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 i g  h  l  i  g  h  t  s

The  linearized  plasma  vertical  response  model  is  designed  and  analysed.
The  Bangbang  controller  for  EAST  vertical  displacement  is designed.
The  Bangbang  controller  is  optimized  for  time  delay  of  control  system.
We  investigate  efficacy  of Bangbang  controller  with  simulations.
Performance  of the controller  is roughly  given  by  experiments.
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a  b  s  t  r  a  c  t

In the  EAST  2014  campaign,  a new  internal  coil  (IC)  power  supply  was  used  in order  to enhance  the
control  over  the  plasma’s  vertical  instabilities.  The  IC power  supply  now  allows  for  current  and  voltage
working  modes  with  much  higher  peak  voltages  and  currents  and  faster  response  time.  In  comparison
the  previous  power  supply  only  allowed  for the  current  mode.  A Bangbang  and  PID  composite  controller
has  been  designed  for the  voltage  mode  based  on  optimal  control  theory  and  the  RZIP  rigid  plasma
response  model.  This  paper  will  demonstrate  that  faster  and  enhanced  controllability  are realized  with
the  combination  of Bangbang  and  PID  controller.  For  the  large  z position  drift, the  Bangbang  controller
will  export  the  maximum  voltage  to achieve  much  faster  power  supply  response  and  slow  the  vertical
displacement  events  (VDEs).  The  PID controller  is  used  for the small  z  drifts  which  will  finally  stabilize

the  VDEs  with  minimum  z position  oscillation.  Furthermore,  to evaluate  the time  latency  of  this  control
system  and  power  supply,  the  stability  and  performance  of  the  closed  loop  were  simulated  and  analysed.
This controller  was  finally  implementation  and  test  on EAST  using  the  Quasi-snowflake  shape  which
achieved  growth  rates  of  500  s−1. This  paper  shows  that the  new  power  supply  using  the  bangbang  +  PID

ly  enh
controller  can  significant

. Introduction

Some advanced plasma configurations, such as the Quasi-
nowflake shape, which have high growth rates of vertical
nstability, were implemented in the EAST 2014 experimental cam-
aign. The growth rate of the EAST Quasi-snowflake equilibria is
igher than 500 s−1. The vertical instability controllability of older

AST vertical displacement control system is shown in Fig. 1, which
s smaller than 1.2 cm with a growth rate higher than 200 s−1

3]. However, the increasing vertical displacement growth rate
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ance  the control  over  vertical  instabilities.
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increases the risk of the vertical displacement event [10,11]. So the
vertical displacement control system is required to be upgraded for
safe and robust control.

In 2014, the Internal Coil (IC) power supply system was
upgraded. In Fig. 2 is a comparison between new IC power supply
and old IC power supply which could only use a current control
mode, the voltage mode of the new IC power supply has been
able to respond much faster. The communication time of the ver-
tical control system has been upgraded from 1.0 ms  to 0.5 ms. And
the current rising time in voltage mode from 0 to 5.4 kA is 0.6 ms
whereas before when using the current mode the rise time was
more than 1.0 ms.  Finally, more active control schemes are now

available with the upgrade of the IC power supply system.

The scheme of vertical instability control is important and
extensively studied in the fusion community. A summary of the
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Fig. 1. Summary of EAST experiment measuring dZmax in 2012.
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Fig. 2. IC voltage and curren

xisting work with normal control method can be found in [4].
ome of the recent works begin to consider the saturation of coil
urrents and voltages. There were efforts to minimize the con-
rol demand for vertical control as in [5]. In [6,7] the authors have
esigned a new scheme of vertical control called the anti-windup
ontroller to optimize the influence of saturation on the control
ystem.

The goal of the Bangbang controller is to maximize the perfor-
ance of the control system while subject to the constraints of the

oil voltage saturation and the time delay of the control system

n this paper. In Section 2, based on the plasma response model a
ime optimal controller for the ideal model was designed. Section

 introduces the optimization results for the time delay of the con-
onse for control command.

trol system. Section 4 shows the simulation results of the controller.
Section 5 discusses the experimental results of the Bangbang con-
troller. Finally, Section 6 presents the summary and conclusions.

2. Bangbang controller design with ideal model

2.1. Plasma model

The RZIP rigid plasma response model [2] has been widely
used in tokamak plasma shape and displacement control. It can

be expressed in the standard state-space model form.

ẋ = Ax + Bu

y = Cx + Du
(1)
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Fig. 3. system root locus in (z, dz/dt)space.
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Fig. 4. compare Bangbang

here the matrix D has always been ignored. The output vector y
s used to describe the plasma model and thus the plasma response

odel can be given by

˙  = CAC−1y + CBu (2)

Because the growth rate of the vertical displacement mode is
uch higher than other modes in this model [1,8], when we  con-

ider the vertical instability, the vertical displacement response can
e given by

˙ z = �zyz + CBuic (3)
here the parameter �z is the maximum eigenvalue of the matrix,
z is the eigenvector associated with �z .
 control with PID control.

2.2. Time optimal control

When considering the controller design for vertical displace-
ment, the linearized plasma model can be given as

ż = �zz + CBicuic (4)

With the initial states

z(t0) = z0 (5)

considering the time optimal control, the time cost performance
function

J = tf − t0 =
∫ tf

t0

dt (6)
where t0 and tf are the start and final time of control. The Hamilton
function of the system is given by

H(z, u, �, t) = 1 + �T {�zz(t) + CBicu(t)} (7)



Y. Wang et al. / Fusion Engineering and Design 112 (2016) 692–698 695

optim

w
c

m

|
w
I
o
i

u

g
e
w
o
m
b
l

Fig. 5. The simulation result without 

here � is the covariant of system. Both u and � for time optimal
ontrol should satisfy the Hamilton canonical equation, thus:

�̇∗(t) = −∂H(z∗, u∗, �∗, t)
∂z

ż∗(t) = ∂H(z∗, u∗, �∗, t)
∂�

(8)

And the output value of the controller is limited by the perfor-
ance of the power supply

u(t)| ≤ Vmax (9)

here the parameter Vmax is the maximum output voltage of the
C power supply. Using the minimization principle [12], the value
f the Hamilton function with the time optimal control should at
ts minimum

1 + �∗T [�zz∗(t) + CBicu∗(t)]

= min|u(t)|≤Vmax {1 + �∗T [�zz∗(t) + CBicu(t)]}
(10)

This results in a relationship for the time optimal control

∗(t) = −Vmaxsgn{CBic�∗(t)} (11)

With this result, the output value of the optimal controller can be
raphed as displayed in Fig. 3 without solving Hamilton canonical
quation. The three lines in Fig. 3 each represent a different mode
ith its respective output value, and we can only choose these three
utput values if we want to get the time optimal control. When the
ode of operation is in the upper half of the plane, the dz/dt will

e positive and so the point will move right, and when it is in the
ower half of the plane, the point will move left. The controllable
al the controller for time delay(K = 0).

region is between the upper line’s y-intercept and the lower lines
y-intercept. The stable position is the origin. There are three sepa-
rate situations for optimal control: (1) z > 0, the control law should
choose a negative value; (2) z = 0, the control law should choose the
zero value; (3) z < 0, the control law should choose a positive value.

3. Optimization of the time delay

The time delay of the control system must also be considered
for the EAST vertical displacement control system as it can cause
a shock to the plasma around the target position. For a controller
with time delay, the Bangbang controller and PID controller are
combined and the optimal control law is given by

u(t) =

⎧⎨
⎩

Vmax sgn(z) if |z| > Zlim

Kpz + Kd
dz

dt
+

∫
Kizdt if |z| ≤ Zlim

(12)

where the parameter Zlim is related to the time delay and the plasma
response, it should be larger than the amplitude of the shock which
can be approximated as

Zlim ∼ BCic Vmax Tps ∼ 1cm (13)
where the Tps is the time delay of control system. Because of the
time delay, large vertical displacement drfit will trigger a large
over-shoot in Bangbang control system. In Eq. (14), Kdz/dt has been
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Fig. 6. The simulation result with optim

sed to optimize the over-shoot. The output value will be changed
o

(t) =

⎧⎪⎨
⎪⎩

Vmax sgn (z + K
dz

dt
) if |z| > Zlim

Kpz + Kd
dz

dt
+

∫
Kizdt if |z| ≤ Zlim

(14)

To minimize the over-shoot, a controller that acts as early as
ossible so that the z position will remain in the region that the
ID controller can work. The vertical position can be valued with a
onstant controller output value.

 = Me�zt − CzBic

�z
uic (15)

The system states for the switching time of the Bangbang con-
roller should satisfy the following equation and inequalities:

z + Kż = 0

−Zlim < Me�zTps − CBic

�z
uic < Zlim

(16)

Using this, it is possible to get the range of the parameter K

−Zlim + CBic

�z
uic(1 − ee�zTps

)
< K
−�zZlim + CBicuic

<
Zlim + CBic

�z
uic(1 − ee�zTps

)

�zZlim + CBicuic

(17)
ntroller for time delay (K = 1 − e�z Tps ).

In particular, it is possible to find the critical K value that can
make the z position come to the original plant when the switching
output is activated. To let the Zlim in Eq. (17) equals 0, we  can get
the critical value of K

K = 1 − e�zTps (18)

4. Simulation results

To examine the controller, the RZIP model was used to simu-
late the response of the controller. In the simulation, the effect of
the current command changing on the poloidal field (PF) coil was
ignored because the time scale of the PF coil is much longer than
the time scale of the VDE [9].

Fig. 4 shows the performance of the Bangbang controller and
PID controller. The simulation result shows that the larger Zlim that
was chosen is correct, and the Bangbang controller can stabilize the
system faster than the PID controller.

Figs. 5 and 6 shows that the different values of K will bring the
vertical displacement to a different response. The critical value of
K is important to stable the system.

5. Experimental

Shot 52444 (Fig. 7) is the discharge which uses the combination

of the Bangbang and PID controllers to recover the vertical position.
The VDE is triggered by 500 V with 4 ms  duration IC voltage at 4.4 s.
When the z displacement is larger than 1 cm,  the Bangbang con-
troller is activated and outputs the maximum voltage. When the
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Fig. 7. Experiment result of Bangbang controller, the VDE growth rate is about 530/s.

Fig. 8. comparison shot that only using PID controller, the VDE growth rate is about 530/s.
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[
in  highly elongated tokamak plasmas, Nucl. Fusion 34 (1994) 401.

[12] Donald E. Kirk, Optimal Control Theory: An Introduction, Dover Publications,
2004, pp. 227–258.

[13] D.A. Gates, C. Kessel, J. Menard, et al., Progress towards steady state on NSTX,
Nucl. Fusion 46 (2006) S22.
98 Y. Wang et al. / Fusion Enginee

isplacement is smaller than 1 cm,  the controller switches to the
ID control. This shot shows that the combination of the Bangbang
nd PID controller can successfully recover the vertical position
rom a vertical drift of 4.6 cm.  This result is much larger than the

aximum controllable vertical drift recovery (�Zmax = 1.2 cm)  of
he PID controller under IC current mode in the 2012 campaign [3].
s a comparison, shot 52445 repeats shot 52444, but uses the PID
ontroller under IC voltage mode to recover the vertical drift and
onsequently lost control of the vertical position, as shown in Fig. 8.

In routine EAST experimentation, the vertical center of the
lasma current (Zc) is estimated via a large number of magnetic
ensors, i.e. lmsz signal, and the dz/dt is given by the difference of
msz, which has a large noise ratio. A method to directly calculate
he value of the time derivative of Zc is necessary because the noise
atio found in dz/dt is large. The method [13] which calculates the
z/dt by loop voltage signals was developed for EAST.

. Summary and conclusions

The scheme of the IC control system is very important for
he EAST vertical instability control. In this paper, a time optimal
ontroller called the Bangbang controller for the EAST vertical insta-
ility control has been designed and optimized. The simulation and
xperimental results demonstrate that the Bangbang controller has
een very effective in guaranteeing stability of plasma vertical dis-
lacement. The maximum controllable vertical displacement has
een improved to 4.6 cm.  There will be more experiments showing
he �Zmax in future EAST campaigns.
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