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ABSTRACT
Models of the response of the plasma current, position and shape to poloidal field coil
currents have received considerable attention due to their importance in the design and
predicting the performance of tokamak feedback control systems. Their increasing use
has fuelled a need to validate them with experimental data. Previous attempts have
always used closed loop data and whilst providing promising results were limited by
the role of the feedback system.

This article presents a technique and results for the estimation of the open loop
frequency response of the plasma on TCV. The results are compared with the
CREATE-L model and confirm the previous good agreement with closed loop data. A
stmpler model has also been developed in order to understand the reasons for the good
agreement and identify which plasma properties are important in determining the
response. Thus an implementation of a simple circuit equation model is described and
results confirming its agreement with the data are also presented. The reasons for this
good agreement are discussed. An alternative modelling method combines features of
both the theoretical and experimental techniques. Its advantage is that it incorporates
well defined knowledge of the electromagnetic properties of the tokamak with
experimental data to derive plasma related parameters. This model provides further
insight into the plasma behaviour.



1. INTRODUCTION

It is important to possess an adequate model of the response of the tokamak plasma
equilibrium to voltages applied to the Poloidal Field (PF) control coils, termed the
plasma response model in this article. Typical parameters of interest are the variations
of the plasma current, the plasma position and of the plasma contour shape, for both
limited and diverted plasmas. The model should be linear, time-invariant and should
describe the amplitudes and phases of the variations of the measured electromagnetic
quantities as a function of the applied voltage frequency. Developing an adequate
plasma response model is required for: i) simulating the behaviour of the plasma, ii)
predicting the behaviour of the plasma, iii} confirming our understanding of the
plasma behaviour, and ultimately, iv) improving the plasma current, position and
shape feedback controller.

The importance of equilibrium response modelling for controller design is presently
highlighted by the design of the ITER PF control system. On most tokamaks,
controllers are low order (proportional integral derivative), based on simple plasma
response models or tuned empirically. More modern control strategies exist which can
optimise a cost function, take into consideration quantified model uncertainties, or
perform online optimisation. All of these methods rely on a sufficiently accurate linear
model of the system being available to the control engineer. Linear quadratic optimal
control has been extensively studied [1, 2 and 3]. The H., controller design theory has
also received considerable attention [4, 5, 6] as it allows a cost function to be defined
and optimised to improve performance whilst maintaining constraints which guarantee
stability of the system in the presence of quantified bounds on the uncertainty of the
model. Plasma shape, current and position controllers are now being designed for
ITER using high order models linearised about an operating point corresponding to a
particular equilibrium. The resulting controllers are tested on other models, both linear
and non-linear, to ensure that the stringent ITER performance requirements can be
met. Given the reliance of the ITER PF controller design on such linear models, there
is a clear need to validate these models against experimental results. Given a further
reliance on the newer high-order controller designh methods, there is also a need to test
the methodology itself in an experiment. This validation should therefore involve
generating an appropriate linear model, validating the model against experiment and
finally designing a controller and qualifying both the model and the method in an
experiment.

There are two standard approaches to modelling and both are discussed in this article.
The most prevalent method for modelling the plasma response has been
phenomenological. A mathematical model is constructed from the relevant physical
laws with appropriate, but often debated, simplifying assumptions. Models of the
unstable vertical position response include current filament models [7] and rigid
current displacement models [8]. For the plasma shape, position and current
responses, the models range from simple circuit equation assumptions [9, 10, 2, 11] to
high order deformable equilibrium plasma response models, such as CREATE-L [12],
used in the design of the PF controller for ITER. This model accurately reproduces the
closed loop behaviour of the TCV tokamak for limited discharges [13] and diverted
discharges [14].



The second approach to modelling the plasma response is based on system
identification. No a priori physics knowledge is assumed. Instead, a fit to
experimental data is used to determine a suitable mathematical model. This approach
has been used successfully in many fields, for example solar heating, ship steering and
human speech [15]. The main features of TCV for modelling are that it is unstable
with a large number of inputs (18 independently powered PF coils) and a large
number of outputs (6 control parameters used in these particular experiments). These
properties make TCV a challenge for such techniques. For plasma response
modelling, the experimental data are collected by exciting the plasma response using
suitable stimulation signals superimposed onto the PF coil demand voltages. The open
loop response cannot be measured by simply opening the feedback loops, since the
vertical position of the plasma is unstable once the plasma cross-section is elongated.
However the open loop response can be recovered from closed loop data.

An example of earlier work is the system identification of the response of the plasma
radial position of a circular plasma [16]. This identified model was compared against
variations of a physics model in which the value of a coefficient was modified
according to different physical assumptions. The identified model was also used to
tune the gains of a proportional integral controller and is one of the earliest
applications of a model to the design of a tokamak controller. Similar work on the
identification of the radial position in a circular plasma and its use in tuning a
proportional integral controller has been reported [17]. The plasma vertical position
has received more recent attention due to the issue of its instability. The closed loop
vertical position response of DIII-D was system identified and compared with a closed
loop model in Ref. [18]. An open loop model of the unstable COMPASS-D vertical
position response was system identified from closed loop experiments and
subsequently used to develop high order controllers with improved performance [19,
20]. The system identification technique can also be used to derive linear models from
non-linear simulation codes. As an example, a full multivariable linear model
including the plasma current and plasma-wall gap responses was obtained from TSC
code simulations of ITER [21].

In this article, we extend this previous experimental work by applying a new system
identification method [22] to identify the plasma equilibrium response to all the PF
coil voltages in the TCV tokamak. The experiments lead directly to an open loop
model of the current, shape and position response from closed loop experiments. A
model is obtained from the raw experimental data in two stages. Firstly, the
amplitudes and phases of the responses are estimated for all of the input-output
combinations at a pre-determined set of frequencies. The second stage is to obtain a
mathematical multivariable transfer function which best fits the frequency response
estimates. This has already been described in detail [23] but is not discussed further in
this article.

The frequency response estimates themselves can be compared directly with open
loop plasma response models. This open loop comparison corrects a recognised
deficiency in previous model-experiment comparisons of the closed loop behaviour in
TCV [13, 14]. A feedback system generally tends to reduce the sensitivity of the
closed loop system to variations in the open loop plasma response model, whereas the
success of a high-performance controller design depends on the accuracy of the open



loop model. The effect of the feedback controller is no longer present in our new open
loop data and a direct comparison is possible.

The structure of the article is as follows. In Section 2, we describe the experimental
techniques, the experiments performed and the analysis procedure, of which the full
technical details are described elsewhere [23]. The results of the new application of
this system identification procedure have proved to be extremely encouraging. The
procedure leads to a surprisingly accurate model given the constraints of noise, the
power supply limitations and the limited duration of the tokamak discharge flat-top. In
Section 3, we present different phenomenological response models for comparison
with the data. Firstly, we present the model of the response of the diagnostics in the
absence of plasma, useful for benchmarking the precision of our electromagnetic
model. Secondly, we introduce the CREATE-L model of the plasma response.
Thirdly, in view of the success of the CREATE-L comparison, we implement a
simpler circuit equation plasma response model for TCV (RZIP). Section 4 presents
the detailed experimental results and compares them with these different models. The
accuracy of the results can reveal differences between the assumptions made in a
priori models. In Section 5 we develop a compromise ‘Grey Box’ model of the
plasma, which is partly derived from a priori modelling and partly derived from
experiment. This model incorporates well defined and verified a priori knowledge of
the electromagnetic properties of the tokamak in the absence of plasma. The plasma
parameters are then identified from experimental data. In Section 6, we investigate the
implications of the good agreement between the experimental data, the CREATE-L
model and the RZIP model. We conclude the article in Section 7. The complete
experimental results and comparisons are presented in Appendix A. This article
focuses on and discusses only the more illuminating comparisons.

2. EXPERIMENTAL TECHNIQUE
2.1 Introduction

TCV is a Tokamak which is ideally suited to a plasma control and modelling study as
it possesses a relatively large number of independently driven poloidal field coils
(Fig. 1). This feature lends an adaptability not available in most tokamaks. The coils
comprise an inner set of eight E coils, an outer set of eight F coils, a single large
ohmic solenoid coil (OH1) and a set of smaller ohmic coils connected in series which
are all labelled OH2. The ohmic coils are primarily used for inductively driving the
plasma current, while the E and F coils are mainly used for plasma shaping and
positioning.

The aim of the identification procedure is to model the dynamics between the input
demand voltage at the PF power supplies and the plasma electromagnetic control
parameters.

2.2 TCV control system

A block diagram of the TCV Tokamak including its controller and power supply loop
is shown in Fig. 2. The function of the power supply loop is to constrain the current in



the coils to follow the preprogrammed scenario as closely as the plasma control
parameter feedback loop allows. We consider the power supply to be part of the open
loop TCV system and thus seek to identify a model for G(s) in Fig. 2. Measurements
of the voltage commands to the power supplies (#) and of the control parameters (cp)
are available.

There are five electromagnetic control parameters used in these discharges: P_VERT
(the radial flux imbalance) which is a measure of radial position, TRI OUT (the
outboard field curvature) and TRI_IN (the inboard field curvature) which together
define elongation and triangularity, I, (the plasma current) and zl, (the product of the
plasma current and the vertical plasma position). Another parameter not under
feedback control but considered here is ¥z, the difference between the R21p and Rozlp
current moments, where Ry is the unperturbed major radius. All these parameters are
estimated using linear combinations of fluxes, poloidal fields, and poloidal field coil
currents. In almost all cases they are a more sensitive test of the plasma dynamics than
the raw magnetic fields and fluxes, since they are generally differences between terms
dominated by the plasma-less response rather than the plasma response.

A multi-input multi-output, proportional integral derivative controller, which acts
through all coils, is used to stabilise the plasma position and regulate the control
parameters using thyristor power supplies. Further details have been reported [24].

2.3 Coil excitation

Rather than using the E and F coils independently, they were matched symmetrically
with respect to the horizontal mid-plane to form the pairs E1-E8, E2-E7, E3-E6, E4-
ES, F1-F8, F2-F7, F3-F6 and F4-F5. These coil-pairs could then be driven in two
modes, symmetric (where the coil-pairs receive the same voltage) and anti-symmetric
(where the coil-pairs receive voltages of the same magnitude but of opposite sign).

The pairing of the coils is useful as it decouples the allowable plasma motion for
plasmas which are up-down symmetric and centred on the midplane. The application
of symmetric coil voltages produces no net radial field at the midplane and therefore
does not drive any vertical plasma motion, while the use of anti-symmetric coil
voltages produces a purely radial magnetic field on the midplane. A simple separation
of the control parameters is apparent, as zI, is the only parameter which is affected
during the anti-symmetric experiments and barely affected during the symmetric
experiments. Furthermore, by stimulating a pair of coils rather than a single coil, the
signal-to-noise ratio of the output signal can be improved since the output response is
twice as large for any given input amplitude limit. The signal-to-noise ratio of the
measured input signal is also improved.

The anti-symmetric experiment set required eight separate discharges (eight coil-
pairs), while the symmetric set required two more, as it included the ohmic coils. It
should be noted that whereas the test signal was only applied to one coil-pair at a time,
the controller used all of the inputs.

2.4 Experiment parameters



A weakly shaped plasma was chosen since no experience of this type of multivariable
identification was available. A low vertical instability growth rate (~200 s'l) implied a
low open loop bandwidth which was considered to be more suitable for this first

attempt. The main parameters were (R=0.87 m, =022 m, By=1.4 T, 1,=200 kA,
Kos=1.4, 5%5=0.23, g=4.6, n=2.2x10""° m™>).

During each identification experiment, measurements of the input and the output of

the plant system were taken at 5 kHz, to avoid aliasing, over a time interval of 0.5 s.

This is longer than the period of the lowest-frequency sinusoid. The transients
following the start of the stimulation were allowed to decay for 50 ms before the

experimental data was considered useful. This left 0.45 s of useful identification data

for anti-symmetric stimulation. For symmetric stimulation data, the transient response

of the tokamak in this configuration was found to be longer than 50 ms. The useful

data was reduced to almost 0.4 s which was not sufficient to resolve the lowest

frequency accurately. Any offset and linear drift was removed from the signals before

analysis.

2.5 Stimulation signal

Point frequency estimates were obtained by exciting the system with a
multi-sinusoidal signal. The model identification technique [23] requires a set of
frequency response estimates at a predefined set of frequencies. This leads naturally to
the use of a multi-sinusoidal signal to excite the system, rather than broadband
excitation, because the input signal energy is concentrated at the relevant frequencies,
producing more accurate estimates of the frequency response. The smoothness of the
underlying response as a function of frequency is assumed.

The TCV excitation signal was designed with 29 sine waves spanning the angular
frequency range 20 rad/s to 3000 rad/s. The period of the slowest sine wave in the
excitation signal was designed to be 0.3 s which should have been adequately
resolvable during the experiments. The highest excitation frequency was designed to
be below half the sampling frequency and also above the assumed TCV bandwidth.

This excitation signal s(f) injected at point s in Fig. 2 was defined by
29
s(t)= MY, K, cos(a,t +¢,) @.1)
i=1

where the phases (¢;) were chosen to minimise the maximum amplitude of the total
signal and the frequencies (@,) were defined by
i1}
@, =430tan| — 2.2
The reasons for using this warping formula were to aid the mathematical model

identification [23]. The frequencies are close enough so that resonant peaks or notches
were not expected to be missed and the open loop bandwidth of the system was

spanned. The weighting factor K; was chosen to be K, = [1 -1 14 3 4 4]

where larger weighting factors were given to the higher frequency sine waves in order
to compensate for the lower gain of TCV at these frequencies



The test signal was scaled by a factor M to ensure that it was within the linear range of
the power supplies but also large enough to provided sufficient signal-to-noise ratio in
the resulting data. The final voltages applied to the PF coils lay within 80% of the
power supply limits. This avoided power supply saturation and zero current crossing
where a non-linear switch occurs in the TCV power supplies. The same excitation
signal (allowing for different scaling, M) was used for all experiments. Figure 4
illustrates a stimulation signal, the raw input and output responses, and their fitted
forms and residuals, during an experiment.

2.6 Frequency response estimation

If the system operates in a noise-free linear and time-invariant manner, the frequencies
of the spectral components in the measured signal will match those in the test-signal
exactly. The frequency spectrum of the measured signals at these frequencies is
obtained by a least squares approximation.

We choose the sine and cosine of the measurement frequencies (@;) as basis functions
and define an approximation error,

e, = u(kts) - i [B,. cos(a),.kts) +C, sin(a)ikts)] (2.3)

where u(kt;) is the measured signal, ¢ is the sampling time and k=1,...,m is a time
index. We compute B; and C; (Co=0 if wy=0) such that the error e'e is minimised
where e is the vector:

e=[e1 e, - e em]T (2.4)

The frequency component of the measured signal at w; is then defined by Aexp(ig),

where 4, =B} +C? and ¢ =tan™'(- C,/B).

The amplitudes of the residuals (e;) which cannot be decomposed into the
measurement frequencies are a measure of data corruption due to external
disturbances, measurement noise and non-linearities of the system. Therefore, the
smaller the residuals, compared to the measured signals, the greater the confidence in
the results of the identification procedure, Fig. 5.

The frequency spectra of all of the input and output data collected during the
identification experiments is then used to obtain the open loop frequency response. To
identify a 1-output, g-input system we need to have performed g experiments. For the

i experiment we define the input frequency spectrum as U/ (w,) and the output
frequency spectrum as ¥’ (®,), where / indexes the inputs. An estimate of the system
frequency response at each measurement frequency is given by,

 [P@)][ui@) - ve@)]
Glw)=| P (2.5)
Y(a)| [Ufw) - Uj(a)

i q i



The invertibility of the matrix (U,) at each frequency is a mild assumption that is
satisfied if the corresponding matrix for the designed test-signal is invertible. If that is
the case, then the experiments performed are said to be independent. One example of
an independent set of experiments would be the case where the test-signal is applied
to each input in turn. Applying the same stimulation signal to the symmetric and anti-
symmetric coil pairs also constitutes an independent set of experiments. The condition
number of the U; matrices varies from 3 to 30, with lower values at higher
frequencies, and so are easily invertible.

2.7 Reduction of the experimental frequency response data

The raw frequency response data can be fitted to a low order model. This was useful
for the case of the anti-symmetric stimulation, for which a single low order
multi-input single-output model can describe the response of z, to voltages applied to
all coils. However, the symmetric response of the plasma is not dominated by a unique
small set of modes. The model reduction procedure forces all anti-symmetric
responses to have the same unstable pole, namely the vertical instability growth rate.
The symmetric response of the plasma is more complex, with different modes
affecting different coils. As a result, low-order multi-input single-output models
relating one control parameter to all PF coils could not be obtained.

3. MODELS OF THE PLASMA RESPONSE
3.1 Introduction

We shall compare the open loop plasma equilibrium responses experimentally
measured on TCV with those predicted by different plasma models. These models all
generate the response of the coil, vessel and plasma currents. The linear relationship
between these source currents and the diagnostic measurements of poloidal field
(Bypot), poloidal flux () and coil currents (Ipo) is then derived. Finally, we recreate the
feedback control parameters used in the experiment, which are real-time matrix
multiplications of an ‘estimator’ matrix onto the measurement vector [Byo, ¥ Lyoll.
These control parameters are generally more sensitive to the choice of the plasma
response model than the individual By, ¥, and I, measurements, since they are
mostly combinations of measurements that are dominated by the plasma-less
response. All models include a power-supply model, simplified to a single-pole filter
of time-constant 7z, between 0.5-0.7 ms, representing a statistical delay in the power
supply response.

Firstly, we describe a ‘plasma-less’ model, which represents only the interactions
between the applied voltages and the active currents, passive currents and diagnostic
measurements. We follow with the CREATE-L linearisation of the PROTEUS
non-linear code. This model can be generated for different assumptions of the
conserved quantities. When comparing the models and the data, we shall see that the
agreement between the experimental responses and the CREATE-L model is
excellent, as could be expected from the success of our earlier closed loop response
comparisons.



We have checked a simpler model, namely a fixed current distribution model. RZIP,
the TCV implementation of this class of model, is described in detail. An advantage of
such a simple model is that we can quantify the importance of different plasma terms
and the effect of any uncertainty in their values. This type of model is suitable when
many different configurations need to be assessed.

3.2 Plasma-less model

In the absence of any plasma, voltages applied to the PF coils still produce a response
on the magnetic field and magnetic flux measurements and we can still define a
system response from the control inputs to any output parameters. However, in this
case, output signals that provide moments of the plasma current distribution should be
zero. Examples are the plasma current, the vertical position of the current centroid or
the radial position of the current centroid. Indeed, this property provides a sensitive
test of the precision of the approximation of these contour integrals using a discrete
set of field and flux sensors.

The input-output responses depend on the geometry of the tokamak, on the resistivity
of the passive structures, on the resistance of the PF coils, and on the positioning of
the individual diagnostic measurements. The plasma-less model therefore provides us
a method of validating our electromagnetic model of the tokamak. Good agreement
with the plasma-less model and poor agreement with the plasma models then implies
that the model of the tokamak structure should not be the source of uncertainty. Lack
of agreement would imply that our plasma model could never be correct.

The plasma-less model can be simply expressed by the circuit equations
M7 +QI =V, (3.1

where the matrix M. is the mutual matrix between the active PF coil currents and the
passive vacuum vessel currents, grouped together as a vector of circuit currents, I..
The vessel currents can either be taken to be filament currents or their truncated
eigenmode equivalents. The diagonal matrix Q. is the resistance matrix of these
circuits and V; is the vector of applied voltages, zero for the passive coils. '

This equation can be recast in the standard state-space representation as

I.=AI_+BYV, 3.2)
where A = - (My)”" Q. and B = (M,)" and the state vector remains the vector of
currents. In this state representation the measurable fluxes, fields and currents (the

vector y) are determined by an output equation

y=CI +DV, (3.3)



where C represents the combination of the Green’s functions and the feedback control
estimator matrix and D = 0. The matrices A, B and C therefore constitute the
plasma-less model.

3.3 CREATE-L plasma response model

The CREATE-L model is a locally linearised representation of the response of a fully
deformable equilibrium, derived from the PROTEUS non-linear model [25].
CREATE-L has been described in detail in [12] and is derived by linearising the
equilibrium equation together with Ohm’s law in the active and passive conductors as
well as in the plasma itself. In this model, the plasma is assumed to be in permanent
MHD equilibrium and the plasma current density profile is kept fixed, whereas the
total plasma current is allowed to vary. The boundary and magnetic axis fluxes are
also allowed to vary.

The dynamic evolution of the currents flowing in all the conductors, including the PF
coils, the passive conductors, and the plasma, is described by:

dwdt+QI=V (3.4)

where ¥is the vector of fluxes linked with each conductor and Q is the resistance
matrix. I and V are the conductor currents and applied voltages respectively.
Expanding the currents I(¢) about their reference values:

I(t) = Lec + GI(2) (3.5)
it is possible to obtain the linearised form of (3.4):
L d(STy/dt+ Q 6T = oV (3.6)

where V is the coil voltage vector which is zero for the passive circuits and L = o%er
is the modified inductance matrix. The latter is obtained by solving a linearized form
of the free boundary equilibrium problem after meshing the area of interest and
assuming a given equilibrium [12]. The model is completed by the response to /j and

Bp variations. However, we are only interested to the plasma response to the
conductor currents in the present work, and therefore neglect these terms.

As before, the circuit equations are conveniently cast in a state space form:
dx/dt=Ax+Bu 3.7
where A=—L*'IQ, B= L*'l, the currents constitute the state vector, x = &I, and the
voltage input is the control vector, # = SV. The output variables of interest are the
perturbations of fluxes and fields measured by magnetic sensors, and current

moments. They are linear combinations of state variables as before.

All of the CREATE-L models used up to date exclude the presence of skin currents at
the plasma boundary, and assume zero plasma resistivity. An alternative model has

10



also been derived with the additional constraint that the poloidal flux be frozen at the
plasma boundary. Previous work had shown that the nominal model is in good
agreement with TCV closed loop experiments, but that the frozen flux model had been
invalidated [14], but we repeat this comparison for interest.

3.4 Constant current distribution model - RZIP

We describe the development of a simpler model than the CREATE-L linearised
equilibrium model. We construct a set of circuit equations 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 model is inherently linear and is similar to the RCDM model
developed previously for the modelling of only the vertical plasma motion of
vertically unstable TCV plasmas [7, 18, 8]. This model has now been extended to
include control actions that modify the poloidal flux, along the lines of previous work
[9, 10, 2, 11]. The main advantages of a simpler model are that it requires less effort to
construct, does not necessarily need a plasma equilibrium and is more explicit in the
quantities that define the plasma response.

The RZIP (R, z, I;) plasma model is based on the linearisation assumption that small
variations in the PF coil voltages lead to small changes in the plasma current, PF
currents, vacuum vessel currents and the plasma radial and vertical positions. These
small variations occur about a given unperturbed equilibrium state. It is assumed that
the equilibrium parameter A= f,+/ /2remains fixed, although variations in this

parameter can be introduced as a disturbance, as in the case of the CREATE-L model.

The equations defining the structure are firstly the circuit equations for the PF coils
and the vessel currents, as for the plasma-less model. In addition, we add the time
derivatives of the radial and vertical force balance equations and the poloidal flux
conservation equation. In these equations, notations such as 4, and 4, represent the

derivatives of quantity 4 with respect to the radial (R) and vertical (z) co-ordinates
respectively. Those quantities that are dependent on the plasma current distribution,
namely the convolution integrals of magnetic fluxes and fields as well as their radial
and vertical position derivatives, are obtained by averaging over the plasma current
distribution derived by the TCV LIUQE equilibrium reconstruction code [26]

Zi A(rz‘ ’Zi) ) Jtor(ri 7Zi)
= z, Jtor(ri »Z;)

(3.8)

where 4 is any of the parameters of interest.

The PF coil and vessel current circuit equations are based on calculating the flux
derivative for each circuit, including the new plasma current terms, and become

M, 1+ (M) LR+(M) 2+ M1 +QI, =V, (3.9)

11



where Mg, M;, and M, are row vectors and the subscript ‘p’ refers to the mutual
inductances with respect to the plasma current. We choose the eigenmode
representation for the passive vessel currents.

The vertical force balance equation, ignoring the plasma mass as in previous work,
remains

MI ~o-(z[))=0 (3.10)
where & =—(27R, /1,)(0Bg[0%2)..,,. Due to the lack of any dynamics in the vertical

force balance equation, the z/, state variable could be eliminated, however it is
retained in what follows to clarify the development of the model.

The perturbed radial force balance equation is expressed by the time derivative of its
linearised variation

d d
5[52 Fe|=0= E[s{zw By (R) + cxt(R))}] (3.11)
which implies
v+ | Mol O , _ uo )
MII + { g+ 2By + 27R ] B R+ [l oI5 + 2R By [f, = ——=E
(3.12)
: 8R, 3
where the Shafranov parameter is taken to be I' =In +A-—.
avic 2
The perturbed flux conservation equation becomes
M, + [ (1+ f) 1 +27R By [R+ Loy + 1o QR+ Q1 = 0 (3.13)

8R L )
where (2 is the plasma resistance, f,= ln(a «/EK-)+51_2 and L, = Uy R, fyis the

plasma inductance. This equation can also be eliminated as a combination of modified
states, but as before we retain it for clarity.

These equations (3.9-3.12), with some abuse of notation, can be combined as follows:

Mo (e a) (a) ] [5]) faco0 oL [ %

Moo 0 0 [ Em ]y 00 O e | |14
M; 0 M,, M, RI,, 0 00 0 RI, —'UZQLOSF '
M, M, Lo | I, 0 0&% Q I, 0

where s is the Laplace variable, the states have become functions of s and where

12



2 dR I, ° oR
M, =u,TI, +27L’ROBZO/IPO (3.15)
M, :.uo(l"'fo)"'z”RoBzo/Ipo

M, = {EQ-QI:+—2£(BZ0 +R B, ):I

In the nominal RZIP model, we assume that d/7"/dR = 1/R,, £ =0, £, = 0. These
simplifying assumptions will be investigated when examining the results.

This equation can be re-expressed in the standard state-space form as before. The
structure of this equation is similar to that of Eq. (3.1) of the plasma-less model. The
change of the R and I, responses due to the presence of the plasma is restricted to the
coefficients M3, M3z, Myz, Lyo, £3, and €2,". As in the case of the vertical position, the
radial position component of Eq. (3.14) has no dynamics and could be re-expressed as
an output equation. This corresponds to the radial equilibrium being instantaneously
satisfied. Any variation of the Shafranov parameter I appears as its time derivative in
the third row of the equation. Time-variations of £, and /; are therefore treated,
although this feature is not discussed further in this article.

The driving terms of the plasma equations are the integrals of the field gradients over
the plasma current cross section. In the nominal RZIP model, these are calculated by
integrating over the reconstructed equilibrium current profiles, known after the
discharge and are useful for a posteriori comparisons. We have also investigated two
even simpler assumptions, namely that the current distribution be approximated by a
circular or elliptical cross section with a parabolic profile, j(r) = (1-r2/a2), referred to
as the RZIP-0 models. These have the advantage of not being dependent on
reconstructed current profiles and can be evaluated before a discharge.

4, RESULTS
4.1 Introduction

In this section, we present the experimental results and compare them with the
different models described. In view of the quantity of information generated by such
experiments, we present only a representative selection in this article. A complete set
of the graphical data has been presented in Appendix A. It is possible to consider each
coil voltage as an individual input, as derived in the models. However we have chosen
to retain the symmetric and anti-symmetric combinations as inputs as used in the
expetiments. We subsequently present the data in a ‘decoupled’ form, making a new
set of up-down symmetric inputs that drive essentially the radial position, the plasma
current and the plasma elongation.

4.2 Plasma-less experiments
The vacuum vessel and PF system model was validated with a series of tests on the

TCV tokamak with no plasma. The feedback loop for the control parameters was
opened and the same multi-sinusoidal excitation signal as defined above was applied
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to the input of each power supply in turn. In these experiments only a single coil was
driven at any time. Following the procedure described in Section 2, a least squares fit
was used to find the frequency components in the input and output signals. Then the
system frequency response was obtained by collating all the frequency point estimates
and inverting as in Equation (2.5). The output variables examined included all the
diagnostic poloidal fields and fluxes, the PF coil currents and the control parameters.
Where the variance of the estimates is low the model-estimate fit is extremely
accurate. Typical errors lie within 1dB and 5 degrees for frequencies below
1000 rad/s (Fig. 3). When the output amplitude responses are small, the signal to noise
and hence the estimate variance is inevitably poorer but the data from all coil inputs to
all control parameter outputs never invalidate the model.

4.3 Unstable Vertical Plasma Movement

Only the zI, control parameter is modelled for the anti-symmetric stimulation. The
experimental data from the anti-symmetric coil-pair experiments were processed as
described in Section 2 to generate the frequency responses. These data were then
further analysed to produce separate impulse responses of the stable and unstable parts
of the system [23]. The order of these models was then examined showing that the
unstable system was dominated by a single pole, while the stable part could be
approximated by a 3-pole model. As expected, the single unstable mode corresponds
to the existence of the plasma vertical instability.

The reduced 4th order model is numerically described by

zl(s) = [E18 E27 E36 E45 F18 F27 F36 F45]x

[1.92x10° 5.99% 107 39.6]
2.85x10° 1.83x 10" 46.8
2.17x10* 4.89x 10 66.6
2.75%10™ 3.18x10" . 35.9
1.75% 107 -1.01x107 ° 7| 21.0
8.10x10° 622 %102 26.1
505%10° 19610 328

| 131x10° | 137x107 | [187]

= = 4.1
-2.43x10Ms* -6.2x10%5>-2.85x10°s* +4.42 x103s +1 @.1)

with the addition of a time delay of 0.7 ms which represents delays due to the power
supplies. Here E18 is shorthand for the voltage demand signal to the E1 and E8 power
supplies in anti-symmetric stimulation.

This identified model was compared with the RZIP and CREATE-L models, Fig. 6.
The models are all in excellent agreement. The amplitude plots show that the
model-experiment difference is of the same order as the variance of the experiment
estimates. Even though the responses span a very large dynamic range, over 50 dB, the
agreement is still good. This is especially remarkable at high frequencies with very
low gains. The largest level of disagreement occurs below 5 rad/s for the coils F3+F8
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where the disagreement is less than 2 dB and coils E2+E7 where the disagreement is
consistently approximately 3 dB. The phase response agreement is always within the
variance of the estimates except above 500 rad/s for coils F1+F8. The typical level of
difference is less than 5 degrees.

The predictions of the growth rate of the vertical instability are very close (213 s™
identified compared with 209 s™ for the RCDM). This is an encouraging validation of
the consistency of the identified and the physics based models. The identified model
can also be used to look for discrepancies in the physics based model and in Fig. 6 we
can see room for improvement in the amplitude response of the E2-E7 coil-pair.

4.4 Flux-varying responses

The same comparisons of the input-output transfer functions have been made for the
symmetric responses. The agreement is generally excellent, as illustrated by Fig. 7 in
which a sample of the responses is shown. Transfer functions can be contructed using
this experimental data [23] but this is not described here.

The apparent variance of the experimental frequency response estimates varies
according to the choice of input-output pair. However for each pair it remains roughly
constant in dB units across the range of frequencies. When the variance is low, the
agreement between the models and the data is generally good and there is normally no
variation between the models. The phases rotate smoothly as frequency increases. At
the highest frequencies, the response gain is usually small and the amplitude and
phase become more uncertain. There are too few cycles of the lowest frequency
stimulation to obtain an accurate measurement and these data show a regularly large
departure from a smooth frequency dependence. Thus the lowest frequency data have
been disregarded.

In general we find that both the RZIP model and the CREATE-L models agree with
the experimental estimates to within the variance of the estimates (41 cases out of 50).
A typical case is F3+F6 to Y&, (Fig. 7a) which has frequency estimates with a
variance of approximately 1 to 2 dB in the amplitude response and less than 5° in the
phase response. The plasma models agree both with each other and with the
experimental data. The plasma-less model has a much smaller amplitude response
indicating that the plasma is a very sensitive component of the model. The plasma
model agreement in this case can be considered with confidence as an indicator of the
quality of the models.

Occasionally we find transfer functions in which the plasma-less response also agrees
well with the data (Fig. 7b). In all these cases the plasma models have an almost
identical response to the plasma-less model (8 of the TRI IN and TRI OUT
responses). The plasma plays little or no part in the response and so the plasma model
assumptions make no difference to the plasma response. It is not surprising that the
agreement between the models and experiments are then so good, because we know
from vacuum tests that the electromagnetic properties of TCV are well modelled. For
this reason we consider the use of plasma current moments, such as ¥, to be a more
suitable test of the physics assumptions, although the use of flux control parameters
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would be sufficient if it is only the validity of the model for control design which is
being tested.

In some rare cases clear differences between the RZIP model and the CREATE-L
model can be observed. These cases are not specific to either the stimulation or the
response parameter except for a trend of large variances with E2+E7 stimulation. In
principle the experimental data could be used to distinguish the model with the correct
assumptions. In practice the variance of the estimates are too poor to resolve the
model differences. This tends to suggest a link between the estimate variances and the
sensitivity of the modelled responses to the physics assumptions. This could be due to
a number of reasons. One possibility is a nonlinear response which can only be poorly
linearized by a model and which is difficult to measure by linear frequency transform
methods. Another possibility is that the effect of plasma disturbances become
dominant in these particularly sensitive transfer functions. However neither of these
possibilities have been confirmed.

The difference between physics models for E2+E7 responses can be understood in
terms of the properties of the vacuum field created by the particular stimulation.
Figure 8 illustrates the vertical field and total poloidal flux modifications when the
coil currents are changed. E2 and E7 are placed at the poloidal location where the
vertical field created by a coil current crosses zero, displaced inwards by the
toroidicity. At the same place, the DC contribution of these coil currents to the net
poloidal flux is also small. The direct influence of these coils is therefore
exceptionally small and the response becomes very sensitive to small differences in
the models. However, these coils have a large coupling to elongation or triangularity
and the experimental response from E2+E7 to TRI_IN has an excellent signal-to-noise
ratio.

An unusual case (Fig. 7c) shows the experimental response lying clearly between the
RZIP and CREATE-L responses. For the response of I, to stimulation from coils E4
and E5 we cannot determine which model is the closest. These discrepancies only
occur for some of the I, and ¥; responses. This was not previously seen in closed
loop responses [13] and highlights the role of the feedback system in reducing the
sensitivity of the performance of the closed loop system to changes in the response of
the open loop system.

4.5 Decoupling of the stimulation

At first sight, it is surprising that the RZIP model, which has primitive assumptions,
should show as good agreement with the experimental data as CREATE-L which was
developed from a deformable equilibrium model. The most significant term that is
lacking in the RZIP model is the deformation of the plasma current distribution itself.
We consider the changes to the poloidal field structure imposed by the active and
passive currents as being decomposable into independent quantities. These were
evaluated by integrating them over the reconstructed current profile. The first is the
radial field, which drives the vertical position. The second is the vertical field that
predominantly determines the radial position. The third is the poloidal flux that
predominantly determines the plasma current. The fourth is the quadrupole field that
determines «, the coefficient that affects the vertical position instablity growth rate.
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To first order, the first three have no effect on the plasma current profile. The
quadrupole field is the first moment which deforms the profile, followed by the
hexapole field. This simple decomposition should provide an insight into whether the
relevant responses are correctly modelled. We might suppose that the reaction to a
quadrupole field change would be the first plasma response that is incorrectly
modelled. We verified that the effect of the coil voltage pattern generating a purely
quadrupole field at low frequency indeed modified the elongation more that
parameters, seen from the reconstructed equilibria.

There is no change in the quality of the agreement between the application of the
fields included in the model and other fields not included in the model. For example
Fig. 9 illustrates the RZIP, CREATE-L and experimental responses to the quadrupole
field. This implies that the deformation of the current profile caused by the quadrupole
field has a much smaller effect on the control parameters than the deformation of the
vacuum field itself.

5. GREY BOX MODEL
5.1 Introduction

The results have illustrated that both the CREATE-L and the RZIP models agree with
the experimentally identified frequency estimates. It is also possible to develop a
model solely from these frequency point estimates [23]. The advantage of such a
system identified model is that no a priori information is required about the plasma
response. Here we developed a hybrid approach to modelling which incorporates well
defined a priori knowledge for part of the model, and experimental data is used to
identify the parts of the plasma response which are more susceptible to error. The
generally used term for this approach is ‘Grey Box modelling’ and is used to contrast
‘White Box Modelling” which refers to a model based purely on a priori knowledge
and ‘Black Box Modelling’ which refers to a parameterised model based purely on
experimentally acquired information. Grey Box modelling is particularly suited to our
present problem due to the large number of known coefficients compared with the
small number of uncertain coefficients. Later, we compare the resulting ‘Grey Box
Model’ with the a priori models and with the experimental data.

5.1 Grey Box development

In the circuit equations (3.9-3.13), we find a large number of coefficients. These are
condensed into the reduced form (3.14). In this representation, the inductance matrix
M. is the inductance between the active coils and the passive vessel currents. The
resistance matrix is diagonal for all the circuits that have no interconnections and
contains the simple circuit resistances. All of these coefficients are independent of the
presence of the plasma and can, in principle, be modelled or measured with unlimited
precision given the required effort. They are therefore knowable a priori. Experiments
carried out in the absence of plasma can test the validity of these parts of the complete
circuit equations (Section 4.2). Since these matrix elements constitute most of the
non-zero matrix elements in the full circuit equations, we already see that the ‘Grey’
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part of the model is a very small fraction of the total model. The model is divisible
into ‘Black’ and ‘White’ parts in the frame of the circuit equations, and not in the
frame of the standard state space form.

The plasma-related parts of the circuit equations are Mz", M,’, «, M, Ms3, M3a, Mas,

Lyo, £ and £, . The terms My', M., «, and M, are integrals over the plasma current
distribution which are only very slightly dependent on the plasma current distribution,
as we have deduced and as we shall demonstrate later. This is a corollary of the
difficulty of measuring the plasma current distribution from magnetic measurements
made outside the plasma volume. We have reason to believe that these elements are
then adequately determined by our a priori knowledge and we include them in the
‘White’ part of the model.

Our GBM is therefore defined by the coefficients Mss, M3y, Mys, Lyo, £2 and £2'p,. The
GBM is therefore determined by six unknowns and each point in R® is a particular
instance of a candidate GBM. The ‘White Box Model’ of Section 3.4 is a particular
GBM. Each GBM will produce an open loop plasma response of the control
parameters to the coil voltage inputs, as a function of frequency. We therefore
evaluate the 10x5 input-output transfer functions for up-down symmetric connections
of the coil inputs and up-down symmetric responses at each of the 28 frequencies.

In order to choose between the possible GBMs we need to define a cost function to
measure the agreement between the experimental data and the GBM. A search on the
GBM parameters minimising the function produces the ‘Best GBM’ (BGBM). Note
however that this BGBM will be dependent on the form chosen for the cost function
and so the function should be chosen carefully. The large variation in the magnitudes
of possible responses, the apparent constant variance on a logarithmic scale and the
possible increases in the experimental estimate variance at low and high frequency
and for small gains, combined with the amplitude and phase of the model to be fitted,
led us to test several cost functions, to find one which corresponded to our visual
appreciation of the fit. We have chosen to use a simple relative error comparing the
system identified response Gs; with the GBM response Ggam

ZZ’GSI (cp,i,co)— Gopm (cp,i,a))l
Q — 2 i o

p <‘G51 (cp,i,w)‘>

(5.1)

where the sums are over frequencies @, inputs i, and control parameters cp. The
absolute value of the model error is used rather than its square to reduce the
importance of outliers. There is a weighting on each control parameter (the
denominator) because they have different dimensions. The frequencies are weighted
uniformly. The minimum of the cost function is found by allowing a number of
parameters to be varied by a standard simplex minimisation procedure.

5.3 Modelling results

The BGBM was found by setting all six Grey parameters to zero and searching first
for the optimal four elements of the mutual matrix. Once a minimum was found, the
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two resistance values were also floated and both these parameters were optimised.
Finally, all six elements were freed to find a global optimum. This approach is
‘unbiased’ in the narrow sense that the search does not begin with the ‘White’ a priori
values of these parameters. Having found the BGBM, a single parameter scan was
performed on each adjusted element, over a range 0-4 times the values of the BGBM
parameters. The results of this scan are shown in Fig. 10. The parameter causing the
most rapid variation of the cost function is Ly, the plasma inductance. The next
sensitive paramefer is M33, which defines the Shafranov equilibrium constraint. The
parameters M4 and My; have much shallower minima and predominantly define the
interactions between the loop voltage and the position and between the vertical field
and the plasma current. Finally, the resistive terms, (2, and £2,’, are the most shallow.

The vertical lines show the values of the a priori model parameters. The value of Lyo
is the most sensitive and is measured to be within a few percent of the a priori value.
The BGBM value of Ms3 is 50% greater than the a priori value. Mss and My are
15-25% of their a priori values, but this does not significantly change the quality of
the fit. The resistance £2, is 20 pQ, compared with 5.4 pQ for the DC plasma column
resistance. It is reasonable that the BGBM value should be greater than the DC value,
since any plasma current variation is not homogeneous over the plasma cross section,
but concentrated towards the edge in a smaller area of a cooler plasma. In order to
identify the plasma resistance with more precision, lower frequency stimulation would

be required. The value of £2,'I; is found to be —10.0 V/m for the BGBM. The
predicted value is

Q'I,= 0,1, (1/R-2/a) =-1.7 V/m (5.2)

in which we assume that the resistance simply varies with the length and cross-
sectional area of the plasma. This negative value corresponds to the particular case of
a plasma limited on its inboard side. Assuming that €2, and €2,” are both equal to zero
does not lead to a significant error in the model.

The a priori model produced a GBM cost function value of 536, whereas the BGBM
resulted in a cost function value of 378. Without varying 2, and £2,” the value of the
cost function is 405. The difference is relatively small and we should therefore not
expect the transfer functions to be extremely different from the a priori transfer
functions. Fig. 7 shows BGBM transfer functions superimposed on the a priori
transfer functions. Most are unchanged to the eye, but a visible improvement occurs in
5 out of the 50 input-output relationships. The cases with the worst a priori model fit
have been significantly rectified, as illustrated in Fig. 7c. Apart from an overall slight
improvement, the plasma current response has shown the most significant
improvement. This is not due to a modification of the apparent plasma inductance, as
expected, but has been obtained from the Shafranov equation terms. In this way, the

E4+E5 to I, transfer function has been increased to close to its measured value
without having modified all of the I, transfer functions, which would have been the
case with a straightforward modification to Lp,.

Having located the BGBM, we floated the power supply time-constant, t,, finding a
minimum at 0.6 ms, Fig. 11, compared with the average thryistor firing delay of 0.6
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ms, confirming the value of 0.7 ms found previously in closed loop tests by trial and
error. Finally, we floated the number of eigenmodes required for the description of the
vacuum vessel current distribution, also shown in Fig. 11. The cost function drops in a
step-wise fashion, as the most significant eigenmodes are included, dropping to close
to the minimum once 15 eigenmodes are included. The order of the RZIP model with
15 eigenmodes is 15 (for the vessel) + 18 (for the coils) + 1 (for I) = 34. Certain

eigenmodes could be neglected by inspection, but this would be neither general nor
efficient.

We conclude this section summarising what we have learned from the Grey Box

modelling:

o the BGBM has only a slightly better fit to the data than the nominal RZIP model

e the values of the nominal RZIP model have been determined absolutely using the
GBM technique, validating them positively from no a priori assumptions

¢ the parameters which have a strong effect on the comparison with the data have
been identified and agree with the nominal model

¢ the parameters which have a weak effect have been identified and the nominal
model is close to the BGBM

* the most suitable power supply model is also defined by this procedure

* asuitable number of eigenmodes for the model is defined by this procedure

e the GBM technique has shown that the System Identification results contain
information which allows us to determine the plasma part of the defining circuit
equations.

6. DISCUSSION

The discharges analysed in this article have a relatively weak elongation, k = 1.4. We
have investigated whether the good agreement found is limited to this low elongation
and how sensitive the model is to changes in the equilibrium. Firstly we derive the
RZIP model for more strongly shaped TCV plasmas, not yet analysed by the system
identification techniques, in the range 1.18 < x < 1.82, and -02 < § < 0.35 .
Figure 12 shows the extreme cases of elongation and triangularity and
Table TABEXTREQUIL details the four dynamic variables in the mutual matrix. The
parameters which were found to be most important have a small range over these
equilibria, whereas the parameters which vary the most in Table TABEXTREQUIL
are those with the least effect on the model. The model therefore ought to be relatively
insensitive to these differences, except for the zI, response. Figure 13 confirms this for
selected input-output pairs. The case F1+F8 to P_VERT is chosen to illustrate an
almost total independence on the equilibrium and E2+E7 to TRL IN is the most
dependent case. We conclude that the response is remarkably insensitive to the
equilibrium current distribution. Note that the response is dependent on the vertical
and radial position of the plasma axis. However this is of less concern because the
plasma magnetic axis is more easily measured and controlled than the current profile.

In order to test this further we derived two even simpler models (RZIP-0), one based

on an assumed circular plasma current distribution and the other based on an with
elliptical distribution of the outer magnetic surface (Fig. 14). Both have a parabolic
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radial profile. Figure 15 confirms the insensitivity to the details of the current profile
to this extreme extent. The main reason for this is that the integrals over the current
profile cancel out the modifications to the current profiles. However, we should be
careful not to over-interpret this finding. We have ascertained that the linearised
responses of the linearly combined diagnostic measurements to the coil voltages are
relatively insensitive to the current distribution. The plasma equilibrium itself is of
course extremely sensitive to the current profile and we should avoid concluding that
the response of the separatrix is independent of the current profile, since integrating
the linearised response cannot lead to the non-linear behaviour of the equilibrium
itself. Our conclusions must be limited to the linearised response. However, it is the
linearised response which determines whether we can develop a feedback controller
for rejecting plasma disturbances, or for recovering from offsets in the plasma shape.
The overall separatrix location will have to be derived from a non-linear inverse
equilibrium code, or pre-defined by programmed PF coil currents. The inverse
equilibrium code presents a nonlinear static map between the diagnostic
measurements and the plasma shape and does not contribute to the dynamical part of
the tokamak model.

7. CONCLUSION

In this work we have demonstrated a direct measurement of the open loop response of
the multi-input multi-output unstable tokamak system, while operating in closed loop,
using a new technique applied for the first time to such a large scale unstable plant.
We have achieved a signal-to-noise level which is adequate for comparing models, in
spite of the real experimental conditions of a noisy tokamak installation and a
restricted pulse length. The resulting precision is considerably better than expected.

The experimental results for the unstable vertical movement and growth rate compare
well with both the simple RCDM and CREATE-L models.

For perturbations which include poloidal flux variations leading to plasma current,
shape and radial position variations, the experimental results also compare well with
the CREATE-L model. We have implemented RZIP, a circuit equation plasma
response model, and the experimental results also compare well with RZIP for these
perturbations.

The simplicity of the RZIP model allowed the development of a ‘Grey Box’ model of
the equilibrium response, assuming complete knowledge of the electromagnetic
properties of the vacuum electromagnetics and letting the ‘physics’ variables be fitted
from the available data. The sensitivity of the cost function indicates which physics
parameters are important for good model agreement and which are not, and confirms
that the a priori RZIP model provides a good description of those parameters which
are important for the accuracy of the model.

The RZIP model was applied to extreme shapes of k and & scans, demonstrating that

the model is relatively insensitive to shape changes. An even simpler model, based on
a simplified current profile, gives virtually indistinguishable results, allowing it to be
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used before the tokamak discharge has been produced. This insensitivity provides
some reasons for the good agreement of the model. This suggests that the simple RZIP
model would be a useful tool for the design of robustly stabilising controllers.
Validating these conclusions at higher elongation and higher triangularity will be the
object of future work.
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FIGURES

Figure 1

Figure 2

Figure 4

Figure 5

Figure 3

Figure 6

Figure 7

Figure 8

The TCV vacuum vessel, poloidal field coils,
poloidal field probes (denoted by dashes inside the
tiles) and flux loops (denoted by crosses). The last
closed flux surface of the nominal plasma is shown
(discharge 13333).

Schematic Diagram of the TCV feedback control
loop.

Plasma response to multi-sinusoidal stimulation
(discharge 13333), showing the sinusoidal stimulation
signal, the measured (solid curve) and fitted coil
(dashed curve) responses of power supply demand
voltages and zI, signal, and the measurement-fit
residuals.

Measured frequency components of coil voltage
signal (crosses) and zI,, response (circles).

Comparison of modelled (curves) and measured
(crosses and circles) frequency responses of the
plasma-less system. Solid curves and crosses
represent flux loop #22 (outboard side, closest to PF
coil F4). Dashed curves and circles represent flux
loop #38 (inboard side, closest to PF coil E4).

The frequency response of zl, to antisymmetric
stimulation of PF coils E4-E5 (circles) and F1-F8
(crosses). The solid lines represent the CREATE-L
model, dashed lines represent the RZIP model, and
the dotted lines represent the low order system
identified model.

Frequency responses representing a) good agreement
between the measured and RZIP and CREATE-L
predictions, b) good agreement between the measured
and plasma-less predictions, and c¢) BGBM
improvement. The measured frequency responses are
marked as circles, the plasma-less model is the
dashed line, The RZIP model is the line marked by
crosses (x), the CREATE-L model is the solid line,
and the BGBM model is the line marked by pluses

()

The variation of the vertical field and net poloidal
flux provided by current changes in the different TCV
PF coils.
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Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

The response to decoupled stimulation.

Cost function variation with plasma related elements
of the circuit equations.

Cost function variation with the power supply time
constant and the number of eigenmodes in the RZIP
model.

The extreme plasma shapes for which the RZIP
model was calculated.

The variation of the RZIP model for the equilibria in
Fig. 12. The cases illustrated are a) the stimulation of
P_VERT and I, demonstrating insensitivity to plasma
triangularity, and b) the stimulation of Y& and
TRI_IN showing weak sensitivity to plasma
elongation.

Simplified current profiles used for calculation of the
RZIP-0 models.

Transfer functions for the nominal RZIP model
(circles), the model with circular current distribution
(solid curves) and the model with elliptical profile
(dashed curves).
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TABLES

Table TABEXTREQUIL. Variation of the RZIP Parameters for the Shapes
INlustrated in Figure 12.

Discharge x5 s I,[kA] M3 M3, My3 Lpo
11961 1.5  -022 250 -3.88x10° 1.70x10° 1.76x10° 1.91x10°°
12012 1.55 035 402 -348x10° 1.49x10° 1.78x10° 1.72x10
9849 1.18  0.02 230 -224x10° 1.65x10° 2.16x10° 2.24x10®
10007 1.83 0.0 522 -357x10° 1.42x10° 1.78x10° 1.71x10°¢
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OH2
E coils

~ 0
- ﬁ o.
)

OH1

FIG. 1. The TCV vacuum vessel, poloidal field coils, poloidal field probes (denoted
by dashes inside the tiles) and flux loops (denoted by crosses). The last closed flux
surface of the nominal plasma is shown (discharge 13333). '
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FIG. 2. Schematic Diagram of the TCV feedback control loop.
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Multisine stimulation on E1-E8 (#13333)
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FIG. 4. Plasma response to multi-sinusoidal stimulation (discharge 13333), showing
the sinusoidal stimulation signal, the measured (solid curve) and fitted coil (dashed
curve) responses of power supply demand voltages and z/, signal, and the
measurement-fit residuals.
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Measured frequency components (#13333)
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FIG. 5. Measured frequency components of coil voltage signal (crosses) and zl,
response (circles).
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Plasma-less response, PF coil F4 to flux loops 22 and 38
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FIG. 3. Comparison of modelled (curves) and measured (crosses and circles)
frequency responses of the plasma-less system. Solid curves and crosses represent flux
loop #22 (outboard side, closest to PF coil F4). Dashed curves and circles represent
flux loop #38 (inboard side, closest to PF coil E4).
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Frequency response to zlp
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FIG. 6. The frequency response of zJ,, to antisymmetric stimulation of PF coils E4-E5
(circles) and F1-F8 (crosses). The solid lines represent the CREATE-L model, dashed

lines represent the RZIP model, and the dotted lines represent the low order system
identified model.
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81 (0) ; RZIP(x) ; BGBM(+) ; CREATE_L(-) ; Plasma-less(- -)
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FIG. 7. Frequency responses representing a) good agreement between the measured

and RZIP and CREATE-L predictions, b) good agreement between the measured and
plasma-less predictions, and ¢) BGBM improvement. The measured frequency
responses are marked as circles, the plasma-less model is the dashed line, The RZIP
model is the line marked by crosses (x), the CREATE-L model is the solid line, and
the BGBM model is the line marked by pluses (+).
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Flux (+) and Vertical Field (o) produced by the TCV PF coils
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FIG. 8. The variation of the vertical field and net poloidal flux provided by current
changes in the different TCV PF coils.
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Responses to Stimulation by : Quadrupole
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FIG. 9. The response to decoupled stimulation.

36

Frequency [rad/s]




Variation of the GBM Cost Function for each free variable
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FIG. 10. Cost function variation with plasma related elements of the circuit equations.
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GBM Cost Function varying the Power Supply delay
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FIG. 11. Cost function variation with the power supply time constant and the number
of eigenmodes in the RZIP model.
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#12012, 400kA #11961, 250kA #9849, 230kA #10007, 520kA

Kos=155, 8,035 K =151, § =027 K =118, 045=-0.02  ¥,.=1.83, 3 =001
FIG. 12. The extreme plasma shapes for which the RZIP model was calculated.
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FIG. 13. The variation of the RZIP model for the equilibria in Fig. 12. The cases
illustrated are a) the stimulation of P_VERT and I, demonstrating insensitivity to

plasma triangularity, and b) the stimulation of % and TRI_IN showing weak
sensitivity to plasma elongation.
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Circular Elliptical
profile profile

FIG. 14. Simplified current profiles used for calculation of the RZIP-0 models.
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FIG. 15. Transfer functions for the nominal RZIP model (circles), the model with

circular current distribution (solid curves) and the model with elliptical profile (dashed
curves).
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APPENDIX A

This Appendix records a more complete comparison between the system identified
frequency response estimates and the CREATE-L and RZIP models. Figures Al and
A2 show the zl, frequency responses to antisymmetric stimulation. For E coil
stimulation, the amplitude responses of the two models are indistinguishable and have
excellent agreement with the data. Differences of the order of 10° can be seen in the
phase responses, but this is always within the variance of the experimental estimates.
The low frequency gain of the two models differ for the F coil responses, but again
this is within the variance of the data.

Figures A3 to A12 present the responses to symmetric stimulation. The main features
are summarised in Sections 4.4 and 5.3.
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FIG. Al. Frequency response of zJ, to antisymmetric stimulation on the E coils. The
system identified estimates are indicated by circles, the CREATE-L response is
indicated by a solid line and RZIP by a dashed line.
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FIG. A2. Frequency response of z/, to antisymmetric stimulation on the F coils. The
system identified estimates are indicated by circles, the CREATE-L response is
indicated by a solid line and RZIP by a dashed line.
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Sl (0) ; RZIP(x) ; BGBM(+) ; CREATE_L(-) ; Plasma-less(~ -)
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FIG. A3. Frequency response of P_VERT to symmetric stimulation. The system
identified estimates are indicated by circles, the CREATE-L response is indicated by a
solid line, RZIP by a line with diagonal crosses, the BGBM response by a line with
vertical crosses, and the plasma-less model by a dashed line.
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Sl (0} ; RZIP(x) ; BGBM(+) ; CREATE_L(-) ; Plasma-less(— -)
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FIG. A4. Frequency response of P_VERT to symmetric stimulation. The system
identified estimates are indicated by circles, the CREATE-L response is indicated by a
solid line, RZIP by a line with diagonal crosses, the BGBM response by a line with
vertical crosses, and the plasma-less model by a dashed line.
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Sl (0) ; RZIP(x) ; BGBM(+) ; CREATE_L(-) ; Plasma—less(- -)
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FIG. AS5. Frequency response of TRI_IN to symmetric stimulation. The system
identified estimates are indicated by circles, the CREATE-L response is indicated by a
solid line, RZIP by a line with diagonal crosses, the BGBM response by a line with
vertical crosses, and the plasma-less model by a dashed line.
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FIG. A6. Frequency response of TRI IN to symmetric stimulation. The system
identified estimates are indicated by circles, the CREATE-L response is indicated by a
solid line, RZIP by a line with diagonal crosses, the BGBM response by a line with
vertical crosses, and the plasma-less model by a dashed line.
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Sl (o) ; RZIP(x) ; BGBM(+) ; CREATE_L(-) ; Plasma-less(— -)
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FIG. A7. Frequency response of TRI OUT to symmetric stimulation. The system
identified estimates are indicated by circles, the CREATE-L response is indicated by a
solid line, RZIP by a line with diagonal crosses, the BGBM response by a line with
vertical crosses, and the plasma-less model by a dashed line.
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FIG. A8. Frequency response of TRI_ OUT to symmetric stimulation. The system
identified estimates are indicated by circles, the CREATE-L response is indicated by a
solid line, RZIP by a line with diagonal crosses, the BGBM response by a line with
vertical crosses, and the plasma-less model by a dashed line.
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FIG. A9. Frequency response of I, to symmetric stimulation. The system identified
estimates are indicated by circles, the CREATE-L response is indicated by a solid line,
RZIP by a line with diagonal crosses, the BGBM response by a line with vertical
crosses, and the plasma-less model by a dashed line.
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FIG. A10. Frequency response of I, to symmetric stimulation. The system identified
estimates are indicated by circles, the CREATE-L response is indicated by a solid line,
RZIP by a line with diagonal crosses, the BGBM response by a line with vertical
crosses, and the plasma-less model by a dashed line.
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FIG. All. Frequency response of %; to symmetric stimulation. The system identified
estimates are indicated by circles, the CREATE-L response is indicated by a solid line,
RZIP by a line with diagonal crosses, the BGBM response by a line with vertical
crosses, and the plasma-less model by a dashed line.
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FIG. A12. Frequency response of ¥ to symmetric stimulation. The system identified
estimates are indicated by circles, the CREATE-L response is indicated by a solid line,
RZIP by a line with diagonal crosses, the BGBM response by a line with vertical
crosses, and the plasma-less model by a dashed line.
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