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Abstract— Control of the plasma current and the position
of its centroid and its shape is vital for obtaining advanced
performance regimes in tokamak operation. For that aim, the use
of poloidal magnetic coils for feedback control is essential. In
this paper, a multiple-input multiple-output (MIMO) optimal
control algorithm for the vertical and horizontal control position
of the plasma current centroid at IST tokamak (ISTTOK) is
presented. Using the ISTTOK magnetic system, the real-time
control is made possible by the execution of generic application
modules (GAMs), developed to be executed on the Multithreaded
Application Real-Time executor ISTTOK controller. The design
of the proposed MIMO controller is based on a state-space model
of the ISTTOK magnetic response that has been identified from
experimental data. Both the control design and the identification
procedure rely on the reconstruction of the plasma centroid
position computed by the magnetic probes (Mirnov coils) installed
at ISTTOK. The centroid position is reconstructed in the Position
GAM by numerical integration of the magnetic probes signals in
the recently upgraded hardware based on the Advanced Telecom-
munications Computing Architecture. The effectiveness of the
proposed control approach is presented comparing simulation
results with experimental ones obtained using single-input single-
output PID controllers. Moreover, due to the modularity of the
ISTTOK control system, the proposed real-time reconstruction
algorithm has been easily deployed on the plant, and the same
approach will be adopted to test the MIMO controller in the
future.

Index Terms— Magnetic probes, Mirnov coils, multiple-input
multiple-output (MIMO) controller, plasma centroid position,
plasma current, poloidal magnetic coils, state-space model.

I. INTRODUCTION

IST TOKAMAK (ISTTOK) a large aspect ratio tokamak
operated at the Instituto de Plasmas e Fusão Nuclear

Instituto Superior Técnico. One of its main features is the
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ac discharges capability which allows a much longer dis-
charge [1]. A real-time control system was developed based on
the Advanced Telecommunications Computing Architecture
(ATCA) standard. The real-time control system is programmed
on top of the Multithreaded Application Real-Time executor
(MARTe) framework with a 100-μs control cycle which inte-
grates the information gathered by all the tokamak real-time
diagnostics to produce an accurate observation of the plasma
parameters [2].

Magnetic diagnostics are integrated in ISTTOK to retrieve
important plasma parameters such as the centroid position
of the column and the plasma current. The reconstruction of
these parameters is performed by hardware digital integration
and programming blocks in the MARTe generic application
modules (GAMs) [3], replacing a set of Mirnov coils that
was previously used to retrieve the plasma centroid position
with analogical integration [4].

The atomic elements of MARTe are the GAMs and all
applications built using the framework are designed around
these components. A GAM is a block of code implementing
an interface specified in the C++ multiplatform real-
time library named BaseLib2. Each GAM contains three
communication points: one for configuration and two for data
input and output [3].

Profiting from the modular nature of MARTe, the algorithms
of each diagnostic data processing, discharge timing, context
switch, control and actuators output reference generation, run
on well-defined GAM blocks. This approach enables reusabil-
ity of the code and simplifies simulation [5].

Control of the plasma current shape and its centroid position
is a crucial control task in order to improve the performance
of tokamak plasmas. This paper presents a twofold contribu-
tion: 1) a real-time reconstruction algorithm to estimate the
plasma current centroid position using only the Mirnov coils
installed at ISTTOK and 2) a proposal for a multiple-input
multiple-output (MIMO) controller [6], [7] for the purpose
of controlling the position of the plasma current centroid.
The procedure used to identify a state-space model for the
controller design starting from the ISTTOK experimental data
is also provided [8], together with some simulation results.

A brief description of the overall ISTTOK control system
is presented in Section II, while more details on the magnetic
diagnostics are shown in Section III. The real-time algorithm
implemented in the MARTe framework to reconstruct the
plasma current intensity and current centroid position using
the signals acquired from the Mirnov coils is described in
Section IV. The proposed approach for model identification
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Fig. 1. ISTTOK overall control schematic. Data are acquired by the
ATCA data acquisition boards, and decimated and transferred to the hosts
every 100 μs.

and control is presented in Section V together with some pre-
liminary simulation results. The control system was designed
and simulated and is now under implementation to be tested
in ISTTOK.

II. ISTTOK CONTROL SYSTEM

In this section, a brief description of the ISTTOK control
system and the properties of the poloidal field (PF) coils are
given.

The ISTTOK fast control system based on the ATCA
standard was implemented maintaining the old ISTTOK slow
control system, based on control boards using the peripheral
component interconnect bus standard, while completely refor-
mulating the fast controller. The ATCA hardware is currently
used to control the plasma current in real time with data
provided by Rogowsky coils. The plasma centroid position
is roughly estimated with electrostatic probes, and therefore,
its real-time control is fairly ineffective [9]. Fig. 1 depicts
the schematic of the implemented control system showing the
integration of all diagnostics and power supplies for control
position in the fast control system.

One of the ISTTOK control system main features is the
automatic inversion of the plasma current direction when the
iron core saturates while maintaining a residual gas ionization
during the reversal process, which allows a much longer
discharge with no use of auxiliary heating [10], [11].

A. Poloidal Field Coils

The control of the plasma current and centroid position is
made possible by using a feedback closed loop which operates
the power supplies of the PF coils depicted in Fig. 2. The
ohmic heating (OH) coils of the tokamak transformer, also
referred in this paper as primary windings of the tokamak
transformer or simply primary coils, are represented in white,
vertical field coils in yellow, and horizontal field coils in
green. The PF and the OH coils power supplies have their
own independent current feedback control and communicate
by means of an optical link with the main control system. The
current-control algorithm is based on a bang-bang controller
with feedback in current [12].

Fig. 2. ISTTOK PF coils [13].

Fig. 3(a)–(c) shows the magnetic surfaces and field lines
generated by the currents passing through the primary, hori-
zontal, and vertical PF coils. Fig. 3 also shows the poloidal
cross section of the vacuum chamber and the position of the
PF coils.

Since the ISTTOK central solenoid is not being used as the
primary winding to create the toroidal electric field responsible
for creating and maintaining the plasma current Ip , as shown
in Fig. 3(a), two outer coils are used for this purpose and an
additional vertical field is produced [14]. The pure vertical
PF coils, depicted in Fig. 3(c), produce a field that either
add or compensate the field generated by the primary coils
in order to obtain the desired vertical field.

III. MAGNETIC DIAGNOSTICS

A description of the calibration process and offset subtrac-
tion on the magnetic probes numerical integrated signals and
also the experimental modeling for the measurements of the
external magnetic fluxes are detailed in this section.

ISTTOK magnetic diagnostics include 12 probes (Mirnov
coils) set along the poloidal cross section and positioned inside
the vacuum chamber, as shown in Fig. 4. Each coil has an area
of 25 mm2 and 50 turns. The plasma current and horizontal
and vertical positions are reconstructed through the integrated
magnetic flux measured by the Mirnov coils.

The set of 12 magnetic probes is connected to a car-
rier board where each channel is connected to a plugged-in
analogic to digital convertor (ADC) module. These modules
are connected digitally to a XILINX Virtex-4 FPGA (field-
programmable gate array) which performs the necessary dig-
ital signal processing.

Analog integration of magnetic signals is affected by voltage
offsets and drifts on the components and wiring. Even very
low offsets integrated during a long period of time may
appear as a noticeable deviation of the integrated signals.
In this paper, we implemented a solution for the integration
of the Mirnov coil signals that makes use of a phase inverter
(chopper) to periodically reverse the input signals before active
amplification, filtering, and sampling in the ADC, as shown
in Fig. 5. The modulation of the signals prior to any electronic
amplification and the reconstruction of the digital equivalent
of the signal after the digitalization allows for the average of
the electronics offset (EO) to be expected to converge to zero
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Fig. 3. Magnetic field lines, magnetic surfaces created by the currents in
the primary, horizontal, and vertical PF coils, and directions of the currents in
the coils. (a) Primary PF coil (OH coil). (b) Horizontal PF coil. (c) Vertical
PF coil.

in the integration process, as long as its value is steady enough
over at least two inversion periods.

Correction of the EO is achieved by performing an average
on raw data values. Fig. 6 shows the EO offsets in one of

Fig. 4. ISTTOK Mirnov coil locations. Set of 12 tangent magnetic probes
distributed along the poloidal direction. Left: low field side.

Fig. 5. ADC module diagram depicting the influence of the WO and EO
offsets [15].

Fig. 6. EO comparison in Mirnov coil # 10 (Channel 138) before
(blue line)/after (orange line) calibration.

the magnetic probes before and after the calibration process
showing a substantially smaller value of the EO on the
calibrated signal. These values are the characteristic of the
modules and the acquisition board [16].

In addition, a second offset also appears before the chopper.
It is shown in Fig. 5 as wiring offset (WO), and it may be
originated either inside the module or in the external wiring,
connectors and soldered parts, mainly due to uncompen-
sated thermocouple effects, external interference or radiation
effects [15]. Unfortunately, the WO offset will not be averaged
by the chopping method, despite this, and assuming WO
is stable enough, it can be precisely measured before any
magnetic field is applied and later compensated during the
code execution. By starting the acquisition process of the
magnetic probes signals 4 ms before the magnetic fields
are applied, the WO is computed as an approximation of a
linear curve and then subtracted from the measured signals.
Through the characterization of the acquisition process on the
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Fig. 7. External magnetic flux measured on a Mirnov coil and the comparison
of the estimated flux through a retrieved state-space model.

probes for different time windows (1 s � t � 50 ms), it was
determined that this period of 4 ms before the magnetic fields
are applied is long enough to determine the WO offsets.

A. External Poloidal Flux Measurement

Since the measurements from the set of Mirnov coils are
the sum of the poloidal magnetic fields generated by the
plasma and the currents in the PF coils (primary, vertical,
and horizontal systems), in order to have an accurate plasma
position reconstruction, it is necessary to subtract, during the
Position GAM execution, an approximation of the magnetic
flux generated by the coils.

A first-order state-space model for each coil is proposed
and characterized through the System Identification MATLAB
Toolbox [17]. The obtained state-space discrete equations are
programmed in the Position GAM and computed on every
MARTe control cycle, and thus, the contribution of magnetic
flux due to the PF coils is subtracted in real time [18, Ch. 6].

Performing plasmaless discharges at ISTTOK, the Mirnov
coils were individually characterized with the influence of the
external magnetic fluxes. Fig. 7 shows the measured magnetic
flux in the Mirnov coil no. 5 and its reconstruction through
the experimental approximation process.

IV. PLASMA CURRENT AND CENTROID

POSITION RECONSTRUCTION

This section outlines the algorithms for computing the
reconstruction of the plasma current and the vertical and
radial position of its centroid. Some comparisons between
diagnostics and the approach on the reconstruction of the
signals are presented.

The magnetic field in each one of the Mirnov coils can be
obtained from the expression

H (t) = − 1

μ0 N A

∫ t

o
vmirnov(τ )dτ (1)

where N is the number of turns of the probe and A is its area.
Since the integration of the voltage measured in the probes
is performed by the board, after the WO offset correction,

Fig. 8. Plasma current centroid radial position comparison. (a) Radial current
centroid position reconstruction with subtraction of the external magnetic
fluxes. (b) Radial current centroid position reconstruction without subtraction
of the external magnetic fluxes.

the value of the plasma magnetic flux can be introduced
directly substituting in the integral of (1).

Following the centroid algorithm for a circular plasma
and considering ISTTOK is a large aspect ratio tokamak,
the vertical and horizontal plasma centroid position can be
obtained through:

R =
∑i=12

i=1 Rprobe × Hi(t)∑i=12
i=1 Hi(t)

(2)

z =
∑i=12

i=1 zprobe × Hi(t)∑i=12
i=1 Hi(t)

(3)

where Rprobe and zprobe are the radial and vertical coordinates
of the probes, respectively, as depicted in Fig. 4. A similar
algorithm that describes how to retrieve the vertical position of
the plasma centroid in diverted plasmas can be found in [19].

Figs. 8 and 9 show the obtained radial and vertical current
centroid position and a comparison of the results with and
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Fig. 9. Plasma current centroid vertical position comparison. (a) Vertical
current centroid position reconstruction performing a cleaning process of the
external magnetic fluxes. (b) Vertical current centroid position reconstruction
without a cleaning process of the external magnetic fluxes.

without the subtraction of the external magnetic fluxes mea-
sured in the magnetic probes.

The expression for the reconstruction of the plasma current
is given by

Ip = 2πrMirnov

N

i=12∑
i=1

Hi(t) (4)

where rmirnov is the radial distance from each one of the
Mirnov coils to the center of the chamber (9.35 cm). Fig. 10(a)
shows the plasma current measured with the Rogowski coil
and Fig. 10(b) shows a comparison of the plasma current
reconstructed through the measurements in the magnetic
probes with and without the subtraction of the magnetic
external fluxes.

V. STATE-SPACE AND CONTROL MODELING

A brief description of the experimental model identification
and concepts on multivariable linear systems and feedback

Fig. 10. Plasma current. (a) Plasma current measured in the Rogowski coil.
(b) Comparison of the plasma current reconstruction through the magnetic
probes with and without the subtraction of the external magnetic fluxes.

control are given in this section in order to propose an MIMO
controller for the position of the plasma current centroid.
Results from the simulated MIMO controller compared with
the ones from existing single input single output (SISO) are
also presented.

The experimental reconstruction of a state-space model of
the tokamak makes possible to retrieve a model approximation
that allows the usage of other control techniques besides the
already implemented SISO-PID controllers. This property is
of the utmost importance in the case of the ISTTOK tokamak,
because the data on the mechanical characteristics of the
vacuum chamber are not available and the exact geometrical
configuration of the PF coils is very hard to retrieve due to
machine construction constraints related to its small size.

The interaction between the plasma and the PF coils can be
described by a set of nonlinear partial differential equations,
whereas the controller design techniques are based upon the
availability of ordinary differential equation models, usually
linear, time invariant, and low order. The main problem is
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Fig. 11. State-space model block diagram.

Fig. 12. State-space model block diagram with a gain matrix K in closed
loop.

the introduction of physical simplifying assumptions and the
use of approximate numerical methods so as to obtain a
sufficiently detailed model that is capable of grabbing the main
physical phenomena and is simultaneously reasonably simple
to make the controller design possible [20]. A model in state-
space variables relates the variations of the PF currents to the
variations of the outputs around a given equilibrium.

State-space models use state variables to describe a system
by a set of first-order differential or difference equations
rather than by one or more nth-order differential or difference
equations. Equations (5) and (6) describe a state-space model
and they are called the internal description of linear systems,
where A is named the state or system matrix, B is the input
matrix, C is the output matrix, and D is the feedforward
matrix [18]. Fig. 11 shows a block diagram of a generic state-
space model, considering the system model does not have a
direct feedthrough (D is a zero matrix)

ẋ(t) = Ax(t) + Bu(t) (5)

y(t) = Cx(t) + Du(t). (6)

From the control theory, it is possible to reconstruct a state-
space model based on the behavior of the inputs and outputs
in an open-loop system [8], [21]. In order to make a first
approximation of an MIMO controller, a state-space model
of the system was obtained using an estimation subspace
method through the System Identification MATLAB Toolbox.
The experimental data of the currents in the PF coils (input
signals) and the radial and vertical plasma current centroid
positions (output signals) obtained from open-loop discharges
were used to retrieve a system with an optimal number of
states [17].

A. Control Technique

The linear quadratic regulator (LQR) is a well-known design
technique that provides practical feedback gains. For the
derivation of the LQR, we assume that the system plant is

Fig. 13. Comparison of the PF coils currents controllers. (a) Current in the
vertical PF coil from PID and MIMO optimal controller. (b) Current in the
horizontal PF coil from PID and MIMO optimal controller. (c) Current in
the primary PF coil from PID and MIMO optimal controller.

written in a state-space form and the dynamics of the closed-
loop system are then written as

ẋ(t) = (A − B K )x(t) + B K xeq. (7)

For the control design, two positive definite matrices named
Q and R are proposed, and Q will be related with the
penalties in time and transient response and R with the
inputs. Afterward, the values of the matrices are replaced in
the Riccati equation for an LQR design [22]. This equation
is the matrix algebraic Riccati equation (8), whose solu-
tion P is needed to compute the optimal feedback gain K .
The Riccati equation is easily solved by standard numerical
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Fig. 14. Plasma centroid radial position. Positions retrieved from a discharge
with PID controllers (blue line) and an MIMO optimal controller (orange line).

tools in linear algebra

PA + AT P + Q − PBR−1 BTP = 0. (8)

The LQR generates a static gain matrix K , which is not a
dynamical system. Hence, the order of the closed-loop system
is the same as that of the plant. Fig. 12 shows the block
diagram of the state-space model with a closed loop multiplied
by the calculated gain matrix K and a reference vector related
to the equilibrium of the system.

The implementation of the control algorithm on real time
will be performed in the Controller GAM, multiplying the
calculated gain matrix K by the estimated states of the system
and executing the feedback control loop on each MARTe
cycle.

B. Control Results

The reference vectors given as inputs of the system
through (9) were designed based on the vertical, horizontal,
and primary PF coils currents from a standard shot controlled
by a set of three PID controllers. These signals were set as the
input reference (ueq) to the feedback loop at the state-space
system

ref(t) = K xeq + ueq. (9)

Fig. 13 shows the comparison of the current values in the
PF coils between a discharge where the control loop was
done by a set of SISO PID controllers and the ones from
the optimal MIMO controller modeled, proving that the output
signals from the MIMO controller were able to track the given
references.

Figs. 14 and 15 show the plasma current centroid positions
comparing the measurements from a PID controlled discharge
in the blue line with an MIMO optimal controller in the orange
line. The main fact to point out is the tracking in both signals
of the alternation in the position due to the ac discharge and
the more stable response for each semicycle with the MIMO

Fig. 15. Plasma centroid vertical position. Positions retrieved from a
discharge with PID controllers (blue line) and an MIMO optimal controller
(orange line).

optimal controller. The radial position graph also depicts a
lesser variation in the centroid position between the positive
and negative cycles. The difference in the offset at the vertical
PID and MIMO output positions takes place due to the initial
conditions retrieved from the experimental data.

VI. CONCLUSION

ISTTOK holds a flexibility that allows to disable the feed-
back controllers in the PF coils power supplies setting a
desired waveform in order to perform open-loop shots. These
shots were successfully used to retrieve important information
of the system plant, such as an experimental model which can
be compared with a future theoretical model and, in turn, con-
tribute to compare control results originated from experimental
and theoretical models.

Plasma position results based on an MIMO controller mod-
eled from a retrieved state-space model are consistent with the
measured results in a PID controlled discharge. Furthermore,
the plasma position retrieved from the MIMO controller shows
an increased stability response during each plasma current
semicycle in comparison with the PID controllers, suggesting
that the replacement of the SISO controllers in the system is
a suitable option.

Future work in ISTTOK includes an attempt for a first
theoretical state-space modeling approximation of the system
for the design of a controller and the comparison with the
presented control designed on the basis of an experimental
retrieved model.
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