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Abstract:
A novel inductive control system for a tokamak transformer is described. The system uses the flux change provided by 
the transformer primary coil to control the electric current and the internal inductance of the secondary plasma circuit 
load. The internal inductance control is used to regulate the slow flux penetration in the highly conductive plasma 
due to the skin effect, providing first-order control over the shape of the plasma current density profile. Inferred loop 
voltages at specific locations inside the plasma are included in a state feedback structure to improve controller perfor-
mance. Experimental tests have shown that the plasma internal inductance can be controlled inductively for a whole 
pulse starting just 30ms after plasma breakdown. The details of the control system design are presented, including the 
transformer model, observer algorithms and controller design.

         

Control por Modo Deslizante del Transformador de un Tokamak

Romero, J. A,; Coda, S.; Felici, F.; Moret, J-M.; Paley, J.; 
Sevillano, G.; Garrido, I.; Le, H. B.

12 pp. 67 ref. 5 figs. 6 tables   
  

Resumen:
Se describe un novedoso sistema de control inductivo para el transformador de un tokamak. El sistema utiliza el cambio 
de flujo proporcionado por el primario del transformador para controlar la corriente y la inductancia del circuito de 
plasma secundario. La inductancia interna del plasma se utiliza para regular la penetración del flujo magnético en el 
mismo, que tiene lugar lentamente debido al efecto pelicular asociado con la alta conductividad eléctrica del plasma. 
De esta forma se proporciona un control de primer orden sobre la forma del perfil radial de corriente de plasma. Los 
voltajes por vuelta inferidos en dos posiciones internas al plasma se utilizan dentro de un esquema de realimentación 
de estados para mejorar las prestaciones del controlador. Las pruebas experimentales han mostrado que la inductancia 
del plasma se puede controlar inductivamente durante un pulso completo, comenzando en una fase temprana del mismo 
(30m después de la ruptura dieléctrica del gas). Se presentan los detalles del diseño del sistema, incluyendo el modelo 
del transformador utilizado, los algoritmos para los observadores y el diseño del controlador.  
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Fig. 1: Schematic view of an air core tokamak transformer . Plasma boundary is shown in pink, nested flux surfaces are superimposed with plasma 
cross-section shown in blue. Vacuum chamber and additional poloidal and  toroidal field coils are not shown.  

I. INTRODUCTION 

Tokamaks are closed, high-vacuum toroidal devices relying on a magnetic field to confine high-temperature plasmas for the 
purpose of generating thermonuclear fusion energy [1]. A component of the magnetic field must necessarily be produced by a 
toroidal current in the plasma. Although various means of generating this current are available, in all present tokamaks it is 
primarily the result of pulsed transformer action. A typical tokamak has a set of external poloidal-field (PF) coils, including 
the transformer primary and additional control coils, concentric with the toroidal vacuum vessel. This is surrounded by further 
coils that generate a strong toroidal field, also necessary for confinement and stability (Fig. 1). The magnetically confined 
plasma inside the vacuum vessel acts as the transformer secondary. Alternative designs integrate the transformer primary coil 
and the toroidal field coils into single helical coils [2]  .  Just like in an induction oven, the plasma is ohmically heated by the 
current induced, up to some limit.  Additional heating systems are used to increase its temperature close to thermonuclear 
conditions.  The primary coil is named after its function as the ohmic heating (OH) coil. To sustain the plasma current the OH 
coil current must increase gradually up to its permissible limit, so tokamaks are inherently pulsed devices [3]. A fraction of the 
plasma current can also be driven non inductively due to the so-called bootstrap effect [4], which is related to the plasma 
pressure and helps to reduce the OH coil current ramp rate requirements, so the discharge duration can be extended. To extend 
the discharge even further, non inductive current drive sources have also been developed, which together with large bootstrap 
current fractions may one day allow steady state operation of future tokamak fusion reactors [5].  
Tokamak magnetic control is concerned with the control of the total plasma current, plasma boundary shape and position 
using the currents in the PF system as the actuators.  To maintain plasma confinement the plasma current must be kept 
between a lower and an upper limit that are roughly proportional to plasma density [6] and toroidal field, respectively [7],[8]. 
Magnetic control is essential to maintain the plasma current within the above mentioned operational limits, and also to keep 
the hot plasma away from the vacuum vessel walls [9]-[16].  
The sum of the toroidal field and poloidal fields from PF coils and plasma current results in a toroidal-helical magnetic field 
structure [17]. The pitch of the toroidal- helical magnetic field (rotational transform) has a substantial impact on confinement 
and stability at several levels [18]. Since the radial profile shape of the rotational transform depends directly on the shape of 
the plasma current profile, it follows that the possibility of controlling any factor related to the shape of the current profile 
(such as the internal inductance, which is a measure of its peakedness) would be extremely valuable [19] -[22] .  
While several proofs of concept exist, current profile is not routinely controlled in present day tokamaks. Mainstream research 
focuses on current profile control using non inductive current drive sources [23]-[33]. However, the economy of future 
tokamaks may have to rely on having large bootstrap current fractions and/or pulsed operation [34] with limited power 
available for non inductive current drive actuators. Including the OH coil in the current profile control loop will reduce the 
power requirements of the non inductive current drive sources required for current profile control, since the general shape of 
the current profile can be easily manipulated by the transformer, at least transiently [35],[36].  Thus, a natural extension of the 
existing magnetic control systems is to add the control of the magnetic field structure inside the plasma without relying on (but 
benefiting from) the availability of non inductive current drive sources. The scheme would be particularly useful for the start 
up and termination phases of future pulsed reactors such as ITER [37] and high field ignition designs such as Ignitor [38], as 
well as of present day tokamak research facilities.  
In a tokamak, the transformer primary is the main current profile actuator during the ramp up phase, responsible for building 
almost the whole of the plasma current up to its flat-top value. However, in present-day tokamaks it generally does so in an 
uncontrolled manner, in the sense that only the total value of the plasma current (and not its radial profile shape) is feedback 
controlled in this phase. The power required to effect a given change in the current profile shape scales with the square of the 
plasma current, and the time required for it (skin time) scales with the plasma conductivity, an increasing function of the 
plasma electron temperature [39].  Therefore, the plasma current ramp up phase (when the plasma has not yet reached its 
maximum current and temperature) is in fact the optimal opportunity window for current profile control, since the actuators 
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require less power and time to steer the system towards the desired profile shapes. By contrast, corrections of large profile 
perturbations during the flat top require large power and settling times, so one should strive to approach the target profile 
sufficiently by the end of the ramp-up, and apply only minor corrections to correct perturbations as they arise. The same 
scheme could be used to avoid excessive current profile peaking during the plasma current ramp down phase.  In this case  the 
transformer relaxes its ramp rate gradually while the plasma current dissipates resistively, so a given current profile shape 
factor is maintained below pre-defined limits or is forced to follow a prescribed trajectory.  
To test these ideas, we have developed a control system for the ‘Tokamak à Configuration Variable’ (TCV), a research facility 
optimally suited for the testing of tokamak control systems [40]. The system has been implemented in a general purpose real 
time digital system architecture with a 10 kHz sampling rate [41] . The control system uses the internal inductance for profile 
regulation and the OH coil current ramp rate as the actuator.  A tokamak transformer model with a lumped parameter 
formulation for the skin effect (section 2)  is used  for the  design of plasma current and inductance sliding mode control 
systems (sections 3-6). Basic observers using the TCV magnetic sensor set have been developed (section 7), so the resulting 
control architecture can be implemented in any present or future reactor with a standard set of magnetic sensors [42]. Plasma 
internal inductance has been controlled over the whole plasma discharge using the OH coil as the actuator (section 8). 

II. SKIN EFFECT TRANSFORMER MODEL 

Distributed parameter simulations [43] are the preferred option to simulate current profile evolution during plasma current 
transients. There are many such distributed parameter models available [44]-[47], some control oriented [48], [49] and some 
even available in real time [50]. However, for control systems design a lumped parameter formulation is generally preferable 
[51], [52]. To develop the various control system designs presented in this paper we have used a transformer model that 
includes a lumped parameter formulation for the skin effect [53]. We call this model a skin effect transformer model to 
differentiate it from the standard transformer model where secondary inductance is a fixed parameter. 
The purpose of this control oriented model is to provide an explicit mathematical description for inductance and current 
dynamics as functions of the external PF currents, plasma resistance and non inductive current.  

A cylindrical coordinate system ( ), ,r zφ  is used, and the plasma is assumed to be axisymmetric about the z-axis. Only the 

time evolving components ( )Zr BB ,  of the poloidal magnetic field and the toroidal component of the electric field E are 

considered in the analysis.    
The region of integration will be defined as the region where there is plasma. This will correspond to a plasma volumeG , or a 
plasma cross section Ω, delimited by the plasma boundaryΓ .   
The plasma current is defined as  

I jdS
Ω

= ∫                                              (1) 

where  dS drdz=  and  j  is the toroidal current density. A portion Î of this current can be provided non-inductively by 

bootstrap effect or additional actuators.   

The poloidal flux function 
  
ψ r,z( ) is the flux through an arbitrary circle of radius r centered on the torus symmetry axis at a 

height z. A collection of points with equal flux defines a flux surface.  The flux surface  ψ B
surrounding the plasma region 

defines the plasma boundary, and is called the boundary flux surface.  Bψ  can be written as the sum of the external 

contributions from the PF coil systems and the internal plasma current distribution:  

B e j j
j

L I M Iψ = +∑                                                     (2)  

The boundary voltage is obtained from (2) using Lenz´s law  

B
B

d
V

dt

ψ= −                                              (3) 

The component supplied by the plasma internal current distribution is parameterized using the external inductance eL [54],[55] 

and the components due to the various PF systems, including the OH coil, are parameterized through a set of mutual 

inductances jM  between OH coil (j=1), coil system of index j and plasma.   

The plasma internal inductance iL  is defined from the magnetic energy content inside the plasma volume G  

( )2 2 2

0

1 1

2 2i r z

G

W L I B B dv
µ

= = +∫                                         (4)  

where 0µ  is the vacuum magnetic permeability and the differential volume element is 
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Fig. 2:  Skin effect transformer model simulations (blue) and experimental data (black) for a TCV discharge. The model reproduces the negative 
correlation between plasma current and internal inductance transients.  The fitting parameters for an infinite prediction horizon are 67% for plasma 
current and 66% for the internal inductance.  

dv rdrd dzφ=                                            (5) 

The quantity W contains magnetic energy created by the plasma current as well as by external conductors.  

The plasma inductance pL
 
is the sum of the internal and external inductance components: 

p e iL L L= +                                             (6) 

The resistive drop RV  and flux Rψ are written in terms of the total plasma current, resistance and an equivalent non-inductive 

currentÎ  as [56]   

( )ˆRV R I I= −                                                (7) 

( )
0 0

ˆ
t t

R RV dt R I I dtψ = − = − −∫ ∫                                      (8) 

The equilibrium flux Cψ and voltage CV  are defined as [57]   

C p j j

jdS

L I M I
I

ψ
ψ Ω= = +

∫
∑  .                                     (9) 

C
C

d
V

dt

ψ= −                                                       (10) 

The tokamak transformer equation in integral form is [57]    

0

1

2

t

j j i R P
j

M I IL dt L Iψ− = −∑ ∫ ɺ                                         (11)  

A useful variable with inductance dimension containing information about the inductance transient’s history is 

0

1

2

t
C R

h iL IL dt
I I

ψ ψ−= = ∫ ɺ                                          (12) 

The internal inductance is linked to fluxes by the relation 

C B
iL

I

ψ ψ−=                                               (13) 

We define the system input, output and state vectors as  

( )T

i R C Cx L I Vψ ψ= −                                                (14) 

( )i hy L I L=                                                (15) 
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j j
j

u M I=∑ ɺ                                                (16) 

For constant external and mutual inductances, the dynamics of the plasma current, internal inductance, flux and equilibrium 
loop voltage can be written in state space form as  

( ) ( )
( )

x f x g x u

y h x

= +

=

ɺ
                                            (17) 

 

( )

( )( )

( )( )

( )( )
( )( ) ( ) ( ) ( )

2 4

2

4 2

1

2 4

2 2
3 1 2 2 1 4 1

ˆ2

ˆ2

ˆ

ˆ1

e

R x I x

x

x R x I
f x

L x

R x I x

k x kx x R x I x x xω ω α β

 − −
 
 
 
 − −
 =
 + 
 

− − − 
 
 − + − − −
 

                               (18) 

( ) ( )

( )

1
1

2

1
1

2
1

2
2

e B
R

e

e B

e

L T k
x T k

L x

L T k
x

L x

α

ωβ δω

 
= − − + 

 
= + + 

                                        (19) 

 
2

1

1 1

1
( ) 0 0

T

B

e e

k T x
g x

L x L x

ω −−=  + + 

                                        (20) 

 

3
1 2

2

( )
T

x
h x x x

x

 
= − 
 

                                              (21) 

A second order approximation for the equilibrium voltage (10) as a function of the boundary (3) and resistive (7) voltages is 
used [53]. The weight 0 1k≤ ≤  regulates the relative contributions from boundary and resistive voltages to the equilibrium 

voltage. The natural frequency 0ω > and damping factor 1δ > are a description of a system with two real poles, reflecting 
the fact that the wave equation for the toroidal electric field in a tokamak is heavily damped (resonant behavior in the 
equilibrium loop voltage is not allowed in the sub-kHz range of frequencies where the model applies).  The natural frequency 
scales in inverse relationship with the plasma temperature, just like the skin time scales in direct relationship with temperature. 
The factors TB ,TR , account for events that are faster than the resistive time scale, such as sawtooth instabilities, fast magnetic 

reconnection, turbulence, helicity transport [58]  etc.  Adjusting these parameters, the skin effect transformer model can 
accurately describe the transients in the plasma current and internal inductance dynamics. This is illustrated in Fig. 2. The 
fitting parameters for an infinite prediction horizon are 67% for the plasma current and 66% for the internal inductance.  
Simultaneous steady state conditions for plasma current, inductance and flux consumption are obtained when  

( )4 2
ˆu x R x I= − = − −                                             (22) 

So there is not a unique equilibrium point for this system, but an infinite collection of solutions each corresponding to a flat 
loop voltage profile across the plasma.  If the profile is constant in time, a steady state solution for the equilibrium loop 
voltage is obtained.  
According to the skin effect transformer model (17) , if the external voltage provided by the transformer balances the plasma 
resistive drop, the internal inductance and plasma current have a negative correlation coefficient;   

( ) ( )1 2
2

1 2

2 ˆif
e

x x
u R x I

x L x

−= = − −
+
ɺ ɺ

                                      

(23) 

  A similar result is obtained when the external voltage provided by the transformer balances the equilibrium voltage 

( )
1 2

4
1 2

if
e

x x
u x

x L x

−= = −
+
ɺ ɺ

                                       

(24) 

Thus this simple model reproduces the most salient features of the plasma current transients, such as the inverse correlation 
between plasma current and internal inductance changes (see Fig. 2), without requiring complex distributed parameter 
simulations [59] . Empirical versions of this inverse correlation have been used to control the internal inductance indirectly 
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Fig.3. Schematic of the internal inductance and plasma current sliding control system. The OH coil and sensors are magnetically coupled to the 
plasma.  From these, internal inductance, plasma current, loop voltages and fluxes are inferred. These are used in the equivalent and switching control 
laws that issue voltage requests for the OH coil. 

using the plasma current as a mediating variable [60].  The approach however is not inherently robust since the plasma current 
ramp is not the direct cause of the internal inductance change, and the correlation can be lost and even reversed in some 
situations, for instance in a slow  plasma current ramp-up and /or in a highly resistive plasma. Having the skin effect 
transformer model at our disposal, a more straightforward option is to design a system that issues voltage commands to the OH 
power supplies directly. This is the option taken in this work. 

III. OH COIL POWER SUPPLY MODEL 

The OH coil power supply is capable of driving a current ramp at a rate typically between +/- 150kA/s and up to +/- 200kA/s 
at low coil current. A steady 250kA plasma discharge in TCV typically requires about 20kA/s OH coil ramp rate. For 
simulation purposes the input-output relationship between requested and delivered voltage is approximated with a first order 
lag of 0.3ms. Details of the TCV OH power supply system can be found in [10] .  

IV. CONTROL PROBLEM AND SYSTEM DESIGN CHOICE 

We wish to regulate or control the plasma current, inductance or any other system state or combination of states with a control 
law as independent as possible from the model parameters, so the design can easily be applied to any tokamak.  We also want 
to design a control that could make use of the full capability of the OH coil power supplies using a switching control law. In 
principle, sliding mode control [61],[62] fits nicely with our requirements. The generic structure of the sliding model control 
for both current and inductance is outlined in Fig.3 The state feedback law in sliding mode control is the sum of an equivalent 
control and a saturation function that switches between two values as the sliding surface is crossed.  
The plant model comprises the serial connection of the skin effect transformer model (17) and the power supply model.  For 
all practical aspects the slowest element of this chain is the plasma response, so the OH power supply model will not be 
considered in the mathematical derivation of the controllers to follow. The power supply model has only been used for 
numerical simulations (not shown) prior to the experimental tests. 

V. PLASMA CURRENT CONTROL DESIGN 

We choose an error signal for plasma current as the sliding surface 

( ) 2refx I xσ = −                                               (25) 

An equilibrium point for (17) is obtained when the input is 

 ( ) ( )
1

, ,equ g t x f t x
x x

σ σ−∂ ∂ = − ∂ ∂ 
                                       (26) 

For our system (17) the equivalent control (26) is 

( )4 2
ˆ2equ x R x I= − −                                           (27) 

or in terms of resistive (7) and equilibrium (10)  loop voltages 

2eq C Ru V V= −                                              (28) 

To deal with the perturbations, a simple proportional feedback  ( )0k >  is introduced 



 

7 

 

( )su k xσ= −
                                            

(29) 

A state feedback law is build from the required equivalent control input (27) and the feedback correction (29): 

c eq su u u= +                                               (30) 

When the system (17) is subject to the state feedback (30), the reference for plasma current is approached asymptotically with 
speed 

( ) ( )( )
1

control
e

s k
f x g x u

x L x

σσ ∂= + = −
∂ +

ɺ                                  (31) 

which can be regulated with the choice of  k.  

When actuator limits ,u u+ −  are taken into consideration, the proportional feedback (29) takes the form of a relay function 

( )
( ) ( ) ( )

( )

,

,

,
s

u x

u k x x x

u x

σ σ
σ σ σ σ

σ σ

+ +

− +

− −

 >
= − < <
 <

                                    (32) 

Ideally k should be infinitely large so the switching law (32) approaches a limiter function between the actuator limits  

( )max
su u sign σ= −                                           (33) 

Then, the fastest response time compatible with the actuator limits is achieved, and we have a sliding mode controller.  As for 
the interaction with the actual plant, the required ramp rate for the transformer primary coil current 1I  is obtained from cu  as  

1
1

cu
I

M
=ɺ                                                  (34) 

and the voltage command to the OH coil is obtained as  [10]  
1

1 1 1 1 1 j jV L I R I M I= + −∑ɺ ɺ                                          (35) 

where 1
jM  are the mutual inductances  between the OH coil and the rest of the PF coil systems and 1L  , 1R  are the OH coil 

self inductance  and resistance.  

VI. INTERNAL INDUCTANCE CONTROL DESIGN 

Both definitions (12),(13) give similar results and can indistinctly be used or combined to give a current profile  
related variable.  To have some flexibility, we choose a generic sliding surface that is a linear combination of inductance 
and/or the inductance transient’s (12) history  

( ) ( )1 3( )ref ref
i i h hx c L y c L yσ = − + −                                              (36) 

with 0, 0i hc c≥ > . The equivalent control for this is  

( )
( ) ( )( )

4 2

2 1
4 2

3

ˆ2

2 ˆ1

eq

ei

h

u x R x I

x L xc
x R x I

c x

= − −

+ 
− + − − 
 

                                      (37) 

We also choose a relay function 

( )2 2

,

sgn ,

,

N

s

u

u x k x

u

σ σ

σ σ σ σ
σ σ

+ +

− +

− −

 >
= < <
 <

                                     

(38) 

with N ∈ℤ , 0k > .  The state feedback law (30) is build from (37) and (38).  

The time derivative of the Lyapunov function [63] 2F σ=  is negative when the system (17) is subject to the state feedback 
law given by (30) ,(37) ,(38) 

( )

1

3 2 2

1

N

h

e

kc y x

L x
σσ σ

−

= −
+

ɺ                                          (39) 

This means that the control scheme has global asymptotic stability.  Choosing N=1 the speed at which the reference is reached 

is independent of the plasma current 2( )x  value. 

As in the previous section, the voltage request for the OH coil power supplies is obtained from  (34) and (35). 
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The equivalent control (40) can be written in terms of the observers as 

 ( ) ( )2
2 1 e ii

eq C R C R
h h

L Lc
u V V V V

c L

+ 
= − + + − 

 

                                  (40) 

For constant inductance ( )C RV V=  both (27) and (40) are  

eq Ru V≅ −                                                   (41) 

so a fundamental purpose  of the equivalent control is to compensate  the resistive losses from the plasma.  

VII. REAL TIME MEASUREMENTS AND OBSERVERS 

The internal inductance and loop voltages required for the controls designed in the previous sections are obtained indirectly 
using 80 of the magnetic sensors available on TCV [64] . These are a set of 38 small coils oriented tangentially to the vacuum 
vessel perimeter at the same toroidal location (giving the poloidal field component tangent to the vacuum vessel perimeter ), a 
set of 38 poloidal flux loops also placed at the vacuum vessel perimeter and concentric with the plasma current (used to obtain 
the poloidal field component perpendicular to the vacuum vessel perimeter), and a set of 4 toroidal flux loops that pick up 
different combinations of toroidal flux components resulting from plasma diamagnetism, toroidal field, and eddy currents in 
the vacuum vessel .  
The integration region is defined as the region bounded by the vacuum vessel. This will correspond to an axisymmetric region 
of volumeG delimited by an integration contourΓ  which approximately coincides with the vacuum vessel perimeter (Fig. 4).  

The information from magnetic sensors is combined to obtain the Shafranov parameter Λ  and the poloidal beta using the 
formulas described in [65] . From these the normalized internal inductance is obtained as 

  
l
i
= 2 Λ − β

p( )                                                                       (42) 

which is normalized to the machine major radius r0.   

The internal inductance in SI units is 

0 0

2
i

i

r l
L

µ=                                                                                 (43) 

The plasma current is obtained from a boundary integration of the magnetic field 

tan

0

B dl

I
µ

Γ=
∫�

                                               (44) 

The magnetic energy content inside the vacuum vessel walls is then trivially obtained as  

W =
1

2
Li I

2 =
µ0R0

4
liI

2                                                                     (45) 

This contains the magnetic energy due to the plasma current distribution and the magnetic energy due to the vacuum field 
enclosed by the integration contour.  
Two additional observers are required for the determination of the equivalent control laws (27),(40) , namely the plasma 
resistive drop (7) and equilibrium voltage (10) 

( )2 4
ˆ

R CV R x I V x= − =                                          (46) 

Poynting analysis gives the power flow through the vacuum vessel walls as  

tanloopVI V B dl
Γ

= ∫�                                             (47) 

so the ohmic power consumption in the plasma is 

ohmP VI W= − ɺ                                               (48) 

 thus, the resistive drop in the plasma is  

  ohm
R

P
V

I
=                                                       (49) 

and the resistive flux is obtained by time integration from the start of the discharge: 

  
0

R RV dtψ = −∫                                                 (50) 

The total magnetic energy associated with the plasma current distribution in the entire space is  
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2

0

1
c

C G

W AjdV B dV A BdS
µ Γ

= = + ×∫ ∫ ∫�                                   (51) 

where C is an integration volume extending over the whole space up to infinity.   
The boundary integration in terms of sensor data is 

tan

0

loop B dl

A BdS

ψ

µ
Γ

Γ

× =
∫

∫
�

�
                                          (52) 

So the total magnetic energy is 

tan
2

0

1

2

loop

c i

B dl

W L I

ψ

µ
Γ= +
∫�

                                         (53) 

and from here, the equilibrium flux and voltage are 

c
c

jdS W

I I

ψ
ψ = =∫                                             (54) 

C cV ψ= − ɺ                                                 (55) 

The inductance defined in (12) can then be calculated from (50) and (54).   

VIII. CONTROL SYSTEM TESTS 

To test the ideas presented we have built a control system with the structure of Fig.3 The system is prepared to perform 
feedback on any combination of current and inductance. Plasma current is routinely controlled at TCV using linear 
proportional control, so initially we have just tested the internal inductance sliding control option.  
During the first 15ms of a typical discharge (not shown), the OH coil current is made to follow a prescribed waveform.  
The initial plasma has a very large internal inductance characteristic of a very peaked current profile. As plasma current 
increases from a few kA to about 30kA, the internal inductance decreases by three orders of magnitude, from about 1mH 
down to 1µH approximately. The actual values inferred from magnetic sensors are not accurate enough during this early 
phase, due to a low S/N ratio.   
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Fig. 4:  Poloidal cross-section of TCV showing the tangential coils (squares), flux loops (circles) and the integration contour used for evaluation of 
surface integrals. Vacuum vessel walls approximately coincide with this integration contour. 
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Plasma current feedback control starts at 15 ms (when the plasma current is above a few tens kA) and is switched off at 30ms 
(when the current is about 70kA).  At this point in time the internal inductance has settled down in the 1µH range and the 

system starts the internal inductance control.  This is performed setting i hc c>>  in (36) so there is no significant  hL  error 

contribution to the sliding surface.  
Fig. 5 shows a detail of the inductance control test during the first 90 ms of the feedback. The control system fights the initial 
tendency of the plasma to increase its internal inductance, bringing its value down to the desired reference in 90ms.  Thanks to 
the bump-less transfer reference waveform (dotted line), and the equivalent control providing approximately the required 
voltage to compensate the resistive drop in the plasma, the transition between current and inductance control is handled 
smoothly.  
Fig 6 shows the whole feedback window for internal inductance control for the same pulse.  Some chattering is observed in the 
flat top phase.   
The actual realization was not a sliding mode control system in the strict sense. Chattering has forced us to limit the control 
activity within the saturation limits of (38) at all times, which does not formally guarantee finite time convergence.  In 
practice, however, we have been able to control the internal inductance over a whole tokamak discharge, so the initial control 
system testing has been satisfactory. The chattering comes from the non ideal features of the actuator and the noise present in 
the observers. Higher order sliding mode control techniques can be used to reduce the impact of the observer’s noise on the 
control system, and therefore reduce the chattering level [66] ,[67].   
Another alternative is to reduce the noise in the inductance and loop voltage by improving or developing new observer 
algorithms. Improvement of observer accuracy will also allow us to start the feedback even earlier in the discharge. 

IX. Conclusion 

A skin effect transformer model has been used for the design of a tokamak transformer sliding mode control system. It uses the 
OH coil current ramp rate to control the current or internal inductance of the plasma.  The design is only weekly dependent on 
the model parameters, so its realization in any existing or future tokamak with a standard set of magnetic sensors is expected 
to be straightforward. Both standard and novel observer algorithms for plasma inductance, resistive and equilibrium fluxes and 
loop voltages have been developed. These have been included in a sliding mode control system that switches between two 
state feedback laws depending on the sign and magnitude of the sliding surface error.  The chattering problem, however, has 
forced us to limit the control activity to a continuous feedback law without reaching the switching function limits, so that we 
have not formally reached sliding mode control as such. Despite this, the preliminary experimental tests with this scheme have 
been satisfactory. The internal plasma inductance has been controlled during 1470ms (98% of the tokamak pulse length) 
starting from as early as 30ms after plasma breakdown.  The difficulty of starting even earlier arises from the large dynamic 
range and noise level in the internal inductance and loop voltage observers during the first 30ms of the discharge.  
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Fig. 6. Sliding mode control of internal inductance for a whole TCV pulse 
(#44782).  From the top are shown the internal inductance, plasma current and 
voltage applied to the OH coil.  

 
Fig. 5 Sliding mode control of internal inductance for TCV pulse 
#44782.  A 90ms feedback window is show to illustrate how the 
feedback system manages to reverse the tendency of the plasma to 
increase its inductance. From the top are shown the internal 
inductance, plasma current and OH coil current ramp rate.  
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