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Outline

§ Brief overview of plasma magnetic control in tokamaks 
(see reference paper & book)

§ Introduction to systems and control theory (see introductory material)
§ Linear Systems – The State-Space representation
§ Transfer functions & Block diagrams
§ Frequency response G(j𝞈) & its graphical representations
§ The control problem

§ Practical #1
§ Practical #2
§ Practical #3
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Plasma magnetic (equilibrium) control

§ Magnetic control is necessary to run throughout the desired sequence of 
equilibria (aka scenario) despite model uncertainties and disturbances
§ Plasma current needs to be controlled…
§ …as well as the shape of the boundary (LCFS)…
§ …as well as the vertical motion of elongated plasmas, since they are 

vertically unstable…
§ Magnetic control of the plasma is obtained by means of the magnetic fields 

produced by the external active coils

our 
controlled quantities 
or 
controlled variablesour actuators or control variables

Real sensors are 
pick-up coils and flux 
loops (Brian Peterson 
lecture Sep 6) + data 
acquisition systems 
(including integrators),…

Real actuators are the power supplies, i.e. 
we can act by applying voltage to the coils

Plasma scenario
Enrico di Pietro lecture Sep 6
Emmanuel Joffrin lecture Sep 7
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The final objective…build a control system …which is
not just the control algorithms, there is more…

JET tokamak 
Vertical Stabilization
System 

H. Urano presentation to TCM36 - 2021
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Main (plasma magnetic) control problems
& model-based design of control algorithms

The plasma (axisymmetric) magnetic control systems includes components to solve 
the following problems

§ the plasma current control problem
§ the shape and position control problem
§ the vertical stabilization problem

Since this is a school, during this practical lessons, I will refer to 
a machine-agnostic architecture

The main aim is to introduce you (the students) to model-based design of control 
algorithms…

…since this is JIFS, during the practical sessions, we will play with JT-60SA 
models
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Reference control architecture (for our lectures)

Four independent controllers
§ Current decoupling controller
§ Vertical stabilization controller
§ Plasma current controller
§ Plasma shape controller

The structure and the parameters 
(gains) of each controller can 
change according to events 
generated by an external supervisor 
(to react to pre-programmed events 
or exceptions)

Needed since early machine operation, 
also IC à see Ide presentation 11 Sep
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Nonlinear lumped parameters model

In order to adopt a model-based design approach a model of the plasma and of the current in the 
surrounding conductive structures (both active and passive) is needed 
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Plasma linear model 
(useful to apply model-based design)

Starting from the nonlinear lumped parameters model, following linearized state-space model can 
be obtained:
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System theory jargon
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Linear time-invariant (LTI) systems (models?)
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Equilibria of a nonlinear system
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Linearization around a given equilibrium
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Asymptotic stability of LTI systems
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Stability of an equilibrium
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Transfer function of LTI systems
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Analysis in the Laplace domain
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Zeros and poles of a transfer function
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Poles and eigenvalues of LTI systems

Each pole of G(s) is an eigenvalue of the system matrix A, 
while the converse is not necessarily true

If all the poles of G(s) have strictly negative real part – i.e. they 
are located in the left half of the s-plane (LHP) – the SISO 
system is said to be 

Bounded–Input Bounded–Output stable (BIBO)

A system is BIBO stable if bounded input to the system results
in a bounded output over the time interval [0, +∞)
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Block diagrams

When dealing with transfer functions, it is usual to resort to 
block diagrams which permit to graphically represent the 
interconnections between systems in a convenient way
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Series & parallel connections
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The feedback connection

Given two asymptotically stable LTI systems G1(s) and G2(s)
§ the series connection G2(s)G1(s) is asymptotically stable
§ the parallel connection G1(s) + G2(s) is asymptotically stable
§ the feedback connection G1(s)/(1±G1(s)G2(s)) is not necessarily stable

THE CURSE OF FEEDBACK!
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The frequency response
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Graphical representation of G(j𝞈) – The Bode plot
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Graphical representation of G(j𝞈) – The Nyquist plot

§ The Nyquist plot is a polar plot of the frequency response G(j𝞈) on the complex plane 
§ This plot combines the two Bode plots - magnitude and phase - on a single graph, with frequency 

𝞈 as a parameter along the curve, ranging in (−∞,+∞)

§ Nyquist plots are useful to check stability of closed-loop systems
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The control game

The objective of a control system is to make the output of a plant y(t) behaving in a desired way, by 
manipulating the plant input u(t)

A good controller should manipulate u(t) so as to

§ counteract the effect of disturbances d(t) and measurement noise n(t) (regulator problem)
§ keep the output close to a given reference input r(t) (servo problem)
§ compensate for model uncertainties (robustness against uncertainties)

The objective is always to keep the control error e(t) = r(t)-y(t) as small as possible
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Why (negative) feedback?

The main sources of difficulty in achieving good control performance are:

1. the plant model G(s) and the disturbance model Gd(s) are affected by uncertainty and/or may 
change with time

2. the disturbances cannot be measured
3. the plant can be unstable

§ It turns out that open-loop approaches are not (robust) enough (we will experience this during 
Practical #1)

§ A feedback approach can guarantee the desired degree of robustness
§ However, design a feedback control system is not straightforward since instability is around the 

corner!
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One degree-of-freedom feedback controller

The input to the plant is given by

U(s) = K(s)[R(s) – Y(s) – N(s)]

The objective of control is to design a controller K(s) such that the 
control error e(t) = r(t)– y(t) remains small despite the presence of 
disturbances d(t) and noise n(t)
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Feedback control - Terminology and notation
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Feedback control - Terminology and notation
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The control dilemma
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Feedback may cause instability

One of the issues in designing feedback controllers is stability

If the feedback gain is too large, then the controller may overreact and the closed-
loop system becomes unstable
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Practical #1 – Experience the basic concepts

§ A Matlab LiveScript to play with a 
simple example: the control of the 
pendulum position

§ We will see:
§ the effect of model uncertainties 

and disturbances
§ why open-loop control is not a good 

idea
§ the benefit of closed-loop control
§ the drawback of a poorly designed 

feedback control loop
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Practical #2 – Design a MIMO control
The case of a PFC decoupling controller

§ Model-based design of the PFC  Decoupling 
Controller

§ With a Matlab LiveScript we will:
§ design a set of SISO PI to track currents in the PF 

circuits
§ design a MIMO controller starting from a 

plasmaless model of JT-60SA
§ compare the different solutions
§ evaluate the effect of the plasma on the designed 

system

We will also add the 
Plasma Current ControllerSince this is the JIFS…

…we will play with JT-60SA 
models
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Practical #3 – Let’s try to stabilize the plasma!

§ Design a robust VS for JT-60SA

§ Again we will start from a Matlab 
LiveScript
§ this will be less easy, but we 

will do it ;)


