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Abstract: A new robust hierarchical plasma magnetic control system with time-varying pa-
rameters and cascade circuits for the Globus-M2 tokamak (Ioffe Institute) has been synthesized
by means of the linear matrix inequalities (LMI) method. Each control cascade has a separate
objective: placing poles of the closed-loop system in the D-region to guarantee robust perfor-
mance, restriction of the H∞-norm of the transfer function between external disturbances and
the plant outputs of the closed-loop system, tracking PF-currents, CS-current, plasma current,
plasma position, gaps between the plasma separatrix and the first wall. Control cascades were
synthesized for an array of plant linear models corresponding to reconstructed plasma equilibria
at different time points of the tokamak discharges. The LMIs allow the synthesis of one LTI
controller, providing the required performance and system stability margin for each model from
a given array. Tracking cascades use new MIMO PID controllers adjusted by means of the LMIs.
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1. INTRODUCTION

The development of tokamaks (Wesson and Campbell,
2011) started in 1950s made them leading in the con-
trolled thermonuclear fusion research. As tokamaks de-
veloped, plasma control systems were elaborated as toka-
maks necessary components, without which the operation
of modern tokamaks is impossible. The plasma control
systems provide the tokamak performance, reliability, and
survivability, as well as allow to reach their most eco-
nomical regimes. Different approaches were used in mag-
netic control systems for plasma position, current, and
shape: control channel decoupling, PID control, predictive
model, H∞ optimization theory, quadratic programming
for saturation of control currents, adaptation of the plasma
position to match the plasma shape, control with non-
stationary controllers, hierarchical control, etc. See the
survey Mitrishkin et al. (2018b,c).

Nevertheless, despite the fact that there is great progress in
the development of plasma magnetic control systems they
are far from complete for reliable use in future tokamak
reactors like ITER and thermonuclear power plants (for

instance in DEMO). In order to ensure their round-the-
clock operation, the further elaboration is required with
the applications of new structures of magnetic plasma
control systems and new modern plasma control methods.

This work presents a new effective structure of plasma
magnetic control system for the spherical Globus-M2 toka-
mak. The proposed control system makes use of two
MIMO PID controllers in the cascades for plasma posi-
tion, current and shape, and the second inner cascade for
rejection of a multivariable external disturbance with a
MIMO output controller. All controllers are designed with
application of the LMI method which currently undergoes
fast development in mathematical and numerical science
and finds applications for plasma control in tokamaks. See
e.g. Ariola et al. (2014); Pavlova et al. (2017); Konkov
et al. (2018).

The LMI approach has essential advantages over other
methods for the design of robust control systems. For
instance in comparison with the H∞ optimization theory
the LMIs do not require using weighting functions like
in the solutions of mixed sensitivity control problems
(Skogestad and Postlethwaite, 2005), robust loop shaping
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control (McFarlane and Glover, 1990) or fixed-structure
H∞ control (Apkarian et al., 2014). In applications of the
Quantitative Feedback Theory (QFT) (Garcia-Sanz, 2017)
one uses the boundaries caused by plant uncertainties
in the Nichols amplitude-phase diagram to design the
feedback and feedforward robust controllers by trial and
error approach to meet the specifications at the set of
predetermined frequencies, see Mitrishkin et al. (2018a,
2019). Instead of weighting functions D-regions are used
which are more obvious in the robust controller’s design
procedure. Moreover, the MIMO PID tuning method does
not need decoupling of control channels and has the
universal structure of statements of control problems.

The controlled plant and the transition to the LPV model
in the state space form are described in Section 2. Section
3 presents cascades of the hierarchical control system.
Sections 4 and 5 show the design of the cascades with
the robust dynamic output-feedback controller and MIMO
PID controllers. Section 6 gives the simulation results in
Simulink of the designed control system.

2. PLASMA MODEL

The plant under control is the plasma in the Globus-M2
tokamak (Gusev et al., 2013), its output signals are as
follows (37 outputs in total): vertical Z and horizontal
R plasma positions, current in the central solenoid Ics, 5
currents in the PF-coils

Ipf =
[
Ipf 1 I

top
pf 2 I

bot
pf 2 Ipf 3 Icc

]T
,

currents in vertical Ivfc and horizontal Ihfc field coils,
plasma current Ip, poloidal magnetic flux Ψ measured by
21 magnetic loops of the Globus-M2 tokamak, and 5 gaps
between the separatrix and the first wall, see figure 1,

g = [g1 g2 g3 g4 g5]
T

.
The plasma models used for the controller synthesis are
based on the Kirchhoff’s law for currents in the tokamak,
plasma motion equations, and the expression for gaps
between the plasma and the first wall. The equations are
linearized around the magnetohydrodynamic equilibria at
various t-points of plasma discharge reconstructed from
the tokamak’s experimental data:

M(t)δİ+RcδI +
∂Ψc

∂R
(t)δṘ+

∂Ψc

∂Z
(t)δŻ +

∂Ψc

∂w
(t)δẇ=δU,

∂FR

∂I
(t)δI +

∂FR

∂R
(t)δR+

∂FR

∂Z
(t)δZ +

∂FR

∂w
(t)δw = 0,

∂FZ

∂I
(t)δI +

∂FZ

∂R
(t)δR+

∂FZ

∂Z
(t)δZ +

∂FZ

∂w
(t)δw = mδZ̈,

∂g

∂I
(t)δI +

∂g

∂R
(t)δR+

∂g

∂Z
(t)δZ +

∂g

∂w
(t)δw = δg,

∂Ψ

∂I
(t)δI +

∂Ψ

∂R
(t)δR+

∂Ψ

∂Z
(t)δZ +

∂Ψ

∂w
(t)δw = δΨ,

M(t) =
∂Ψc

∂I
(t), w =

[
βp
li

]
.

Here I = [Ihfc, Ivfc, Ics, I
T
pf , I

T
v , Ip]T is the vector of

toroidal currents in the tokamak coils, the vacuum vessel,
and the plasma, U is the vector of the voltages applied
to the coils, Ψc is the vector of magnetic fluxes encircled
by the currents, M is the inductivity matrix, Rc is the
diagonal matrix of resistances in the circuits, R,Z are
horizontal and vertical coordinates of the plasma axis, βp

and li are the poloidal beta and the internal inductance
of the plasma (Wesson and Campbell, 2011), g is the
vector of the gaps between the plasma separatrix and the
first wall of the tokamak and Ψ is the vector of poloidal
magnetic fluxes measured by tokamak’s magnetic loops.
All variations depend on time.

Fig. 1. Gaps between the separatrix and the first wall

Minor plasma disruptions are characterized by steep
changes in βp and li, so the vector ξ = δw may be
considered as the disturbance vector.
Defining the state vector x′ = [δIT, δŻ, δZ]T, the control
vector u = δU and the output vector

y = [δIhfc, δIvfc, δIcs, δI
T
pf , δIp, δR, δZ, δg

T, δΨT]T,

the linear model can be expressed in the state-space form
with time varying parameters:


ẋ′(t) = A(t)x′(t) +B(t)u(t)+

+G′(t)ξ̇(t) + E′(t)ξ(t),

y(t) = C(t)x′(t) + F ′(t)ξ(t),

(1)

where

A(t) = −M̃−1
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0

0
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E′(t) = −M̃−1
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At the further variable transformation x = x′ − G′ξ,
E = AG′+E′−Ġ′, F = CG′+F ′ in (1) the clear physical
meaning of the state variables is lost, but a simpler, more
suitable model for the controller design is obtained.
Control cascades are synthesized on an array of 50 models.
The models correspond to the time points t1, . . . , t50 from
175 to 200 ms (with 0.5 ms step) of the divertor phase of
the discharge No. 37239 of the Globus-M2 tokamak. De-
noting models in the array by the index An = A(tn), Bn =
B(tn), etc., n = 1, . . . , 50, the resulting LTI model of the
array with index n in new coordinates is written as follows:{

ẋ(t) = Anx(t) +Bnu(t) + Enξ(t),

y(t) = Cnx(t) + Fnξ(t),
(2)

where x ∈ R24, u ∈ R8, y ∈ R37, and ξ ∈ R2.

3. HIERARCHICAL CONTROL SYSTEM
STRUCTURE

The block diagram of the hierarchical plasma control
system is presented in figure 2; it contains four MIMO
control cascades. Each cascade achieves its own control
objective. The first cascade contains two current inverters
and six rectifiers, they are actuators, see Kuznetsov et al.
(2019); Mitrishkin et al. (2016). The second cascade with a
robust dynamic output-feedback controller K(s) is shown
in figures 2 and 3 in blue. It has two objectives: it reduces
the norm of the transfer function between the external
disturbance ξ and the outputs (currents δI, positions δZ,

Tokamak
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<latexit sha1_base64="CjhR4gZAFZ0veAavA/MaLBii7pg=">AAAB8XicbVC7SgNBFL0bX0l8RW0Em8EgxCbsxsKUwTSWEcwDkyXMTmaTIbOzy8ysGJeAH2FjoYitnZ9iJ/gxTh6FJh64cDjnXu69x4s4U9q2v6zUyura+kY6k93c2t7Zze3tN1QYS0LrJOShbHlYUc4ErWumOW1FkuLA47TpDasTv3lLpWKhuNajiLoB7gvmM4K1kW6q3YTe6XFBnXZzebtoT4GWiTMn+crh/Xfm4eOi1s19dnohiQMqNOFYqbZjR9pNsNSMcDrOdmJFI0yGuE/bhgocUOUm04vH6MQoPeSH0pTQaKr+nkhwoNQo8ExngPVALXoT8T+vHWu/7CZMRLGmgswW+TFHOkST91GPSUo0HxmCiWTmVkQGWGKiTUhZE4Kz+PIyaZSKzlmxdGXSKMMMaTiCYyiAA+dQgUuoQR0ICHiEZ3ixlPVkvVpvs9aUNZ85gD+w3n8AYziTrg==</latexit>

8 ⇥ 6
<latexit sha1_base64="rSmY8LgUqvi2gW8oLLW+7pkm1jM=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4UNGXARrCJYD4kOcLeZi9Zsnt37M4JIeRX2FgoYmvpT5E0/hB7Nx+FJj4YeLw3w8y8IJHCoOt+OZmV1bX1jexmbmt7Z3cvv39QM3GqGa+yWMa6EVDDpYh4FQVK3kg0pyqQvB70ryZ+/YFrI+LoDgcJ9xXtRiIUjKKV7kstFIobctHOF9yiOwVZJt6cFMrw/TEeZ24q7fxnqxOzVPEImaTGND03QX9INQom+SjXSg1PKOvTLm9aGlG7xh9ODx6RE6t0SBhrWxGSqfp7YkiVMQMV2E5FsWcWvYn4n9dMMSz5QxElKfKIzRaFqSQYk8n3pCM0ZygHllCmhb2VsB7VlKHNKGdD8BZfXia1s6J3Xjy7tWmUYIYsHMExnIIHl1CGa6hAFRgoeIRneHG08+S8Om+z1owznzmEP3DefwAyB5Oy</latexit>

–

6 : (�Ip, �g)ref
<latexit sha1_base64="SNErB5szY0LXQMFUqE0egpkt8ss=">AAACB3icbZC7SgNBFIZn4yUx8RK1DMhgECJI2I2gwSpoo10Ec4EkLLOTs8mQ2Qszs0JY0tkIPomNhSK2voKdr2Ft4eRSaOIPAx//OYcz53dCzqQyzU8jsbS8sppMraUz6xubW9ntnboMIkGhRgMeiKZDJHDmQ00xxaEZCiCew6HhDC7G9cYtCMkC/0YNQ+h4pOczl1GitGVn907OCu0ucEXwlR0e4Rn3Du1YgDuys3mzaE6EF8GaQb6S+zpPZh6+q3b2o90NaOSBrygnUrYsM1SdmAjFKIdRuh1JCAkdkB60NPrEA9mJJ3eM8IF2utgNhH6+whP390RMPCmHnqM7PaL6cr42Nv+rtSLlljsx88NIgU+ni9yIYxXgcSi4ywRQxYcaCBVM/xXTPhGEKh1dWodgzZ+8CPVS0Toulq51GmU0VQrl0D4qIAudogq6RFVUQxTdoUf0jF6Me+PJeDXepq0JYzazi/7IeP8BDJebIg==</latexit>

6 : (�Ip, �g)
<latexit sha1_base64="AeEJv8/gwAiTmjzvqLJcPlNBalc=">AAACAXicbZC7SgNBFIZn4yUx8bJqI6QZDEIECbsRNFgFbbSLYC6QLMvs7CQZMju7zMwKYYmNrY9hY6GIrW9h52tYWzi5FJr4w8DHf87hzPm9iFGpLOvTSC0tr6ymM2vZ3PrG5pa5vdOQYSwwqeOQhaLlIUkY5aSuqGKkFQmCAo+Rpje4GNebt0RIGvIbNYyIE6Aep12KkdKWa+6dnBU7PmEKwSs3OoIz7h26ZsEqWRPBRbBnUKjmv87TuYfvmmt+dPwQxwHhCjMkZdu2IuUkSCiKGRllO7EkEcID1CNtjRwFRDrJ5IIRPNCOD7uh0I8rOHF/TyQokHIYeLozQKov52tj879aO1bdipNQHsWKcDxd1I0ZVCEcxwF9KghWbKgBYUH1XyHuI4Gw0qFldQj2/MmL0CiX7ONS+VqnUQFTZUAe7IMisMEpqIJLUAN1gMEdeATP4MW4N56MV+Nt2poyZjO74I+M9x8Q25hS</latexit>

Fig. 2. Block diagram of plasma magnetic control system

δR, and gaps δg), and places the poles of the closed-loop
system in the D-region. This is necessary to improve the
performance of the control system: to reduce the oscillation
index and transition time. This controller is synthesized for
the entire array of models (2) describing plant dynamics
at various time points of the discharge. That guarantees a
proper margin of robust stability of the control system.

Tokamak 
and 

actuators
+

P1(s)
<latexit sha1_base64="som8koWz8x4AeZ/PhCjdMfQpzmg=">AAAB7XicbVA9SwNBEJ2LUWP8ilraLEYhNuEuFloGbCwjmA9IjrC32UvW7O0eu3tCOPIfbCwUsfX/2Plv3Luk0MQHA4/3ZpiZF8ScaeO6305ho7i5tV3aKe/u7R8cVo6OO1omitA2kVyqXoA15UzQtmGG016sKI4CTrvB9Dbzu09UaSbFg5nF1I/wWLCQEWys1GkNvZq+HFaqbt3NgdaJtyTVZjHM0RpWvgYjSZKICkM41rrvubHxU6wMI5zOy4NE0xiTKR7TvqUCR1T7aX7tHF1YZYRCqWwJg3L190SKI61nUWA7I2wmetXLxP+8fmLCGz9lIk4MFWSxKEw4MhJlr6MRU5QYPrMEE8XsrYhMsMLE2IDKNgRv9eV10mnUvat6496mcQ4LlOAUzqAGHlxDE+6gBW0g8AjP8ApvjnRenHfnY9FacJYzJ/AHzucP8s+Q5A==</latexit>

K(s)
<latexit sha1_base64="wDyT+frCZNA+vdeILKUeRc+ktdw=">AAAB63icbVDLSgNBEOyNryS+ol4EL4tBiJewGw/mGPQieIlgHpAsYXYymwyZmV1mZoW4BPwCLx4U8eoP+CneBD/G2SQHTSxoKKq66e7yI0aVdpwvK7Oyura+kc3lN7e2d3YLe/tNFcYSkwYOWSjbPlKEUUEammpG2pEkiPuMtPzRZeq37ohUNBS3ehwRj6OBoAHFSKfSdUmd9gpFp+xMYS8Td06KtcP779zDx0W9V/js9kMccyI0ZkipjutE2kuQ1BQzMsl3Y0UihEdoQDqGCsSJ8pLprRP7xCh9OwilKaHtqfp7IkFcqTH3TSdHeqgWvVT8z+vEOqh6CRVRrInAs0VBzGwd2unjdp9KgjUbG4KwpOZWGw+RRFibePImBHfx5WXSrJTds3LlxqRRhRmycATHUAIXzqEGV1CHBmAYwiM8w4vFrSfr1XqbtWas+cwB/IH1/gN7B5DS</latexit>

⇠
<latexit sha1_base64="V5gfPMRiQJVcni9ifzhLterY750=">AAAB6nicbZC7TsMwFIZPyq2UAgFGFouCxFQlZQAmKrEwFkEvqI0qx3Vaq44T2Q6iivoILAwgxMoTsTHwAPAS4F4GaPklS5/+/xz5nOPHnCntOO9WZmFxaXklu5pby69vbNpb2zUVJZLQKol4JBs+VpQzQauaaU4bsaQ49Dmt+/3zUV6/pVKxSFzrQUy9EHcFCxjB2lhXrTvWtgtO0RkLzYM7hcLZ9+fp18dNvtK231qdiCQhFZpwrFTTdWLtpVhqRjgd5lqJojEmfdylTYMCh1R56XjUITowTgcFkTRPaDR2f3ekOFRqEPqmMsS6p2azkflf1kx0cOKlTMSJpoJMPgoSjnSERnujDpOUaD4wgIlkZlZEelhios11cuYI7uzK81ArFd2jYunSKZT3YaIs7MIeHIILx1CGC6hAFQh04R4e4cni1oP1bL1MSjPWtGcH/sh6/QFzuJJD</latexit>

u1
<latexit sha1_base64="f+UOz5OuOkkG5o1M7kFd1IIf6EY=">AAAB6nicbZC7SgNBFIbPeo3xFrWwsBmMglXYjYV2BtJYRjQXSJYwO5lNhszOLnMRwpJHsLFQxNZ38CWsxMZH8A0snVwKTfxh4OP/z2HOOUHCmdKu++ksLC4tr6xm1rLrG5tb27md3ZqKjSS0SmIey0aAFeVM0KpmmtNGIimOAk7rQb88yuu3VCoWixs9SKgf4a5gISNYW+vatL12Lu8W3LHQPHhTyF98v71+7Je/Ku3ce6sTExNRoQnHSjU9N9F+iqVmhNNhtmUUTTDp4y5tWhQ4ospPx6MO0bF1OiiMpX1Co7H7uyPFkVKDKLCVEdY9NZuNzP+yptHhuZ8ykRhNBZl8FBqOdIxGe6MOk5RoPrCAiWR2VkR6WGKi7XWy9gje7MrzUCsWvNNC8crNl45gogwcwCGcgAdnUIJLqEAVCHThDh7g0eHOvfPkPE9KF5xpzx78kfPyA3ozklA=</latexit>

r1
<latexit sha1_base64="7bUV0K4hNG5MqAEi+3aGSVtS+dQ=">AAAB6nicbZC7SgNBFIbPeI3xFrWwsBmMglXYjYV2BtJYRjQXSJYwO5lNhszOLjOzQljyCDYWitj6Dr6Eldj4CL6BpZNLoYk/DHz8/znMOcePBdfGcT7RwuLS8spqZi27vrG5tZ3b2a3pKFGUVWkkItXwiWaCS1Y13AjWiBUjoS9Y3e+XR3n9linNI3ljBjHzQtKVPOCUGGtdq7bbzuWdgjMWngd3CvmL77fXj/3yV6Wde291IpqETBoqiNZN14mNlxJlOBVsmG0lmsWE9kmXNS1KEjLtpeNRh/jYOh0cRMo+afDY/d2RklDrQejbypCYnp7NRuZ/WTMxwbmXchknhkk6+ShIBDYRHu2NO1wxasTAAqGK21kx7RFFqLHXydojuLMrz0OtWHBPC8UrJ186gokycACHcAIunEEJLqECVaDQhTt4gEck0D16Qs+T0gU07dmDP0IvP3Whkk0=</latexit>

–
Cint(s)

<latexit sha1_base64="p4AARK3NJV+ueVEaXLm89BHzn/A=">AAAB8XicbVC7SgNBFL2rUWN8RS1tBqMQm7AbCy0DaSwjmAcmS5idzCZDZmeXmbtCWPIXNhaK2Po3dv6Nk0ehiQcGDufcy9xzgkQKg6777Wxs5ra2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwrs/89hPXRsTqAScJ9yM6VCIUjKKVHuv9TCicls1Vv1hyK+4cZJ14S1Kq5cI5Gv3iV28QszTiCpmkxnQ9N0E/oxoFk3xa6KWGJ5SN6ZB3LVU04sbP5hdPyaVVBiSMtX0KyVz9vZHRyJhJFNjJiOLIrHoz8T+vm2J469tMSYpcscVHYSoJxmQWnwyE5gzlxBLKtLC3EjaimjK0JRVsCd5q5HXSqla860r13rZxAQvk4QzOoQwe3EAN7qABTWCg4Ble4c0xzovz7nwsRjec5c4p/IHz+QOjV5MR</latexit>

e2
<latexit sha1_base64="Siqu+515li4wYRj5hVntWIX6fvc=">AAAB6nicbZC7SgNBFIbPeo3xFrWwsFmMglXYjYV2BtJYRjQXSJYwOzmbDJmdXWZmhbDkEWwsFLH1HXwJK7HxEXwDSyeXQhN/GPj4/3OYc44fc6a043xaC4tLyyurmbXs+sbm1nZuZ7emokRSrNKIR7LhE4WcCaxqpjk2Yokk9DnW/X55lNdvUSoWiRs9iNELSVewgFGijXWN7WI7l3cKzlj2PLhTyF98v71+7Je/Ku3ce6sT0SREoSknSjVdJ9ZeSqRmlOMw20oUxoT2SRebBgUJUXnpeNShfWycjh1E0jyh7bH7uyMloVKD0DeVIdE9NZuNzP+yZqKDcy9lIk40Cjr5KEi4rSN7tLfdYRKp5gMDhEpmZrVpj0hCtblO1hzBnV15HmrFgntaKF45+dIRTJSBAziEE3DhDEpwCRWoAoUu3MEDPFrcureerOdJ6YI17dmDP7JefgBjV5JB</latexit> y2

<latexit sha1_base64="bYgC6eXP51sDMaCGP+Al1yLxmTw=">AAAB6nicbZC7TsMwFIZPyq2UAgVGFouCxFQl7QBMVGJhLIJeUBtVjuu0Vh0nsh2kKOojsDCAECtPxMbAA8BLgHsZoOWXLH36/3Pkc44Xcaa0bb9bmaXlldW17HpuI7+5tV3Y2W2oMJaE1knIQ9nysKKcCVrXTHPaiiTFgcdp0xtejPPmHZWKheJGJxF1A9wXzGcEa2NdJ91yt1C0S/ZEaBGcGRTPvz/Pvj5u87Vu4a3TC0kcUKEJx0q1HTvSboqlZoTTUa4TKxphMsR92jYocECVm05GHaEj4/SQH0rzhEYT93dHigOlksAzlQHWAzWfjc3/snas/VM3ZSKKNRVk+pEfc6RDNN4b9ZikRPPEACaSmVkRGWCJiTbXyZkjOPMrL0KjXHIqpfKVXawewlRZ2IcDOAYHTqAKl1CDOhDowz08wpPFrQfr2XqZlmasWc8e/JH1+gMmjZIQ</latexit>

r2
<latexit sha1_base64="zp0QLfiUxtLkyUevZFvH3vOp0zg=">AAAB6nicbZC7SgNBFIbPeI3xFrWwsBmMglXYjYV2BtJYRjQXSJYwO5lNhszOLjOzQljyCDYWitj6Dr6Eldj4CL6BpZNLoYk/DHz8/znMOcePBdfGcT7RwuLS8spqZi27vrG5tZ3b2a3pKFGUVWkkItXwiWaCS1Y13AjWiBUjoS9Y3e+XR3n9linNI3ljBjHzQtKVPOCUGGtdq3axncs7BWcsPA/uFPIX32+vH/vlr0o7997qRDQJmTRUEK2brhMbLyXKcCrYMNtKNIsJ7ZMua1qUJGTaS8ejDvGxdTo4iJR90uCx+7sjJaHWg9C3lSExPT2bjcz/smZignMv5TJODJN08lGQCGwiPNobd7hi1IiBBUIVt7Ni2iOKUGOvk7VHcGdXnodaseCeFopXTr50BBNl4AAO4QRcOIMSXEIFqkChC3fwAI9IoHv0hJ4npQto2rMHf4RefgB3JZJO</latexit>

P2(s)
<latexit sha1_base64="W7u6b3G6Mh/c4zeTgYdXel4dfJE=">AAAB7XicbVA9SwNBEJ2LUWP8ilraLEYhNuHuLLQM2FhGMB+QHGFvs5es2ds9dveEcOQ/2FgoYuv/sfPfuLmk0MQHA4/3ZpiZFyacaeO6305ho7i5tV3aKe/u7R8cVo6O21qmitAWkVyqbog15UzQlmGG026iKI5DTjvh5Hbud56o0kyKBzNNaBDjkWARI9hYqd0c+DV9OahU3bqbA60Tb0mqjWKUozmofPWHkqQxFYZwrHXPcxMTZFgZRjidlfuppgkmEzyiPUsFjqkOsvzaGbqwyhBFUtkSBuXq74kMx1pP49B2xtiM9ao3F//zeqmJboKMiSQ1VJDFoijlyEg0fx0NmaLE8KklmChmb0VkjBUmxgZUtiF4qy+vk7Zf967q/r1N4xwWKMEpnEENPLiGBtxBE1pA4BGe4RXeHOm8OO/Ox6K14CxnTuAPnM8f9FaQ5Q==</latexit>

P1(s)
<latexit sha1_base64="som8koWz8x4AeZ/PhCjdMfQpzmg=">AAAB7XicbVA9SwNBEJ2LUWP8ilraLEYhNuEuFloGbCwjmA9IjrC32UvW7O0eu3tCOPIfbCwUsfX/2Plv3Luk0MQHA4/3ZpiZF8ScaeO6305ho7i5tV3aKe/u7R8cVo6OO1omitA2kVyqXoA15UzQtmGG016sKI4CTrvB9Dbzu09UaSbFg5nF1I/wWLCQEWys1GkNvZq+HFaqbt3NgdaJtyTVZjHM0RpWvgYjSZKICkM41rrvubHxU6wMI5zOy4NE0xiTKR7TvqUCR1T7aX7tHF1YZYRCqWwJg3L190SKI61nUWA7I2wmetXLxP+8fmLCGz9lIk4MFWSxKEw4MhJlr6MRU5QYPrMEE8XsrYhMsMLE2IDKNgRv9eV10mnUvat6496mcQ4LlOAUzqAGHlxDE+6gBW0g8AjP8ApvjnRenHfnY9FacJYzJ/AHzucP8s+Q5A==</latexit>

u2
<latexit sha1_base64="hqvS66jvwFkanSoiD+V1IxRIFgA=">AAAB6nicbZC7SgNBFIbPeI3xFrWwsBmMglXYjYV2BtJYRjQXSJYwO5lNhszOLjOzQljyCDYWitj6Dr6Eldj4CL6BpZNLoYk/DHz8/znMOcePBdfGcT7RwuLS8spqZi27vrG5tZ3b2a3pKFGUVWkkItXwiWaCS1Y13AjWiBUjoS9Y3e+XR3n9linNI3ljBjHzQtKVPOCUGGtdJ+1iO5d3Cs5YeB7cKeQvvt9eP/bLX5V27r3ViWgSMmmoIFo3XSc2XkqU4VSwYbaVaBYT2idd1rQoSci0l45HHeJj63RwECn7pMFj93dHSkKtB6FvK0Nieno2G5n/Zc3EBOdeymWcGCbp5KMgEdhEeLQ37nDFqBEDC4QqbmfFtEcUocZeJ2uP4M6uPA+1YsE9LRSvnHzpCCbKwAEcwgm4cAYluIQKVIFCF+7gAR6RQPfoCT1PShfQtGcP/gi9/AB7t5JR</latexit>

u3
<latexit sha1_base64="+LVKUQsviMEqVdtRcoUtR8H6GUc=">AAAB6nicbZC7SgNBFIbPxluMt6iFhc1gFKzCblJoZyCNZURzgWQJs5PZZMjs7DIzK4Qlj2BjoYit7+BLWImNj+AbWDrZpNDEHwY+/v8c5pzjRZwpbdufVmZpeWV1Lbue29jc2t7J7+41VBhLQusk5KFseVhRzgSta6Y5bUWS4sDjtOkNq5O8eUulYqG40aOIugHuC+YzgrWxruNuuZsv2EU7FVoEZwaFi++314+D6letm3/v9EISB1RowrFSbceOtJtgqRnhdJzrxIpGmAxxn7YNChxQ5SbpqGN0Ypwe8kNpntAodX93JDhQahR4pjLAeqDms4n5X9aOtX/uJkxEsaaCTD/yY450iCZ7ox6TlGg+MoCJZGZWRAZYYqLNdXLmCM78yovQKBWdcrF0ZRcqxzBVFg7hCE7BgTOowCXUoA4E+nAHD/BoceveerKep6UZa9azD39kvfwAfTuSUg==</latexit>

y1
<latexit sha1_base64="371Cz3GBVw1QgsPpeWbaos7y8n0=">AAAB6nicbZC7TsMwFIZPyq2UAgVGFouCxFQl7QBMVGJhLIJeUBtVjuu0Vh0nsh2kKOojsDCAECtPxMbAA8BLgHsZoOWXLH36/3Pkc44Xcaa0bb9bmaXlldW17HpuI7+5tV3Y2W2oMJaE1knIQ9nysKKcCVrXTHPaiiTFgcdp0xtejPPmHZWKheJGJxF1A9wXzGcEa2NdJ12nWyjaJXsitAjODIrn359nXx+3+Vq38NbphSQOqNCEY6Xajh1pN8VSM8LpKNeJFY0wGeI+bRsUOKDKTSejjtCRcXrID6V5QqOJ+7sjxYFSSeCZygDrgZrPxuZ/WTvW/qmbMhHFmgoy/ciPOdIhGu+NekxSonliABPJzKyIDLDERJvr5MwRnPmVF6FRLjmVUvnKLlYPYaos7MMBHIMDJ1CFS6hBHQj04R4e4cni1oP1bL1MSzPWrGcP/sh6/QElCZIP</latexit>

z1
<latexit sha1_base64="JPQ9wnvJSjvZ+USflBRNDhldvJQ=">AAAB6nicbZC7TsMwFIZPyq2UW4GBgcWiIDFVSRlgo1IXxiJIW6mNKsd1WquOE9kOUon6CCwMIMTKO/ASTIiFR+ANGHEvA7T8kqVP/3+OfM7xY86Utu1PK7OwuLS8kl3Nra1vbG7lt3dqKkokoS6JeCQbPlaUM0FdzTSnjVhSHPqc1v1+ZZTXb6hULBLXehBTL8RdwQJGsDbW1W3baecLdtEeC82DM4XC+ffb68de5avazr+3OhFJQio04VippmPH2kux1IxwOsy1EkVjTPq4S5sGBQ6p8tLxqEN0ZJwOCiJpntBo7P7uSHGo1CD0TWWIdU/NZiPzv6yZ6ODMS5mIE00FmXwUJBzpCI32Rh0mKdF8YAATycysiPSwxESb6+TMEZzZleehVio6J8XSpV0oH8JEWdiHAzgGB06hDBdQBRcIdOEOHuDR4ta99WQ9T0oz1rRnF/7IevkBgdGSVQ==</latexit>

z2
<latexit sha1_base64="/Xs5Ib5FGpWCD3joMTLwUeKvJbM=">AAAB6nicbZC7TsMwFIZPyq2UW4GBgcWiIDFVSRhgo1IXxiLoRWqjynGd1qrjRLaDVKI+AgsDCLHyDrwEE2LhEXgDRtzLAC2/ZOnT/58jn3P8mDOlbfvTyiwsLi2vZFdza+sbm1v57Z2aihJJaJVEPJINHyvKmaBVzTSnjVhSHPqc1v1+eZTXb6hULBLXehBTL8RdwQJGsDbW1W3bbecLdtEeC82DM4XC+ffb68de+avSzr+3OhFJQio04VippmPH2kux1IxwOsy1EkVjTPq4S5sGBQ6p8tLxqEN0ZJwOCiJpntBo7P7uSHGo1CD0TWWIdU/NZiPzv6yZ6ODMS5mIE00FmXwUJBzpCI32Rh0mKdF8YAATycysiPSwxESb6+TMEZzZleeh5hadk6J7aRdKhzBRFvbhAI7BgVMowQVUoAoEunAHD/BoceveerKeJ6UZa9qzC39kvfwAg1WSVg==</latexit>

z3
<latexit sha1_base64="HhFgkUkVnQEXZj2fHmgb1DUaBGw=">AAAB6nicbZC7SgNBFIbPxluMl0QtLGwGo2AVdpNCOwNpLCOaCyRLmJ3MJkNmZ5eZWSEueQQbC0VsfQdfwkpsfATfwNLJpdDEHwY+/v8c5pzjRZwpbdufVmppeWV1Lb2e2djc2s7mdnbrKowloTUS8lA2PawoZ4LWNNOcNiNJceBx2vAGlXHeuKFSsVBc62FE3QD3BPMZwdpYV7edUieXtwv2RGgRnBnkz7/fXj/2K1/VTu693Q1JHFChCcdKtRw70m6CpWaE01GmHSsaYTLAPdoyKHBAlZtMRh2hY+N0kR9K84RGE/d3R4IDpYaBZyoDrPtqPhub/2WtWPtnbsJEFGsqyPQjP+ZIh2i8N+oySYnmQwOYSGZmRaSPJSbaXCdjjuDMr7wI9WLBKRWKl3a+fARTpeEADuEEHDiFMlxAFWpAoAd38ACPFrfurSfreVqasmY9e/BH1ssPhNmSVw==</latexit>

–
r3

<latexit sha1_base64="pJMpGnfkpSeF80db32XrfR2JKpE=">AAAB6nicbZC7SgNBFIbPxluMt6iFhc1gFKzCblJoZyCNZURzgWQJs5PZZMjs7DIzK4Qlj2BjoYit7+BLWImNj+AbWDrZpNDEHwY+/v8c5pzjRZwpbdufVmZpeWV1Lbue29jc2t7J7+41VBhLQusk5KFseVhRzgSta6Y5bUWS4sDjtOkNq5O8eUulYqG40aOIugHuC+YzgrWxrmW33M0X7KKdCi2CM4PCxffb68dB9avWzb93eiGJAyo04ViptmNH2k2w1IxwOs51YkUjTIa4T9sGBQ6ocpN01DE6MU4P+aE0T2iUur87EhwoNQo8UxlgPVDz2cT8L2vH2j93EyaiWFNBph/5MUc6RJO9UY9JSjQfGcBEMjMrIgMsMdHmOjlzBGd+5UVolIpOuVi6sguVY5gqC4dwBKfgwBlU4BJqUAcCfbiDB3i0uHVvPVnP09KMNevZhz+yXn4AeKmSTw==</latexit>

e3
<latexit sha1_base64="yMko7QOCyCjR7tkqXFsKHm98nao=">AAAB6nicbZC7SgNBFIbPxluMt6iFhc1iFKzCblJoZyCNZURzgWQJs5OTZMjs7DIzK4Qlj2BjoYit7+BLWImNj+AbWDq5FJr4w8DH/5/DnHP8iDOlHefTSi0tr6yupdczG5tb2zvZ3b2aCmNJsUpDHsqGTxRyJrCqmebYiCSSwOdY9wflcV6/RalYKG70MEIvID3BuowSbaxrbBfb2ZyTdyayF8GdQe7i++3146D8VWln31udkMYBCk05UarpOpH2EiI1oxxHmVasMCJ0QHrYNChIgMpLJqOO7BPjdOxuKM0T2p64vzsSEig1DHxTGRDdV/PZ2Pwva8a6e+4lTESxRkGnH3VjbuvQHu9td5hEqvnQAKGSmVlt2ieSUG2ukzFHcOdXXoRaIe8W84UrJ1c6hqnScAhHcAounEEJLqECVaDQgzt4gEeLW/fWk/U8LU1Zs559+CPr5Qdk25JC</latexit> y3

<latexit sha1_base64="Ladp7Ww8QsEOpqB0CuUVLgrwfLw=">AAAB6nicbZC7TsMwFIZPyq2UAgVGFouCxFQl7QBMVGJhLIJeUBtVjuu0Vh0nsh2kKOojsDCAECtPxMbAA8BLgHsZoOWXLH36/3Pkc44Xcaa0bb9bmaXlldW17HpuI7+5tV3Y2W2oMJaE1knIQ9nysKKcCVrXTHPaiiTFgcdp0xtejPPmHZWKheJGJxF1A9wXzGcEa2NdJ91Kt1C0S/ZEaBGcGRTPvz/Pvj5u87Vu4a3TC0kcUKEJx0q1HTvSboqlZoTTUa4TKxphMsR92jYocECVm05GHaEj4/SQH0rzhEYT93dHigOlksAzlQHWAzWfjc3/snas/VM3ZSKKNRVk+pEfc6RDNN4b9ZikRPPEACaSmVkRGWCJiTbXyZkjOPMrL0KjXHIqpfKVXawewlRZ2IcDOAYHTqAKl1CDOhDowz08wpPFrQfr2XqZlmasWc8e/JH1+gMoEZIR</latexit>

Cext(s)
<latexit sha1_base64="2nkoCDlnKRnZhJXaybqWBEGEnak=">AAAB8XicbVBNT8JAEJ0iKuIX6tFLI5rghbR40CMJF4+YyEeEhmyXKWzYbpvdrZE0/AsvHjTGq//Gm//GpXBQ8CWTvLw3k5l5fsyZ0o7zbeU28ptb24Wd4u7e/sFh6ei4raJEUmzRiEey6xOFnAlsaaY5dmOJJPQ5dvxJY+53HlEqFol7PY3RC8lIsIBRoo300Bik+KRnFXU5KJWdqpPBXifukpTr+SBDc1D66g8jmoQoNOVEqZ7rxNpLidSMcpwV+4nCmNAJGWHPUEFCVF6aXTyzL4wytINImhLaztTfEykJlZqGvukMiR6rVW8u/uf1Eh3ceCkTcaJR0MWiIOG2juz5+/aQSaSaTw0hVDJzq03HRBKqTUhFE4K7+vI6adeq7lW1dmfSOIcFCnAKZ1ABF66hDrfQhBZQEPAMr/BmKevFerc+Fq05azlzAn9gff4ArImTFw==</latexit>

P2(s)
<latexit sha1_base64="W7u6b3G6Mh/c4zeTgYdXel4dfJE=">AAAB7XicbVA9SwNBEJ2LUWP8ilraLEYhNuHuLLQM2FhGMB+QHGFvs5es2ds9dveEcOQ/2FgoYuv/sfPfuLmk0MQHA4/3ZpiZFyacaeO6305ho7i5tV3aKe/u7R8cVo6O21qmitAWkVyqbog15UzQlmGG026iKI5DTjvh5Hbud56o0kyKBzNNaBDjkWARI9hYqd0c+DV9OahU3bqbA60Tb0mqjWKUozmofPWHkqQxFYZwrHXPcxMTZFgZRjidlfuppgkmEzyiPUsFjqkOsvzaGbqwyhBFUtkSBuXq74kMx1pP49B2xtiM9ao3F//zeqmJboKMiSQ1VJDFoijlyEg0fx0NmaLE8KklmChmb0VkjBUmxgZUtiF4qy+vk7Zf967q/r1N4xwWKMEpnEENPLiGBtxBE1pA4BGe4RXeHOm8OO/Ox6K14CxnTuAPnM8f9FaQ5Q==</latexit>

P3(s)
<latexit sha1_base64="CcY/jlq2dHVP/w8Ehf4+nHMUtL8=">AAAB7XicbVA9TwJBEJ1DVMQPUEubjWiCDbmDQksSG0tM5COBC9lb9mBlb/eyu2dCLvwHGwuNsfX/2PlvXA4KBV8yyct7M5mZF8ScaeO6305uK7+9s1vYK+4fHB6VyscnHS0TRWibSC5VL8CaciZo2zDDaS9WFEcBp91gervwu09UaSbFg5nF1I/wWLCQEWys1GkNG1V9NSxX3JqbAW0Sb0UqzXyYoTUsfw1GkiQRFYZwrHXfc2Pjp1gZRjidFweJpjEmUzymfUsFjqj20+zaObq0ygiFUtkSBmXq74kUR1rPosB2RthM9Lq3EP/z+okJb/yUiTgxVJDlojDhyEi0eB2NmKLE8JklmChmb0VkghUmxgZUtCF46y9vkk695jVq9XubxgUsUYAzOIcqeHANTbiDFrSBwCM8wyu8OdJ5cd6dj2VrzlnNnMIfOJ8/9d2Q5g==</latexit>

Fig. 3. Block diagrams of cascades of the control system

The third and fourth cascades shown in figures 2 and 3, red
and purple, respectively, contain MIMO PID controllers
with the same structure. The third cascade provides track-
ing of variations of plasma positions δZ, δR and currents
in the coils δIcs, δIpf in line with the references. The fourth
cascade provides tracking for variations of the plasma
current δIp and the gaps δg; it generates references for
the third cascade. Due to this, with the help of the fourth
cascade, the control system provides coordinated control
of gaps and plasma position on the one hand, and plasma
current and currents in the coils on the other hand.

4. SYNTHESIS OF ROBUST DYNAMICAL
OUTPUT-FEEDBACK CONTROLLER

The method is based on the Bounded Real Lemma and the
generalized Lyapunov Theorem, see Duan and Yu (2013);
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it is necessary to combine them into one LMI system. The
approach used here for the output-feedback controller is
based on Bakka and Karimi (2012). First, one needs to sep-
arate the plant outputs to y1 = δΨ which are for feedback-

loops outputs, and z1 =
[
δZ R δIcs Iδ

T
pf δIp δg

T
]T

which is the vector of interest, i.e. the purpose for
H∞-control: 

ẋ = Ax+Bu1 + Eξ,

z1 = C1x+ F1ξ,

y1 = C2x+ F2ξ.

The controller is defined as

u1(s) = K(s)y1(s), K(s)

{
ζ̇ = Akζ +Bky1,

u1 = Ckζ +Dky1.

The closed-loop system shown in blue in figure 3 has the
following form:[

ẋ

ζ̇

]
= Acl

[
x

ζ

]
+Bclξ, z1 = Ccl

[
x

ζ

]
+Dclξ,

Acl Bcl

Ccl Dcl

 =


A+BDkC2 BCk

BkC2 Ak

E +BDkF2

BkF2

C1 0 F1

 .
The Lyapunov matrix P must be represented as mutually

inverse matrices

P =

[
Y N
NT Ω1

]
, P−1 =

[
X M
MT Ω2

]
,

where Ω1 and Ω2 are arbitrary matrices, see Scherer et al.
(1997). Then the following notations are introduced

Â = NAkM
T +NBkC2X + Y BCkM

T+

+ Y (A+BDkC2)X,

B̂ = NBk + Y BDk, Ĉ = CkM
T +DkC2X, D̂ = Dk,

Θ1 = AX+BĈ+
(
AX +BĈ

)T
, Θ2 = ÂT +A+BD̂C2,

Θ3 = Y A+ B̂C2 +
(
Y A+ B̂C2

)T
to form the following LMI terms for H∞-control and
placement of the poles of a closed-loop system in D-region:

Σ1 =


Θ1 Θ2 E +BD̂F2 XC

T
1 + ĈTFT

2

∗ Θ3 Y E + B̂F2 CT
1 + CT

2 D̂
T

∗ ∗ −γI FT
1

∗ ∗ ∗ −γI

 ,
Σ2 =

[
G1 H

T
1 G2 H

T
2 G3 H

T
3 G4 H

T
4

]
,

Σ3 = −1

2
diag

(
ε−11 , ε1, ε

−1
1 , ε1, ε

−1
2 , ε2, ε

−1
2 , ε2

)
,

Σ4 = LD ⊗
[
X I

I Y

]
+MD ⊗

[
AX +BĈ A+BD̂C

Â Y A+ B̂C

]
+

+MT
D ⊗

[
AX +BĈ A+BD̂C

Â Y A+ B̂C

]T
,

Σ5 =
[
ε1P1 N

T
1 ε2P2 N

T
2 ε3P3 N

T
3 ε4P4 N

T
4

]
where ε1−4, G1−4, H1−4, P1−4, and N1−4 are obtained
from the lemma in Khargonekar et al. (1990). LD and MD

are the matrices of the characteristic function of the D-
region represented by the intersection of the circle with
the center at the point (0, 0) and the radius r, and the
half-plane with the parameter α, see Duan and Yu (2013),

D = {s | s ∈ C−, LD + sMD + s̄MT
D < 0},

LD =

 2α 0 0

0 −r 0

0 0 −r

 ,MD =

1 0 0

0 0 1

0 0 0

 .
Thus the final LMI system is formulated as follows[

X I
I Y

]
� 0,

[
Σ1 Σ2

ΣT
2 Σ3

]
� 0,

[
Σ4 Σ5

ΣT
5 Σ3

]
� 0.

The solution of this system for all models from (2) allows

to obtain matrices X, Y , Â, B̂, Ĉ, and D̂. After obtaining
the matrices M and N from the factorization problem
MNT = I − XY , one can determine the matrices of the
controller

Ak = N−1
(
Â−NBkC2X − Y BCkM

T−

− Y (A+BDkC2)X
) (
MT

)−1
,

Bk = N−1
(
B̂ − Y BDk

)
,

Ck =
(
Ĉ −DkC2X

) (
MT

)−1
, Dk = D̂.

5. MIMO PID CONTROLLER DESIGN

The method in Boyd et al. (2016) allows synthesizing
the MIMO tracking control system with a new type of
controllers. The MIMO PID controller is used in the third
and fourth cascades, shown in figures 2 and 3 in red and
purple. The MIMO PID controller is defined as

u(s) = C(s)e(s), C(s) = KP +
1

s
KI +

s

τs+ 1
KD,

where u(s) ∈ Cm is the Laplace transform of the plant
inputs vector, e(s) ∈ Cq is the error between the references
r(s) and the outputs y(s) of the plant. The PID coefficients
are non-diagonal matrices

KP ∈ Rm×q, KP ∈ Rm×q, KP ∈ Rm×q.

The following closed-loop responses and matrix transfer
functions will be used for the design of controllers:

e(s) = S(s)r(s), S(s) =
(
I + P (s)C(s)

)−1
,

y(s) = T (s)r(s), T (s) = P (s)C(s)
(
I + P (s)C(s)

)−1
,

u(s) = Q(s)r(s), Q(s) = C(s)
(
I + P (s)C(s)

)−1
.

The matrix (P (0)KI)
−1

is the matrix of the static and
low-frequency sensitivity; it is defined as

dS

ds

∣∣∣∣∣
s=0

=
(
P (0)KI

)−1
, S(s) ≈ s

(
P (0)KI

)−1
for small |s|,

the Q-parameter is necessary for control restrictions, it is
caused by engineering constraints of the actuators.
Now it is possible to formulate the problem of the synthesis
of the MIMO PID controller as an SDP problem. Next,
the transition is done from the transfer functions to the
matrix values of the transfer functions at the selected
frequencies, and, accordingly, from the H∞-norms of the
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matrix transfer functions to the spectral norms of the
numerical matrices:

min ‖(P (0)KI)−1‖2,
s.t. ‖S(s)‖∞ ≤ Smax,

‖T (s)‖∞ ≤ Tmax,

‖Q(s)‖∞ ≤ Qmax.

−→


min ‖(P (0)KI)−1‖2,
s.t. ‖Sk‖2 ≤ Smax,

‖Tk‖2 ≤ Tmax,

‖Qk‖2 ≤ Qmax.

where k = 1, . . . , N , Pk = P (jωk), ωk ∈ [ω1, . . . , ωN ],

Ck = KP +
1

jωk
KI +

jωk

τjωk + 1
KD. (3)

The transition (−→) from the transfer functions to the
values of these transfer functions at the selected frequen-
cies is the main idea of the method; it allows to reduce the
problem to the matrix inequalities form

max µ,

s.t. (P (0)KI)H(P (0)KI) � µ2I,

(I + PkCk)H(I + PkCk) � (1/S2
max)I,

(I + PkCk)H(I + PkCk) �
� (1/T 2

max)(PkCk)H(PkCk),

(I + PkCk)H(I + PkCk) � (1/Q2
max)CH

k Ck.

(4)

This system of matrix inequalities contains three unknown
matrices KP , KI , and KD included in Ck in (3), and
the target µ. The matrix inequalities in system (4) are
not linear with respect to the unknown matrices of the
controller; moreover, the left-hand sides of the inequalities
are not convex. To obtain a solution for (4), it must
be reduced to the LMI system by means of a convex-
concave procedure, described in detail in Lipp and Boyd
(2015). The solution of the original system (4) is found by
iteratively solving the equivalent LMI system, approaching
the optimal value of µmax at each iteration.
The following signals were used in the synthesis of cascades
P2(s) and P3(s), see figure 3: u3(s) = r2(s), u2(s) = r1(s),
z2 and z3 are vectors with other signals of the plant, r2(s)
and r3(s) are references for outputs

y2(s) =

 δRδZδIcs
δIpf

 ∈ C8, y3(s) =

[
δIp
δg

]
∈ C6.

Sensitivity functions of these cascades are

e2(s) = S2(s)r2(s), S2(s) =
(
I + P1(s)Cint(s)

)−1
,

e3(s) = S3(s)r3(s), S3(s) =
(
I + P2(s)Cext(s)

)−1
.

The transfer functions T (s) andQ(s) for these cascades are
obtained similarly. System (4) is solved with parameters
Smax, Tmax, Qmax, N , and τ for each cascade, while there
is one solution for all models from (2). Thus, matrix
inequalities in (4) are sequentially solved first for Cint ∈
C8×8, and then for Cext ∈ C8×6, see them in figure 3.

6. SIMULATION RESULTS

The LMIs for the control design are solved using CVX with
SDPT3 4.0 solver interfaced with MATLAB, see CVX Re-
search (2012); Grant and Boyd (2008). The simulation was
carried out in Simulink using an LPV block for the plant
model, models switching starts from 175 ms. The results
are presented in figure 4, which contains variations of gaps
δg1−5, plasma current δIp, poloidal beta δβp, and internal

Fig. 4. The simulation results of the control system of the
plasma for discharge No. 37239 when minor disruption
occur. Red lines are references.
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plasma inductance δli when the minor disruption occurs,
and the control system moving the separatrix to a new
location. The following parameters were used: for second
cascade γ = 102, α = 103, r = 5 · 104; for third cascade
Smax = 1.6, Tmax = 1.8, Qmax = 5/σmin

(
P (0)

)
; for fourth

cascade Smax = 1.2, Tmax = 1.4, Qmax = 10/σmin

(
P (0)

)
.

7. CONCLUSION

The new robust control systems have been designed for
dynamic plants with variable parameters and applied in
modelling to the plasma in the spherical tokamak Globus-
M2. Robust control systems were synthesized by the LMI
method for the array of linear plasma models with time-
invariant parameters. That made it possible to apply
the transfer function and frequency response methods to
each model. Then the time-varying plasma models were
obtained by the Simulink LPV block in simulations.
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