
  

  

Abstract—This paper reports the results of the design and 
modeling of a hierarchical control system for ITER plasma 
shape, position and current. The system contains three 
hierarchy levels. The first level is a model correcting loop with 
a feedback constant matrix. The second level consists of two 
loops: a fast SISO plasma vertical position stabilization loop 
and a slow MIMO plasma current and shape control loop. 
Both loops have the controllers which were designed by an H∞ 
loop shaping approach in the framework of the disturbance 
rejection configuration. The third level is a structure with a 
Model Predictive Controller for improving the plasma shape 
control process by a vertical position reference adjustment 
during a plasma discharge. The main idea of our proposal is 
to solve a tokamak plasma vertical position instability 
problem in cooperation with the plasma shape and current 
MIMO control loop. The plasma vertical position stabilization 
technique provides a more reliable control system in whole 
when compared with the known system approach when a 
plasma vertical speed is stabilized at about zero. The 
simulation results of the plasma magnetic hierarchical control 
system obtained on plasma-physics nonlinear DINA code for 
ITER are presented. The system was modeled on DINA code 
on the divertor phase of the plasma current ramp-up stage 
and on a DINA linearized model on the flat-top phase when a 
minor disruption occurs. 

I. INTRODUCTION 

he maximization of the performance-to-cost ratio in 
modern tokamaks (leaders in the fusion world race) 

gives a vertically elongated plasma configuration. This 
causes plasma instability in the direction of the elongation. 
Because of this and the minimization of the power supply 
cost a plasma magnetic feedback control system must solve 
two problems simultaneously: 1) suppression of the plasma 
vertical instability and 2) control of plasma shape and 
current during plasma discharge [1]–[3]. 

The well known approach of plasma vertical speed 
stabilization about zero stated in ITER (International 
Thermonuclear Experimental Reactor, www.iter.org) 
documentation [3] gives a control system which is not 
strictly stable without a MIMO plasma shape and current 
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control loop. The system is only well damped but is not 
stabilized relative to a vertical position behavior. In plasma 
magnetic control systems of such type the vertical stability 
problem is finally solved by the whole MIMO loop of the 
plasma shape control. The system operation with this 
configuration in the presence of the voltage and current 
saturation of the vertical stability power supply and current 
saturations of poloidal field coils is dangerous: the control 
system may lose stability. 

In our study we suggest a plasma vertical position 
stabilization approach in cooperation with the plasma shape 
and current control. Such combined technique provides a 
more reliable system as a whole. If some malfunction 
occurs in the MIMO loop the system will keep stability 
because the plasma vertical position is stabilized and in this 
case the SISO loop is internally stable [4]. 

As one can see in section V, inflexible stabilization 
about some constant value of the plasma vertical position 
reduces reachability domain of the plasma shape and 
current control subsystem. To overcome this difficulty 
three-layer hierarchical control structure is proposed. The 
first level is a constant matrix feedback loop for plant 
behavior correction. The second level consists of the 
plasma vertical position stabilization loop and the plasma 
current and shape control loop mentioned above. The third 
level of the hierarchical structure has a MIMO Model 
Predictive Controller (MPC) for adjusting a reference for 
plasma vertical position stabilization subsystem. This 
hierarchical structure is making the MIMO system of the 
second level more flexible and this improves the plasma 
shape deviations behavior. 

In this paper the results of the design and modeling of 
the proposed hierarchical plasma shape, position and 
current control system for ITER are presented. Section II 
shortly describes the tokamak plasma as a plant under 
control and the models of the tokamak plasma used in the 
research. Section III presents the plasma magnetic control 
problem statement in the case of the system hierarchical 
structure with the plasma vertical position stabilization. The 
synthesis methodology of an H∞-robust plasma vertical 
position controller is given in section IV. The shape and 
current controller synthesis methodology is given in section 
V. The plasma vertical position reference adjustment 
technique is presented in section VI. Section VII presents 
and summarizes the simulation results obtained. 
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II. PLANT UNDER CONTROL 

A. Tokamak plasma 

Tokamak plasma is controlled by the set of 
superconductive coils generating poloidal magnetic field to 
avoid ablation of the component surface and plasma 
impurities due to the particle influx. This would lead to 
plasma disruption and consequent high electromagnetic 
load on the surrounding magnetic structures.  
 

 
Fig. 1. ITER cross-section and location of PF coils and controlled gaps. 

 

Fig. 1 shows a vertical cross-section of ITER with the 
location of the central solenoid (CS) coils, poloidal field 
(PF) coils, “separatrix – first wall” gaps and plasma 
equilibrium magnetic configuration [3]. The plasma shape 
control is performed by controlling 6 gaps from g1 to g6. 
Control signals are PF&CS coil voltages. As this takes 
place, CS1L and CS1U coils are connected in series [3]. 

Plasma control systems proceeded from very simple 
systems of a direct passive control when a tokamak vacuum 
vessel is surrounded by a copper shell to active feedback 
control systems with external power supplies (see short 
survey in [5]). In modern tokamaks multivariable plasma 
current, position, and shape magnetic control systems are 
used. They are operating in tracking modes in reference to 
plasma equilibrium parameters which are given by plasma 
discharge scenario [2]. 

B. Plant model and disturbance 

Nonlinear DINA code [6] tuned for an ITER scenario is 
exploited for modeling the tokamak plasma discharge. The 
first principle equations used in DINA code for the plasma 
magnetic equilibrium description are the nonlinear Grad-
Shafranov partial differential equation [7], [8] and the 
Kirchhoff vector differential equation of magnetically 
coupled circuits [8]. 

The linear plant model applied for the control system 
design was derived by the linearization procedure [9] about 

the reference of plasma equilibrium configuration at 100 s 
of an ITER discharge on DINA code. Finally the linear 
plant model is represented in the state space form [9] 
specifically: 
 

,
dx dw

Ax B U E y Cx Fw
dt dt

δ= + + = +               (1) 

 

where 127 127A R ×∈ , 127 11 B R ×∈ , 19 127 C R ×∈  are plant 
model matrices, x is the state vector (dim x = 127) which 
includes variations of currents in CS&PF coils δIPF (11 
states), currents in the elements of the plasma passive 
stabilization system and currents in the inner and outer 
shell of the vacuum vessel, y is the output vector including 
the vertical position displacement δZ, six gap 
displacements δg, the plasma current variation δIpl, current 
variations δIPF in CS&PF coils and the radial displacement 
δRp. δU is the vector of control voltages. E, F are 
disturbance response matrices and w = [δβp δli]

T is the 
disturbance vector. 

The worst-case plasma disturbances are the Minor 
Disruptions characterized by instantaneous li drop 
δli = 0.2(li0 – 0.5) without recovery with simultaneous βp 
drop with exponential recovery δβp = 0.2βp0 exp (–t/3), 
[t] = s. Here li0 and βp0 are the values of li and βp before 
perturbation where βp is a ratio of a plasma gas-kinetic 
pressure to an external magnetic field pressure and li is a 
plasma internal inductance [7]. 

III. PLASMA CONTROL PROBLEM STATEMENT 

There are two basic interconnected plasma magnetic 
control challenges in ITER: 

1) Plasma vertical position stabilization: before the 
plasma shape and current control consideration the problem 
of the plasma vertical position stabilization is to be solved. 

2) Plasma shape and current control: gaps and plasma 
current deviations should be minimized at the plasma 
current ramp-up stage, and minor disruption disturbance 
rejection is required on the plasma current flat-top stage. 

To solve these challenges the control system structure 
shown in Fig. 2 is employed. The control signal δU 
represents the sum of the scalar fast vertical position 
stabilization signal δUVS going via the special block Kz and 
the vector slow plasma shape and current control signal 
δUM. The block Kz = [0  0  0  0  0  0 –1 –1  1  1  0]T 
represents the connection of the vertical stability power 
supply to the PF2-PF5 coils [3]. 

The plasma vertical position stabilization technique 
provides strictly stable closed loop system with only 4 PF 
coils from 12 PF coils in the loop. This system is more 
reliable in whole in comparison with the known system 
structure [3] when plasma vertical speed is stabilized at 
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about zero and vertical position stability problem is finally 
solved using all 12 control coils by the whole MIMO loop 
of the plasma shape control. The main design points for the 
control system development can be summarized as follows: 

• Design an H∞-robust SISO controller for plasma 
vertical position stabilization at about the reference 
value. 

• Design an H∞-robust MIMO controller for plasma 
shape and current deviation stabilization at about 
zero. 

• Design an MPC for improving the plasma shape and 
current control loop operation by a vertical position 
reference value adjustment. 

 

 
Fig. 2. Basic control system structure. 
 

IV. PLASMA VERTICAL POSITION STABILIZATION 

A. Plant Dynamics Correction 

First, the plasma vertical position stabilization problem is 
required to be solved. One cannot directly stabilize even the 
linearized plant model by the plasma vertical position 
output signal with the sufficient small settling time in the 
closed loop system. The scalar loop should be decoupled in 
the frequency domain towards the multivariable loop of the 
plasma shape and current control. Because of this the plant 
model is to be corrected by multivariable feedback. The 
main idea of the plant correction is to avoid the 
superconductive coils property: currents are integrals of the 
applied and induced voltages. This correction makes 
CS&PF currents deviations behavior slower in comparison 
with the plasma shape and current evolution and allows 
obtaining vertical position evolution reduced model with 
smaller order because zero poles (integrals) cannot be 
neglected otherwise. This approach is based on the 
methodology developed in [2], [5] when the state vector in 
(1) is separated into two parts: the vector of eddy currents 
in passive structures and the vector of CS&PF current 
variations. Then the fast eddy currents are neglected and a 
feedback constant matrix is designed to control only 
CS&PF currents. 

The original model has 127 states and reduced model has 
11 states. Both models have 11 inputs (PF voltages) and 11 

outputs (PF current variations). Reduced plant model with a 
multivariable feedback constant matrix Kfb is as follows: 

 

ˆ ˆ ( )fb PF

dx
Ax B r K I

dt
δ= + − , ˆ

PFI Cxδ =              (2) 

 

where r is the reference vector of 11 entries of the closed-
loop system. Let the desired closed loop system matrix 
have a diagonal form Λ = diag{–1 …–1}. Then using the 

reduced model in which all plant matrices Â , B̂ , and Ĉ  
have 11×11 size and are invertible one can obtain: 
 

1 1ˆ ˆˆ ( ) .fbK B A C− −= − − Λ                          (3) 

 

With the use of (3) we can get from (2) a closed-loop 
reduced system model with the decoupled state equation: 
 

ˆdx
x Br

dt
= Λ + , ˆ

PFI Cxδ = . 

 

B. SISO Loop Controller Design 

Linear models obtained from nonlinear DINA code are 
not sufficiently precise because of the plasma complexity. 
To provide a satisfactory operation on nonlinear DINA 
code and on the original tokamak plasma the robust 
controllers are needed to be designed. Robust H∞ open loop 
shaping design technique based on normalized coprime 
factorization (NCF) [10] was applied to find proper 
solutions. 

The NCF synthesis technique gives a controller order 
which is equal to an augmented plant model order. Because 
of this the model reduction is required. The plant model 
GVS of order 127 with the correction obtained above is 
separated into the two parts GVS = GUS + GST, where GUS is 
the unstable part of order 1 and GST is the stable part with 
the rest order. Then, the stable part GST is reduced to ĜST by 
the balanced residualization procedure [4] and finally 

reduced model is ˆ ˆ
VS US STG G G= + . 

We reduced the corrected plant model stable part to 
order 3. Finally, the reduced plant model with the unstable 
mode has the order 4. 

The reduced plant model is scaled by the input and 
output scaling factors dIN = 6000 V and dOUT = 0.1 m. So 
the reduced plant model takes the scaled form: 

 

                                     VS VSZ G uδ =   , (4) 
 

where scaled output and input signals are / OUTZ Z dδ δ= , 

/VS VS INu U dδ= , and then the scaled SISO plant model is 

ˆ /VS IN VS OUTG d G d= . 

To perform the open loop shaping design the scaled 
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reduced plant model VSG  in (4), named nominal plant 

model in terms of H∞ open loop shaping design procedure, 
is augmented with weighting functions W1(s) = 330/s and 
W2 = 1 which have been chosen by trial and error 
procedure to satisfy the requirements on the frequency 
domain decoupling between the plasma vertical position 
loop and the plasma shape and current control loop: 

 
1

2 1W VS l lG W G W M N−= =  
 

where the factors Ml and Nl are to satisfy the equality 
* *

l l l lM M N N I+ = . The perturbed plant with uncertain 

transfer functions ΔM and ΔN in the coprime factors Ml and 
Nl may be presented as follows: GP = (Ml + ΔM)-1(Nl + ΔN). 
In that case robust stability margin satisfies the inequality 

1/N M QΔ Δ ∞∞
< , and ( ) 1 1

W l

K
Q I G K M

I
−∞ −

∞
 

= − + 
 

 

is known transfer function of the closed-loop “nominal 
plant – uncertainty” configuration control system [10]. The 
final feedback controller for the nominal plant model is 
 

                               1
2VS IN

OUT

W
K K d W

d ∞= . (5) 

V. PLASMA SHAPE AND CURRENT CONTROL 

For the plasma shape and current control system design 
the H∞  loop shaping synthesis based on NCF technique is 
used as well. First, the reduction of the MIMO plant model 
GM of order 193 (from 11 component input vector r to 
output vector y = [δgT δIpl]

T) is required. 
The reduced MIMO plant model ĜM with order 50 is 

scaled by the input and output matrix scaling factors: 
 

DIN = diag{1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5} (kV), 
DOUT = diag{0.1 0.1 0.1 0.1 0.1 0.1 (m) 0.5 (MA)}.  
 

In that case the reduced MIMO plant model takes the 
scaled form namely 

 

                              δ δ = = 
  

TT
pl M My g I G u , (6) 

 

where scaled output and input signals are 1
OUTy D y−= , 

1
M INu D r−= , and then the scaled reduced MIMO plant 

model is 1 ˆ
M OUT M ING D G D−= . 

Plant model (6) is augmented with matrix weighting 
functions: 

 

1 11 11×=W I , 
5

2
2

10
( ) diag{1 1 1 1 1 1 5 10 }W s

s
−= ⋅ . 

 

Robust stabilization approach based on the NCF of the 

augmented plant model gives the suboptimal stabilizing 
controller K∞. Finally, the plasma shape and current 
controller KMIMO is as follows: 

 

                         1
1 2MIMO IN OUTK D W K W D−

∞=  (7) 
 

 
Fig. 3. Gap displacements with the vertical position stabilization about 
zero when the minor disruption occurs. 

 

A minor disruption disturbance at plasma current flat-top 
stage (Fig. 3) was modeled with obtained controllers. There 
six gap displacements δg are shown as the results of 
modeling the closed-loop system with the plasma vertical 
position stabilization at about zero by controller KVS and 
with controller KMIMO in the plasma shape and current 
control loop.  

VI. PLASMA VERTICAL POSITION REFERENCE 

ADJUSTMENT 

In Fig. 3 one can see that the plasma vertical position 
stabilization at about zero provides the plasma shape and 
current control subsystem with large gap displacements of 
about 0.07 m and heavy oscillations. To overcome this 
shortcoming a control structure of the third hierarchy level 
is added. The basic idea is to adjust on-line the plasma 
vertical position by adding a reference value to improve the 
response of the plasma shape and current control loop. The 
plasma vertical position linked with the plasma shape is 
specified by magnetic surface geometry which is described 
by Grad-Shafranov equation [7], [8]. But in a dynamics 
evolution this link becomes “flexible” and we suppose that 
one can improve the plasma shape and current control 
system behavior with more flexible plasma vertical position 
stabilization way. To achieve this in cooperation with the 
plasma vertical position instability suppression loop the 
plasma vertical position reference is adjusted on-line. 

The third level of the hierarchy structure has an MPC 
[11], [12] for adjusting the reference of the plasma vertical 
position stabilization subsystem. For the MPC synthesis a 
single-input and six-output discrete time plant model (from 
plasma vertical position reference displacement δZREF to 
output vector δg, with sampling time Ts = 0.005) is 
exploited. The MPC contains a state observer, thus the 
MPC order depends on a plant model order. Because of this 
we reduced the linear plant model up to 30 states. 

2623



  

A control objective is to minimize six gap displacements 
δg by the vertical position reference adjustment. The MPC 
consists of the observer designed for the reduced plant 
model and a structure realizing the following control law in 
discrete time: 

 
( ) ( ) ( ) ( 1)REF x u REF r REFZ n K x n I K Z n K gδ δ δ= + + − +  

 
where n is a current time step, x is the state estimation 
vector, REFgδ  is the desired vector of plant output 

variables, Kx, Ku, Kr are controller parameter row-vectors 
obtained from reduced plant model by the MPC design 
procedure. The three-level hierarchical control system 
structure in general is shown in Fig. 6.  

 

 
Fig. 4. Hierarchical control system structure. 

 

VII. SIMULATION RESULTS 

A. Minor disruption on the current flat-top phase 

The simulation results of the hierarchical control system 
at the minor disruption disturbance rejection on the plasma 
current flat-top phase (Fig. 5–7) were obtained on the 
DINA code linearized model at 100 s of the ITER plasma 
discharge.  

 

 
Fig. 5. Plasma vertical position variation δZ during minor disruption 
disturbance at 100 s. 
 

 
Fig. 6. Gap displacements δg during minor disruption disturbance at 100 s. 

 

 
Fig. 7. Plasma current variation δIpl during minor disruption disturbance at 
100 s. 

 

B. Plasma current ramp-up stage  

The simulation results of the plasma shape and current 
control in tracking mode without any disturbances on the 
plasma current ramp-up stage (Fig. 8–11) were obtained on 
plasma-physics nonlinear DINA code tuned for the ITER 
scenario from 11.5 MA to 15 MA of the plasma current. 

 

 
Fig. 8. Plasma vertical position and its scenario value on the plasma 
current ramp-up stage. 
 

 
Fig. 9. Gap displacements on the plasma current ramp-up stage. 
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Fig. 10.  Plasma current variation on the plasma current ramp-up stage. 
 

 
Fig. 11. CS&PF currents variations on the plasma current ramp-up stage. 
 

In Fig. 8 one can see that the obtained plasma vertical 
position behavior differs from its scenario value because 
the vertical position reference adjusting is added to the 
original scenario on the hierarchy third level with the MPC. 
Fig. 11 shows that CS&PF currents do not match with their 
scenario values. This can be explained by the fact that the 
CS&PF currents control objective is not considered in this 
study and their scenario values were obtained on another 
plasma-physics code which differs from DINA code. A 
consideration of the CS&PF control problem forces us to 
search a trade-off between CS&PF currents tracking and 
plasma shape, position and current control [13]. To solve 
this problem we can adjust the CS&PF currents scenario as 
in [5], [14] using new obtained control currents in 
simulations done.  

The tolerable control system performance was achieved 
in modeling of the control system on linear DINA model at 
the worst-case plasma minor disruption disturbance 
rejection (Fig. 5–7) with the largest gap displacement of 
0.035 m and settling time of 8 s. The plasma shape and 
current control in tracking mode on plasma current ramp-up 
stage of nonlinear DINA code (Fig. 8–11) gave the control 
system performance with the largest gap displacement error 
of 0.015 m and the plasma current displacement overshoot 
of 150 kA (1%). 

In the future development of our plasma control system 
approach we assume to apply the hierarchical control 
system with plasma vertical position adjustment throughout 
the whole plasma discharge from gas breakdown through 
limiter, divertor and plasma burning phases up to the end of 
plasma cooling. 
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