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Abstract

An anti-windup compensator is implemented for a
given nominal plasma vertical controller guarantee-
ing global vertical stabilization of the plasma in the
presence of actuactor saturation for all reference com-
mands. The anti-windup synthesis problem is to find a
nonlinear modification of the nominal linear controller
that prevents vertical instability and undesirable oscil-
lations but leaves the nominal closed loop unmodified
when there is no input saturation.

1 Introduction

The Advanced Tokamak (AT) operating mode is the
principal focus of the DIII-D tokamak. Demands for
more varied shapes of the plasma and requirements for
high performance regulation of the plasma boundary
and internal profiles are the common denominator of
the AT operating mode in DIII-D [1]. In order to be
prepared for the higher control demands arising in AT
scenarios, current efforts are focused on the develop-
ment of an integrated multivariable controller [2] to
take into account the highly coupled influences of equi-
librium shape, profile, and stability control. The first
step of this project is the design of the shape and ver-
tical controller which will be integrated in the future
with control of plasma profiles. The time-scale proper-
ties of the system allow the separation of the vertical
stabilization problem, which is the focus of this paper,
from the shape control problem.

The problem of vertical and shape control in tokamaks
was and is still extensively studied in the fusion com-
munity. A recent summary of the existing work in the
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field can be found in [3]. Several solutions for the de-
sign of the nominal controller were proposed for differ-
ent tokamaks using varied control techniques based on
linearized models. However, only a few of them [4] take
into account the control voltage constraint in the de-
sign of the nominal controller. The goal of this paper is
not the design of the nominal controller but the design
of an anti-windup compensator that blends any given
nominal controller, which is designed to fulfil some lo-
cal performance criterion, with a nonlinear feedback
designed to guarantee stability in the presence of input
saturation but not necessarily tuned for local perfor-
mance.

The shape control methodology at DIII-D is based on
“isoflux control”. The isoflux control method, now in
routine use on DIII-D, exploits the capability of the
real time EFIT plasma shape reconstruction algorithm
to calculate magnetic flux at specified locations within
the tokamak vacuum vessel. Figure 1 illustrates a lower
single null plasma which was controlled using isoflux
control. Real time EFIT can calculate very accurately
the value of flux in the vicinity of the plasma boundary.
Thus, the controlled parameters are the values of flux
at prespecified control points along with the X-point
r and z position. By requiring that the flux at each
control point be equal to the same constant value, the
control forces the same flux contour to pass through
all of these control points. By choosing this constant
value equal to the flux at the X-point, this flux contour
must be the last closed flux surface or separatrix. The
desired separatrix location is specified by selecting one
of a large number of control points along each of sev-
eral control segments. An X-point control grid is used
to assist in calculating the X-point location by provid-
ing detailed flux and field information at a number of
closely spaced points in the vicinity of the X-point.
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Figure 1: DIII-D controlled plasma parameters in isoflux
control (rg, z; and flux at control points).

Time-scale separation of vertical and shape control
appears to be critical for DIII-D, since multivariable
shape controllers can require significant computation.
Figure 2 shows the closed loop system comprised of the
DIII-D inner plant and a stabilizing controller. This
system is stable locally (when there is no input satu-
ration) and the 6 coil currents F2A, F2B, F6A, F6B,
F7A, and F7B are approximately controlled to a set of
input reference values. As a result, this system can act
as an inner control loop for the shape control. Figure 2
shows that the inner loop provides as input actuators
the 6 vertical coil current reference signals, the centroid
vertical position reference signal and up to 12 shape coil
command voltages. A method implemented for shar-
ing actuators involves constructing a linear controller
which simultaneously stabilizes and provides control of
vertical control coil currents on a fast time scale. By
integrating control of the vertical control coils into a
stabilizing controller, conflicts between shape and ver-
tical control use of these coils is eliminated. “Frequency
sharing” is accomplished explicitly with an H-infinity
loop shaping design by weighting low frequencies to
regulate the coil currents and high frequencies to sta-
bilize the plasma. The design technique ensures robust
stability. To take into account the nonlinear nature of
the power supplies we remove the linearized model of
the choppers from the inner plant and incorporate a
full nonlinear model of them into an augmented satu-
ration block as it is shown in Figure 2. The nominal
linear vertical controller is synthesized now using no
information of the choppers and its output now repre-
sents directly the desired coil voltages. A chopper in-
verse function computes the necessary command volt-
ages within the saturation levels to make the output
voltage of the choppers equal to the desired coil volt-
ages. When the chopper inverse funtion fails calculat-
ing those command voltages we say we have saturation.

Although the saturation levels of the command voltages
are still fixed values (£10 V), the saturation levels of
the augmented saturation block are now functions of
time (coil load current and DC supply voltage V).
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Figure 2: Plant architecture.

In order to make this approach successful the inner
controller (vertical controller) must guarantee the sta-
bility of the plant for all commands coming from the
outer controller (shape controller). Due to the con-
strained control, the nominal linear vertical controller
may fail to stabilize the vertical position of the plasma
inside the tokamak when large or fast disturbances are
present or when the references coming from the shape
controller change suddenly. Although the saturation
of coil currents and voltages is a common problem in
tokamaks and there are efforts to minimize the control
demand for shape and vertical control and to avoid
saturation [5, 6], the saturation of the actuators are
generally not taken into account in the design of the
nominal controllers in present works. The inner loop
design must take care then of the windup of the actu-
ators of that loop and ensure vertical stability for any
command coming from the outer controller. The anti-
windup synthesis problem is to find a nonlinear mod-
ification of the predesigned nominal linear controller
that prevents vertical instability and undesirable oscil-
lations but leaves the nominal closed loop unmodified
when there is no input saturation. Due to the charac-
teristics of our problem we follow the ideas introduced
in the companion papers [7, 8] and also discussed in
[9] for exponentially unstable systems. This technique
has been shown to be successful in several case studies.
However, the method must be modified and comple-
mented in order to fulfill the performance requirements
of our system.

The paper is organized as follow. Section 2 introduces
the basis of the anti-windup method. The characteris-
tics of our plant are presented in section 3. The con-
trol system design and some simulation results are com-
bined in Section 4. Section 5 discusses some implemen-
tation issues and conclusions are presented in Section 6.



2 Anti-Windup Compensator Fundamentals

We consider exponentially unstable linear plants with
control input u € 1™ and measurements y € RP. We
write the plant of our system in state-space form sepa-
rating the stable modes (z; € R™*) from the exponen-
tially unstable modes (x,, € R™) where the dimension
of the state vector x is n = ng + Ny,

& = Axz+ Bu (1)
i.Cs o As Asu Ts + BS
y = Cz+ Du. (2)

The eigenvalues of Ay have non-positive real part and
the eigenvalues of A, have positive real part. In addi-
tion, we consider that a nominal linear controller with
state x, € R, input u. € RP, output y. € ™ and
reference r € RP,

T, = Aqxe+ Boue+ Gr (3)
Ye = chc + Dcuc + Hr (4)

has been already designed so that the closed loop sys-
tem with interconnection conditions

U=Yc;, Uc=Y (5>

is well posed and internally stable. When the controller
output is subject to saturation, i.e. the interconnection
conditions (5) are changed to

u = sat(ye), uc=y, (6)

the synthesis of an anti-windup scheme is necessary. In
this case the interconnection conditions are modified to

u:sat(yc-i-m), Ue :y+1)27 (7)

where the signals v, and vy are the outputs of the anti-
windup compensator [9]

faw = ATaw+ Blsat(ye +v1) -y (8)
v = (Blzu) = Dye

+alzy = B(@u)(Tu — Taw, ), B(Tw)E(Taw)] (9)

vy = —Cgy — D[sat(ye + v1) — Y- (10)

The anti-windup scheme is illustrated in Figure 3. In
addition to modifying the nominal controller when in-
put saturation is encountered, the anti-windup com-
pensator modifies the closed loop if the exponentially
unstable modes get close to the boundary of some rea-
sonably large subset of the region where these unstable
modes are controllable with the given bound on the
control. The signal 3 is defined as

_ 17 Ty € Xlower
Blaw) = { 0, Zu & Xupper (1D

and interpolated in between, where Xiower C Xupper
are subsets of y, the domain of attraction of the
disturbance-free system subject to the saturation of the
output controller or what we call controllable region.
The freedom to define Xjower and Xupper is a tool the de-
signer has to deal with the disturbances that although
not modeled are present in the system. The smaller
Xtower a0d Xupper, the bigger the disturbances tolerated
by the system without escaping the controllable region
X- One choice of the function a : £ x ™ — R™ is
given by

a(¢w) = Kul +w (12)

where K, is such that A, + B, K, is Hurwitz. The func-
tion K(xqyw) is designed to improve the performance of
the antiwindup scheme when the controller output is
not saturating. It is important to note at this point
that this scheme requires the measurement or estima-
tion of the exponentially unstable modes x,,.
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Figure 3: Anti-windup scheme.

3 Plant Characteristics

Before starting with the design of our control system
it is necessary to state the main characteristic of our
plant. Figure 2 illustrates the architecture of our plant.
The dynamics of our plant can be written as

t = Azx+Bu+Ev+F (13)
T o As Asu Ts + Bs
| Bl ]| B
E, |"T| F,
y = Cz+ Du+ Go, (14)

where the vector u of dimension m = 6 are the volt-
age commands for power supplies on the vertical coils
F2A, F2B, F6A, F6B, F7A and F7B, the vector v
of dimension ¢ = 12 are the voltage demands for the
shape coils, the vector y of dimension p = 7 consists of
the six vertical coil currents and the plasma centroid
position. Due to the composition of the output vector
it is convenient to write the reference for the nominal
controller as r = [r; 77|’ where r; are the current



Controller Output (total): Ye

Vertical F~coil currents (rel) (Amps): y, -y

Unstable Mode: X,

5000

0

2000

1000

-5000-

~10000

150001

—200001 1 -100f

—-25000 -200

300F _ 4 0
200F {  -1000F

—-20001

-3000-

-4000-

0O 005 01 015 02 025 03 035 04 045 [¢] 0.1
Time [sec]

0.2 0.3
Time [sec]

~5000 L L L L
5 0 0.1 0.2 0.3 0.4 0.5

0.4 .
Time [sec]

Figure 4: System response without anti-windup

references for the six vertical coils and rz is the cen-

troid position reference. The main characteristics of

our plant can be summarized as:

e There is only one unstable eigenvalue, i.e. n, = 1,
and the ny = n — 1 stable eigenvalues are strictly
negative. However, some of them are very close to
zero (slow modes).

e The saturation of the channel i of the controller, for
i =1...m, can be modeled as

MZYLa(K (t) lf yCI Z Mlmaac (t)
sat(ye) = we(t) I ML) < ye, < M (1)
M) if ye, < MMt

e There is no direct measurement of the unstable mode.

e The control input u is not the only input of the inner
plant. In addition to the voltage commands u for
the vertical coil from the vertical controller, there are
voltage demands v for the shape coils coming from
the shape controller.

Figure 4 shows the response of the closed loop without
anti-windup compensator when ry, for ¢ = 1...m are
step functions of magnitude equal to 280 Amps. It is
possible to note the large excursions of the controller
output y.. For step functions of higher magnitude the
response diverges, i.e. stability is lost. Large excursions
at the output of the controller must be eliminated and
global stability must be guaranteed.

4 Control System Design

Controllable region definition: Given the dynamics
of the unstable mode by the scalar equation

iy = Ay + Byu + Eyv+ F, (15)

we can compute the minimum and maximum values of
the unstable mode that can be reached without losing
control authority to stabilize the system,

— (Byu)™ — Eyv—F,

e = — (16)
xmin - (Buu)mar — Eyv - Fu7 (17)

u Au

and define the controllable region as
X = {xu : zu"”" <z, < xum“} . (18)

The maximal and minimal control is given by

(Buw)™™ = Z|Bui\gi(—sgn(3ui)) (19)
(Byu)™™ = ZlBui\gi(Sgn(Bui)) (20)

where B,, is the i-th component of B,, and the function
g; is defined as

()= { M ita>0
JRG = Mmin it a < 0.

Once x is determined, we can define

(21)

Xiower {2y 2l < @, < aomll (22)
Xupper = {xu . xz@in,u < Ta, < xumaz,u} (23)
where o™l = flapin, gpent = flaper gmine =

ful.'rm’n rmaru — fux7rLaw and 0 < fl < fu <1

u ? u u ) .
Once X, Xiower and Xypper are defined, the function 3
adopts the shape shown in Figure 5.
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Figure 5: Beta function.

Design of gain K,: The feedback gain K, is designed
such that

A,+B,K, < 0 (24)
sign(B,,) = —sign(Ky,) (25)

| Ky, " max (| M|, [M[™**])  (26)
(27)

K™ max(| M|, [M"*])



for + =1...m where B, and K, are the i-th compo-
nents of B, and K, respectively. We guarantee in this
way that for z*®% < x,, < 27 (5(z,) = 0) we have

Byu = Bysat(K,x,) = (Byu)™" (28)
and consequently that

sign(z,) = sign(Ayzy + Bysat(Kyzy,) + Eyv + Fy)
= sign(Auz, + (Buu)"”" +Ev+ F,)
< 0 (29)

by definition (16). In similar way we can show that for
zmin < g, < M (B(x,) = 0) we have

sign(,) >0 (30)

Conditions (29) and (30) ensures the stabilization of
the unstable mode when ((z,) = 0 through the signal
V1 = —Ye + KyTy.

Design of the function x: Another important task
in the design of the anti-windup is the definition of the
function k(z4.w). As we stated in previous sections, we
design this function with the aim of making the states
of the anti-windup compensator converge to zero as fast
as possible when the unstable mode is in the “safe” re-
gion defined by the condition 8(z,,) = 1 and no channel
of the controller output is saturating. However, at this
point we follow a non-standard procedure. Instead of
designing the function k, we make k(xqy) = 0 and
modify the structure of the anti-windup compensator
as follow

= Azgy + Blsat(y. + v1) — y.]
[1 —~y(abs(yc + v1))]0Zqw, ¢ >0 (31)

xaw

where the function v is an indication of saturation, be-
ing zero if none of the input channel is saturating and
one otherwise. In this way, when the unstable mode
is in the “safe” region and there is no saturation the
dynamics of the anti-windup can be written as

Taw = Agw + By —0Tay

o As - (513 Asu + BsKu :| |: xaws :|

0 Ay + B K, — 61, Law,
v = Kuxawu
vg = —Cxgyw — Dur.

where I, and I, are identity matrices of appropriate
dimension. The rate of convergence of x4, to zero can
be regulated now by the gain §. A scheme of the anti-
windup design is shown in Figure 7.

Figure 6 shows now the response of the closed loop
when 7y, for i =1...m are step functions of magnitude
equal to 840 Amps but this time with the anti-windup

compensator working. Comparing figures 4 and 6 it is
possible to note that even for a much larger reference
step the excursion of the unstable mode x, is much
smaller, the huge excursion of the output of the con-
troller y. is eliminated, and the output response y does
not exhibit any decrease of performance.
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Figure 7: Inner loop anti-windup scheme.

5 Implementation issues

Observer A state observer is designed for the estima-
tion of the unstable mode of the plant because a direct
measurement is not available. A high gain observer is
required in this case to ensure that the estimation is
fast enough to prevent any excursion of the unstable
mode outside the controllable region. Simulation stud-
ies show the effectiveness of the approach. This can be
explained by the fact that an accurate estimation is not
required to make the anti-windup compensator achieve
its goals. It is important to realize that from the ob-
server we only need to know if the unstable mode is
inside Xjower OF outside Xypper- In addition it is always
possible to compensate the inaccuracy of the observer
with a convenient selection of the design parameters f
and f“.

Robustness: The growth rate of the plant is directly
related to the elongation of the plasma. The more elon-
gated the plasma, the more unstable. This means that
when we modify the shape of the plasma using the
outer loop (shape controller), the plant of the inner
loop is modified. However, the input-output relation-
ship of the plant does not vary significatively when the
growth rate varies. It is for this reason that the anti-
windup compensator is very robust against changes in
the growth rate. This same robustness is not exhib-
ited by the observer because its operation is based on
the state-space model and consequently on the growth



Controller Output (total): A
1000

Vertical F~coil currents (rel) (Amps): y; -y

Unstable Mode: x,

1500

L f‘l
0 b, — 1000}

—20001 1 0|

-1000-

—-3000- 1 -5001

40001 -1000F

200

0

-2001

—4001

—-6001

-8001

-10001

-12001

-5000 -1500
0 0

0.1 0.2 0.3 0.4 0.5

. 0.1
Time [sec]

0.2

Time [sec] ’

-1400
0.3 0.4 05 [ 0.1 0.2 0.3 0.4 0.5

Time [sec] ’

Figure 6: System response with anti-windup.

rate A,. According to the value of the growth rate A,,,
which can be computed on-line, different models are
used for the estimation of the unstable mode.

Computational Effort: Due to the short time-scale
of the inner loop the computational effort must be min-
imized. Although an observer scheduling is a must,
simulation studies show that a very low order observer
(nops = 10 states) succeeds in giving an estimation of
the unstable mode which is good enough to prevent
the vertical instability of the plant (n = 123 states).
In addition a very low order anti-windup compensator
(naw = 20 states) succeeds in providing the necessary
input-output relationship even in the presence of un-
certainties in the growth rate of the plant.

6 Conclusions

The proposed scheme has been shown in nonlinear sim-
ulations to be very effective in guaranteeing global sta-
bility of the inner loop in the presence of voltage satu-
ration of the vertical coils. The scheme will be tested
in experimental conditions. However, it is possible to
anticipate at this stage the needing and convenience
of a conditioning of the signals coming from the shape
controller. A watch-dog will monitor the additional in-
put v and keep it from making the controllable region
in (16)—(17) shrink below a predesigned minimum size
and from leaving suddenly the unstable mode outside
the controllable region. In addition, a rate limiter on
r; will be implemented to take into account the char-
acteristic integration time of the coils.

After succeeding in the vertical stabilization of the
plasma in experimental conditions, efforts will be con-
centrated on the design of the outer loop. The necessity
of a similar anti-windup scheme for the outer loop is an-
ticipated; not only due to the inherent limitations of its
actuators but also due to the fact that the inner loop
will modify, through the watch-dog and rate limiter,
the control signals of the outer loop in order to preserve
stability of the inner plant and improve performance.
In this case we will deal with a stable (stabilized by the
inner loop design) but nonlinear plant.
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