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= 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(jw) & its graphical representations
= The control problem

= Practical #1

= Practical #2
= Practical #3
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Inner poloidal field coils
(Primary transformer circuit)

Plasma scenario (@)3

Q ‘l i e oo s Enrico di Pietro lecture Sep 6 <2 ! ]
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= Magnetic control is necessary to run throughout the desired sequence of = é’f
equilibria (aka scenario) despite model uncertainties and disturbances S B R\ LW
(= Plasma current needs to be controlled... ) <« m *

= ...as well as the shape of the boundary (LCFS)...

= ...as well as the vertical motion of elongated plasmas, since they are
. Vertically unstable... ) K Brian Pet

= Magnetic control of the plasma Is obtained by means of the magnetic fields I:gtﬁé S':Dna) i 32:"

produced by the external active coils RERIEHIEIEIG the power supplies, i.e.  acquisition systems
JIFS-2023 OPS-1 Introduction to plasma magnetic co we can act by applymg VOItage to the coils (including integrators),...

Real sensors are
pick-up coils and flux
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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, | 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)

PLANT
PF Current F\’/ZICtI;;:Ist 1]
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supplies
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voltages Vertical
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Shape descriptors
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Introduction to plasma magnetic control

Gianmaria De Tommasi
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Fusiof School

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 2> see |de presentation 11 Sep
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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

m Grad-Shafranov PDE can be solved by using finite-elements methods

m From these numerical approximations it is possible retrieve a nonlinear lumped
parameters model

S [ M0, Bo(0), KNI + R = (o),
y(t) = y(l(t)’ﬁp(t)v ll(t)) :

where:
m y(t) are the output to be controlled

I(t) = [IEF(t) 17(t) Io()] " is the currents vector, which includes the currents in the
active coils Ipe(t), the eddy currents in the passive structures l¢(t), and the plasma
current Ip(1t)

U(t) = [UL=(t) 07 0] is the input voltages vector
M(+) is the mutual inductance nonlinear function

R is the resistance matrix

Y(-) is the output nonlinear function
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Starting from the nonlinear lumped parameters model, following linearized state-space model can
be obtained:

5X(t) = AS(t) + Bou(t) + Edwi(1), (1)
oy(t) = C dlpe(t) + Fow(t), (2)

where:
A, B, E, C and F are the model matrices

5x(t) = [515(t) S1L(t) 51p(t)] " is the state space vector
su(t) = [5UL-(t) 07 0]" are the input voltages variations

dw(t) = [6Bp(t) 61i(1)] " are the Bp and J; variations
0y(t) are the output variations

The model (1)—(2) relates the variations of the PF currents to the variations of the
outputs around a given equilibrium
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State space model

System theory jargon

JT-60SA International
Fusiol School

A finite dimensional continuous-time

dynamical system can be described by the

following differential equations:

x(t) = f(x(t),u(t),t,t),x(t) = Xo
y(t) = h(x(t), u(t). ., 1)

where:

x(t) € R" is the system state
x(fp) € R" is the initial condition
u(t) € R™ is the input vector
y(t) € RP is the output vector
nis the order of the system

JIFS-2023

OPS-1 Introduction to plasma magnetic control

Inputs Outputs

Physical
System

(3a)
(3b)
X2 )
, (1) ——p , > (1)
_____ > Mathematical Model | _ _ _ _ >
U (f)— X — ), (1)
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The state space model for a linear time-invariant (LTI)
continuous-time system can written as

x(t) = Ax(t) + Bu(t), x(0) = xo (4a)
y(t) = Cx(t) + Du(t) (4b)
where Ae R™" B e R™M C e RP*"and D € RP*™,

A dynamical system with single-input (m = 1) and single-output
(p = 1) is called SISO, otherwise it is called MIMO.

Matlab commands

sys = ss(A,B,C,D) creates a state space model object.

y = lsim(sys,u,t) simulates the time response of the LTI system
Sys.
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Consider a nonlinear and time-invariant system
x(1) = F(x(1),u(t)),  X(0) = X (5a)
y(t) = h(x(t),u(t)) (5b)

If the input is constant, i.e. u(t) = u, then the equilibrium states
Xe, s Xe, 5 - - - » Xe, Of sUCh @ system can be computed as solutions of

the homogeneous equation
f(Xe s EI) = O ]
Given an equilibrium state x,, the correspondent output is given by

Yo, = h(xg ,0) .
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If Xo = Xe + 0Xg and u(t) = u + du(t), with dxp , du(t)
sufficiently small, then the behaviour of (5) around a given
equilibrium point (U, x¢) is well described by the linear system

. of of
o) = o = ox(t) + | o= ou(t), o0x(0)=dxp
u=u t=u
(6a)
oh oh
oy(t) = x| %= % ox(t) + 30| X = X ou(t) (6b)
u=u u=u

The total output can be computed as

y(t) = h(xe,u) +oy(t).

JIFS-2023 OPS-1 Introduction to plasma magnetic control Gianmaria De Tommasi
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Asymptotic stability

This property roughly asserts that every solution of
x(t) = Ax(t) tends to zero as t — ~c.

Note that for LTl systems the stability property is related to
the system and not to a specific equilibrium.

Theorem - System (4) is asymptotically stable iff A is
Hurwitz, that is if every eigenvalue \; of A has strictly negative
real part

R(A) <0,V \;.

Theorem - System (4) is unstable if A has at least one
eigenvalue \ with strictly positive real part, that is

FAs.t. R(A) > 0.
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For nonlinear system the stability property is related to the
specific equilibrium

Theorem - The equilibrium state x, corresponding to the
constant input u a nonlinear system (5) is asymptotically
stable if all the eigenvalues of the correspondent linearized
system (6) have strictly negative real part.

Theorem - The equilibrium state x, corresponding to the
constant input u a nonlinear system (5) is unstable if there
exists at least one eigenvalue of the correspondent linearized
system (6) which has strictly positive real part.
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Given a LTI system (4) the corresponding transfer matrix from u
to y is defined as

G(s)=C(sl- A 'B+D, (7)

where s € C. If we denote with U(s) and Y(s) the Laplace
transforms of u(t) and y(f), then itis

Y(s) = G(s)U(s),

when the initial condition of system (4) is x(0) = 0.
For SISO system (7) is called transfer function and it is equal to

the Laplace transform of the impulsive response of system (4)
with zero initial condition.

Matlab commands

t £ (num, den) creates a transfer function object.

sys
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Given the transfer function G(s) and the Laplace transform of
the input U(s) the time response of the system can be
computed as the inverse transform of G(s)U(s), without solving
differential equations.

As an example, the step response of a system can be
computed as:

y(t) = £1 [G(s)ls] .

Matlab commands

[y, t] = step(sys) computes the step response of the LTI
system sys.

[yv,t] = impulse (sys) computes the impulse response of
the LTIl system sys.
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Given a SISO LTI system , its transfer function is a rational

function of s N(s) (s — 2)
e — =
A= D) ~ s —p)’
where N(s) and D(s) are polynomial in s, with
deg(N(s)) < deg(D(s)).
We call
m p; poles of G(s) — roots of D(s)

m z; zeros of G(s) — roots of N(s)

Matlab commands

sys = zpk(z,p, k) creates a zeros-poles-gain object.

p = eig(sys) orp = pole (sys) return the poles of the LTI
system sys.

z = zero (sys) returns the zeros of the LTI system sys.
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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, +0)
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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

U + Y

—1 G, (s) > Gz(S)A:Q_’

7 G3(S)
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u Y
> G (s) Gy (s)—
i Matlab commands
sys = series(sysl,sys2) Or sys = sys2xsysl make
u y the series interconnection between sys1 and sys2.
— G, ()G (s)—
G,(s)
u +y Y
_[ ;
G, () Matlab commands
i sys = parallel (sysl,sys2) Of sys = sysl+sys2
make the parallel interconnection between sys1 and sys2.
u
— G, (5)+ G, (s) ):
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L > GI(S) 5
- | Matlab commands

G, (s) sys = feedback (sysl, sys2, [+1]) makes the feedback
interconnection between sys1 and sys2. Negative feedback is the
i default. If the third parameter is equal to +1 positive feedback is
applied.
u G, (s) Y
—> —>
1+G,(5)G,(5)

Given two asymptotically stable LTI systems G,(s) and G,(s)

= the series connection G,(s)G,(s) is asymptotically stable

= the parallel connection G,(s) + G,(s) is asymptotically stable

= the feedback connection G,(s)/(1+G(s)G,(s)) is not necessarily stable

THE CURSE OF FEEDBACK!
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Given a LTI system the complex function
G(jw) = C(jwl — A) "' B+ D,

with w € R is called frequency response of the system.

G(jw) permits to evaluate the system steady-state response to
a sinusoidal input. In particular if

u(t) = Asin(@t + ¢),

then the steady-state response of a LTI system is given by

y(t) = |G(jw)| Asin (@t + o+ 46(/@)) .
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Given a LTI system G(s) the Bode diagrams plot
m the magnitude of G(jw) (in dB, |G(jw)| 4,5 = 20 logyo| G(jw)|)
m and the phase of G(jw) (in degree)

as a function of w (in rad/s) in a semi-log scale (base 10).

Bode plots are used for both analysis and synthesis of
control systems.

Matlab commands

bode (sys) plots the the Bode diagrams of the LTI system
sys.

bodemag (sys) plots the Bode magnitude diagram of the LTI
system sys.

JIFS-2023 OPS-1 Introduction to plasma magnetic control

Graphical representation of G(jw) — The Bode plot

Gianmaria De Tommasi

JT-60SA International
Fusiof School

1+s
5(0.0025s2 + 0.03s + 1)

148

s<%+2%s+1) ke

G(s) = 10

Matlab commands

tf( s )

sys = 10x(1+s)/(s*(s"2/400+0.6xs/20+1)) ;
bode (sys) ;

grid

s =

Bode Diagram
100 T T T T T T T T

Magnitude (dB)

Phase (deg)

2 3
10 10

€7
10

-2 - 0
10 10 10
Frequency (radisec)
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= The Nyquist plot is a polar plot of the frequency response G(jw) on the complex plane
= This plot combines the two Bode plots - magnitude and phase - on a single graph, with frequency
w as a parameter along the curve, ranging in (—oo, +0)

= Nyquist plots are useful to check stability of closed-loop systems

Nyquist Diagram
] u T T T T T TI
100 F : =
: System: sys
: Real: 9.7
1 | S 50 - : Imag: 97 .6
— N : Frequency (radssec). -0.103
8= 10 ;
+203+1 B oo |
[
400 : e
E
50
System: sys
Real: 9.7

: Imag: -116
-100 : Frequency (radisec). 0.087

1
-6 -4 -2 0 2 4 6 8 10 12
Real Axis
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ld (7)
Gd(S)
r(tLP Controllerit)» G(s) s Y0
T 4 it
T

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(1)-y(t) as small as possible
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ld(t)
G,(s)
r(i» Controller U(t)= G(s) ra ; y(t)

T 10
+
The main sources of difficulty in achieving good control performance are:

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

the disturbances cannot be measured

the plant can be unstable

@ N

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

= Afeedback 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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ld (1)
G,(s)

r(t) ;"Qe(tz K(s) u_(t)» G(s) % ()
i;n(t)
+

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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K(s)

u(t)

Feedback control - Terminology and notation

ld(t)

G,(s)

G(s)

¥ Y1)

+Y n(t)
s

m L(s) = G(s)K(s) is called loop transfer function

m S(s) = (/+ L(s))

"is called sensitivity function

mT(s)=(/+ L(s))_1 L(s) is called complementary sensitivity

function

It is straightforward to note that

Introduction to plasma magnetic control

T(s)+ S(s)=1.

Gianmaria De Tommasi
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m L(s) = G(S)K(s) is called loop transfer function
140 m S(s) = (I+ L(s)) ' is called sensitivity function
G,(s) m T(s) = (I+ L(s)) " 'L(s) is called complementary sensitivity

r(t) 4 e)

K(s)

)

oLt + () function

It is straightforward to note that

JIFS-2023 OPS-1

+Y_ n(t)
+

T(s)+ S(s) = 1.

Exploiting the composition rules for block diagrams, it turns out
that

Y(s)=T:-R(s)+ SGy - D(s) — T - N(s)
E(s)=-S-R(s)+SGy-D(s)— T -N(s)
U(s) = KS- R(s) — K(5)S(s)Gy - D(s) — KS - N(s)

Introduction to plasma magnetic control Gianmaria De Tommasi | PAGE 29
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Let consider

Y(s)=T-R(s)+ SGy-D(s)— T - N(s).

m In order to reduce the effect of the disturbance d(t) on the
output] y(t), the sensitivity function S(s) should be made small

(particularly in the low frequency range)

m In order to reduce the effect of the measurement noise n(t) on
the output y(t), the complementary sensitivity function 7(s)
should be made small (particularly in the high frequency range)

However, for all frequencies it is

r+85=1.

Thus a trade-off solution must be achieved.
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[ P e 0 : -
seaevinionnceanemaeezcs | e@edback may cause instability

e TECNOLOGIE petl INFORMAZIONE

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

Qutput yit)

15+

ro+ K,(+s)| | 1 y» |
s s°+3s7 +3s+1

0D5F

——K =02
05 ——k =05 \}
Al ——K=12 i
_1 5 T T 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45

Time [s]
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@ 7" e 8 : : _
seaevinioanceanemseeecs  Practical #1 — Experience the basic concepts

e TECNOLOGIE petl INFORMAZIONE

= A Matlab LiveScript to play with a

simple example: the control of the |
pendulum position A simple example: control of a pendulum

Why closed-loop control?

= 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 + m is the pendulum mass
feedback control loop * L is the pendulum length

= b is the rotational friction
= @ is the pendulum rotation (wrt the vertical axis)
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@REWs w8y Practical #2 — Design a MIMO control

DIPARTIMENTO ol INGEGNERIA ELETTRICA

-ecnotociesnvrorvazon: — The case of a PFC decoupling controller

= Model-based design of the PFC Decoupling N oo ]
Controller O oot ==l e | ramas | narese

VS circuit - Currents in the VS circuits

= With a Matlab LiveScript we will:
= design a set of SISO PI to track currents in the PF T sublinion| s
circuits
= design a MIMO controller starting from a
plasmaless model of JT-60SA

Plasma

= Plasma current
Current -+
Controller +
Ip ref

Plasm:

= compare the different solutions connd “Crf
= evaluate the effect of the plasma on the des|gned Plasma magnetic control system Shape refs
SyStem JT GOSAp olo d I c ecﬂo‘

fo)

We will also add the

% .D / Plasma Current Controller

fo)

Since this is the JIFS...
..we will play with JT-60SA
models

& o ®
T /"M,g,———d——
o o
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[0 % B : : o ',
crsmvanoanceoneaaecs — Practical #3 — Let’s try to stabilize the plasmal o s

e TECNOLOGIE petl INFORMAZIONE

= Design a robust VS for JT-60SA

= Again we will start from a Matlab v

Livescript 3 ;Zciuur;ﬁ:; volteges L ol PF&IC v Tokamak/ Magnetic
= this will be less easy, but we f- % = Pover I ol [ " oiagnoste

will do it ;)
VS circui < Currents in the VS circuits

voltages Vertical
Stabilization
System -t

1 4

Plasma vertical speed

PF currents

Plasma

Plasma current
Current
Controller +
Ip ref

Plasma

- Shape descriptors
Shape -
Controller +
Shape refs

Plasma magnetic control system

A

Scenario
currents
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