled variables. Reference and measurement of
the plasma vertical position (d), elongation (e) and triangularity (f) obtained
from FBTE and LIUQE. The pre-programmed plasma boundary is given by
control points in magenta circles.

position and shape for limiter and divertor plasma discharges. The control de-
sign exhibits an improved performance with respect to the control of the plasma
position and shape relative to the legacy TCV hybrid controller.

The generalised plasma position and shape controller has been successfully
tested on various limiter and divertor plasma discharges involving complex changes
in the position position as well as and shape during the discharge. A suitable
range of controller gains has been experimentally found which provides good
control of the plasma position without exciting instabilities, particularly the ver-
tical instability. The controller can be optimised in an intuitive fashion, by
promoting particular control variables through preferential weighting, while the
singular-value decomposition formalism provides natural criteria for optimising
the number of controlled parameters. Current limits in the poloidal field coils
are respected by anti-windup techniques. A smooth behavior in time is ensured
by the bumpless formalism.

In spite of considerable success in developing exotic plasma shapes without
active control, future, more advanced developments in TCV - extending beyond
the current empirical limits - are likely to depend on reliable shape control. The
work described in this paper aims to be the cornerstone of these developments.
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Figure 17: Separatrix (red line) and vertical position Z, of the plasma magnetic
axis (blue circle) obtained from RTLIUQE for the plasma discharge 55725, at
various time instances. x and J represent the plasma elongation and triangularity
obtained from LIUQE. The pre-programmed plasma boundary is denoted by
magenta circles.
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6 Appendix

6.1 RZIP

Definition for the elements of the M and R matrices,

oL, 2mR,B,, _ 27R,B.,

Myr = R + I , Mgy I, Hol's,

2 B 2 B

Myr = — }Tjo%,]\/[}%z = 7;50 %ZZ,
Ry = 27;5 “Bs, MOI;:OIPO + ttoTo,
o Holoo 00 278y
2 I, OR I,
Ryr = Rpy = %%,Rm = Rpa = %%7
R,z = Rz, = %%,Raz = Rza = %%7
= e (L) — 2 0 () — 225 (1L) — 222 (19

(21)

6.2 Sign-bit Controller

In order for the poloidal field coil to switch the current polarity, it is necessary
to send to its power supply a digital signal, i.e., a sign bit of suitable polarity,
magnitude and pulse width. Sign bits in TCV are pre-calculated in MGAMs [21]
based on the feedfoward PF coil current requests and sent as feedfoward traces to
the PF coil controllers. As the currents are based on FBTE calculations, which
in turn are based on assumptions about the current profile - typically assumed
to be Ohmic-like - substantial auxiliary heating can cause a significant departure
from the predicted currents, in which case the pre-calculated sign bits may be
inaccurate. If a current reaches zero and the relevant sign bit has not been
issued, the coil current languishes at zero and the current evolution is different
from the pre-programmed request. This problem is greatly exacerbated by the
generalised plasma position and shape controller algorithm, which often requests
coil currents that are very different from the pre-programmed ones. The sign-
bit issue is an inherent hindrance to true real-time control, and its resolution
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was seen as an integral component of the shape controller development. The
new, fully digital, distributed control system (SCD) presents an opportunity for
the development of a sign bit controller based on the real time measurement
of the poloidal field coil currents. An algorithm based on the following scheme
has been developed in the Simulink block diagram environment and has been
successfully tested experimentally. Two unique thresholds (T'hy and Thsy, Thy
> Thy ) for the poloidal field coil currents are defined. Upon the crossing of
the first threshold by the absolute value of a given poloidal field coil current, a
sign-bit of opposite polarity is generated. When the poloidal field coil current
crosses the second threshold (lower than the first one), a sign-bit of the same
polarity as the previous sign-bit is generated. Further, when the poloidal field
coil currents stays under the second threshold, alternating sign-bits separated
by a predefined time interval are generated until the poloidal field coil current
switches polarity.
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