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In order to measure controllability of vertical instability in EAST, the calculation of model-based vertical growth rate,
called rt-gamma, has been successfully carried out in real time. The numerical computing method is adapted from rigid
plasma response model in TokSys, which is a widely-used analysis tool for tokamak devices in Matlab environment, but the
code is rewritten by taking advantage of GPU parallel computing capability to accelerate the computation. The calculation
of rt-gamma is validated by comparing it with the corresponding result generated by TokSys for totally 3508 cases. It is
shown that the average absolute value of relative errors is about 0.85%. In addition, the calculation program of rt-gamma
has been successfully applied during 2019 EAST campaign. The comparison with experimental results is discussed in this
paper. The real-time calculation tool is well able to calculate model-based vertical growth rate, which is convenient for fast
and continuous evaluations of EAST control system stability performances.

Keywords: EAST, vertical growth rate, rigid plasma response model

PACS: 52.55.Fa, 07.05.Dz, 12.20.Fv

1. Introduction

Tokamak plasma with elongated cross section is intrin-
sically unstable, bringing vertical instability to cause vertical
displacement event (VDE), leading to vertical unstable dis-
ruption, and producing severe damages to devices.['"?! The
experimental advanced superconducting tokamak (EAST) is
the first full superconducting tokamak,>*! where the elon-
gated plasma cross section is used to enhance plasma con-
finement performance. Therefore, plasma vertical stabiliza-
tion is one of the most favorite research on EAST. !> Thanks
to the stabilization effect of induced currents in passive struc-
tures, passive conductors (for example vacuum vessel) can
slow down the plasma motion brought by vertical instability
from the very fast Alfvén timescale (typically microseconds)
to electromagnetic timescale (typically milliseconds).!”! Thus,
active feedback vertical controller cooperating with plasma
shape and position controller, can be designed to further sup-
press vertical instability.!®! The design of feedback controller
is usually based on plasma response models. The linear rigid
plasma response model in TokSys,®! which is an important
and widely-used tool developed by DIII-D team for tokamak
data analysis, has been commonly used in EAST control sys-
tem. TokSys has been frequently used to calculate growth
rate of vertical instability based on rigid plasma response
model for the reconstructed plasma equilibrium, !’ which is a
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key parameter to indicate vertical instabilit
the real-time version of vertical growth rate calculation (rt-
gamma) has been carried out on EAST, which also adopts rigid
plasma response model.['3] The computation of rt-gamma is
achieved by linearizing the plasma response around the real-
time plasma equilibrium reconstructed by PEFIT.I'* Further-
more, a proper representation of passive conductor structures
surrounding plasma is required. An equivalent axisymmet-
ric model, taking three-dimensional (3D) features of the con-
ducting structures into account, is proposed in Ref. [15]. For
the purpose of a faster computation, a simplified version of
this model is utilized in our work. The real-time calcula-
tion tool takes advantage of parallel computing provided by
graphics processing unit (GPU) and multi-thread techniques.
Besides, data transmission with EAST plasma control sys-
tem (PCS)[1%!7] is realized through using reflective memory
(RFM) communication method.

In this paper, the availability of the real-time vertical
growth rate calculation is verified by comparing it with cor-
responding TokSys results. The calculation of rt-gamma has
been implemented successfully on EAST. During 2019 EAST
campaign, several open-loop experiments have been carried
out, where the elongated unstable plasma can drift freely in the
absence of active vertical control at a predetermined time in-

stant. Experimental vertical growth rate is measured and com-
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pared with value of rt-gamma.

The remainder of the paper is organized as following. In
Section 2, the calculation of the real-time vertical growth rate
is introduced. In Section 3, comparisons of real-time calcula-
tion with TokSys results are presented. Experimental results
are described in Section 4. Finally, summary and perspective

are given in Section 5.

2. The calculation of real-time vertical growth
rate

In this section, an introduction to the calculation of real-
time vertical growth rate is given, including the computing

principle, and its real-time implementation.

2.1. The computing principle

The calculation of rt-gamma is based on the rigid plasma
response model.!”) Plasma is considered as a rigid massless
filament, carrying current (/,), only moving in radial (R) and
vertical (Z) directions; Plasma filament can maintain force bal-
ance at equilibrium point; Plasma filament can be coupled with
surrounding conductor structures. The EAST control system
can be described using two circuits equations based on the
Kirchhoff’s circuit law and Faraday’s law, which are shown
in the following.[!

The circuit equation for plasma and surrounding stabiliz-
ing conductors:

(Mss +Xss)is + Rgsls + (Msp +Xsp) I.p =V

g My IR OMy 07,
S TI09R a9z, aI’
My, R, My, 07
Xop = Ipo—=—2 L 1
»09R a1, P9z, dl, W

where X5 and Xj, refer to variations in conductor flux, due to
plasma motion in response to conductor current variation and
plasma current variation, respectively.

The circuit equation for plasma:

(LS —|—pr) fp +Rpl, + (Mps +Xps) is =0,

X 1y OMs ORe | Oy 97,
PPN 0R, o1, Y 9Z. dl,’
OMys IR, . My, 97,
Xps— SOTRCTIS pOTZCTIS7 (2)

where X, and X, describe variations of plasma flux due to
plasma motion in response to plasma current variation and
conductor current variation, respectively.

In the above equations, the subscripts s, p, and ¢ denote
stabilization structures, plasma, and the centroid of plasma
current; L and M represent self-inductance and mutual induc-

tance; R. and Z. are the radial and vertical positions of plasma

current centroid; Ry and R, represent resistances of stabilizing
structure conductors and plasma; Iy and Iy are currents at the
initial equilibrium point. The above two first order differential

equations can be reorganized into an input equation in the state
js _ I Vs
al=lelsl

1
B— M + Xss Msp + Xp
Mps +Xps Ls +Xpp 7

space form

where

-t

0 Ry

“[i) w14

The output equation in the state space form can be written as
follows:
y=Cx+Du. “4)

Matrices A, B, C, and D are the coefficient matrices in this
state space form. x is the state vector and u is the input vector.
Because the problem of our concern is plasma vertical instabil-
ity, y and u can be appointed as the vertical position of plasma
and the command for power supply of IC (In-vessel Copper)
coil. When there exists any positive real eigenvalue of matrix
A, it indicates that the open-loop system (i.e., u = 0) is unsta-
ble. For the modelled EAST system at an equilibrium point,
there is only one positive eigenvalue of matrix A, representing
growth rate of vertical instability.

This computing principle used in rt-gamma calculation is
the same as that in TokSys. The main difference between two
calculations is the implementation method. Previous calcula-
tion of vertical growth rate from TokSys is based on plasma
equilibrium generated by EFIT!'®) at a time in Matlab envi-
ronment. Our new calculation of vertical growth rate, i.e., rt-
gamma, is more effective. Because the program is rewritten
using C and CUDA C languages based on plasma equilibrium
produced by PEFIT, which is the GPU parallel equilibrium re-
construction code.

2.2. Implementation of the real-time calculation

Based on the above fundamental principle, the calcula-
tion of rt-gamma can be developed taking advantage of GPU
acceleration. The flow chart of calculations is given in Fig. 1.
In our work, plasma equilibrium is reconstructed by PEFIT,
which has been routinely providing magnetic equilibrium so-
lution with 129 x 129 spatial grids for real-time plasma equi-
librium and shape control in EAST operation. Besides, a sim-
plified EAST passive structure model, including vacuum ves-

sel structures and coils, is used. Then, the state space equation
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of the EAST magnetic control system can be built according
to Egs. (1)—(4). Therefore, the vertical growth rate () can be
obtained by solving the eigenvalue equation. The determinant
|A — aul| is equal to zero, i.e., det(A — al) = 0, where I rep-
resents the identity and « represents all eigenvalues of matrix
A. v is the only positive value among values of «. It can be
calculated by searching for the maximum value of .

plasma
equilibrium

det(A—al)=0

~v=max(a)

T = Ax+ Bu p—>

EAST passive
structure

Fig. 1. The simplified calculation flow chart. X = Ax+ Bu represents the
modelled EAST system at an equilibrium point (refer to Subsection 2.1); a
represents all eigenvalues of matrix A; y represents the model-based vertical
growth rate.

In order to carry out calculations of ¥ continuously during
a discharge, a real-time computing system is designed. The
hardware structure of the system, named as “Rt-computing
system”, is shown in Fig. 2. EAST PCS, which is within the
same software infrastructure of the DIII-D PCS,[19:20] hag reg-
ularly served for plasma operation campaigns on EAST. The
Rt-computing system is connected with EAST PCS through
the RFM Internet, therefore it can be considered as an ex-
tended system of EAST PCS. CPU (central processing unit) of
real-time computing system is equipped with GPU via a PCle
bus, which contributes to the accelerated calculation by us-
ing the parallel computing capability. In addition, RFM card,
which is an ultra-high speed optic fiber network product, al-
lowing I/O and calculation processing to be run at the same
time, is installed in the real-time computing system, which
supports analog data to be transferred with EAST PCS.

|

I |

'

I memory region

|

| CPU2 CPU3 CPUSRCPU6JCPUT
|

Fig. 2. The hardware structure of the Rt-computing system. It is connected
with EAST PCS through RFM Internet. EAST PCS has one host and one
real-time computing node (CPU1-CPU7), connected by high speed 10-Giga
bit Ethernet.

The Rt-computing system is able to receive the magnetic
diagnostic signals, including the signals of flux loop (38),

magnetic probes (36), and the Rogowski coil (1) from EAST
PCS, and send the calculation results to EAST PCS in real

time. In addition, this system can receive the signal of
triggering the shot using Linux Socket communication tech-
nique. Real-time data transmission and main calculations of
rt-gamma in this system are as follows:

(1) The digital magnetic diagnostic data are transferred
to this system from EAST PCS using direct memory access
(DMA) method through RFM;

(i) PEFIT computes the plasma equilibrium using these
diagnostic data;

(iii) The circuit equations (Egs. (1) and (2)) can be estab-
lished on the basis of reconstructed equilibrium from PEFIT
and EAST passive structure data, thereby matrix A is obtained;

(iv) By solving the maximum eigenvalue of matrix A, the
vertical growth rate () can be calculated.

Time for computing a 7y result is about 2 ms (see the
Ref. [13] for more details).

3. Comparisons with TokSys

TokSys, which is well able to estimate vertical growth
rates, has been applied to several devices, such as DIII-D[°!
and EAST,>10-12] and experimentally validated. This gives
us the possibility to compare rt-gamma with the result calcu-
lated by TokSys directly. For this purpose, a total of 3508
cases, which cover the whole range of interest for EAST ex-
periments from the minimum growth rate (around 100 s~ 1) to
the maximum growth rate (about 800 s~!), are used to com-
pare Y generated by two calculation tools. In these cases, mag-
netic diagnostics (i.e., flux loop, magnetic probes, and the Ro-
gowski coil) are used as input. For calculations of 7 in TokSys,
executions are divided into two steps: Firstly, EFIT gener-
ates plasma equilibrium according to these diagnostic signals;
Then, TokSys calculates y based on the equilibrium data. As
described in the previous section, rt-gamma calculation can
be executed in only one step, because the program is embed-
ded with equilibrium reconstruction function (PEFIT). It is ob-
vious that the computation of rt-gamma is more convenient
and significantly time-saving in terms of steps to be executed.
Comparisons between rt-gamma and TokSys results are pre-
sented in Fig. 3. In Fig. 3(a), it is found that the results from
these two codes are very close to each other. The absolute
relative errors for most cases are less than 3%, the average
absolute value of relative errors is 0.85%, and the standard
deviation is 0.0102. In Fig. 3(b), relative errors for different y
values (between 100 s~ and 800 s~!) are mostly within 4-2%.
It is shown that the calculation results are in good agreement
and the differences are within an acceptable range. Thus, we
can confirm that the rt-gamma calculations is able to reliably
carry out calculation of vertical growth rate for a wide range

of experimental data.
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Fig. 3. (a) Bar chart of the number of cases. (b) Relative errors for
different vertical growth rates. The red line represents average error.
Relative error = (rt-gamma-Toksys)/rt-gamma x 100%.

4. Experiment

4.1. VDE experiment and measurement

An open-loop control experiment is used to better illus-
trate physical meaning of rt-gamma experimentally. Firstly,
on the basis of understanding how vertical stabilization sys-
tem works, we explain the implementation of this open-loop
control experiment on EAST. As we known, plasma is inher-
ently vertically unstable. In that case, there are 2 anti-series
IC coils to form the IC circuit for fast response to vertical
instability, serving as the vertical stabilization (VS) system.
Besides, there are 14 ex-vessel poloidal field (PF) supercon-
ductive coils connected to form 12 independent PF circuits for
plasma shape and position control system. Thanks to the fre-
quency separation approach by using a filter, vertical position
control can be divided into two parts: Vertical stabilization
control is done by VS system on a faster time scale; Plasma
shape and position control are performed in PF circuits on a
slower time scale. During 2019 EAST campaign, these open-
loop VDE experiments were conducted by setting command
of IC power supply to zero, but remaining other control com-

mands fixed at some point. In that way, after the switch-off of

vertical control, elongated plasma became vertically unstable,
and 1) drifted freely or ii) disrupted quickly in a few millisec-
onds. It is worth noting that only in the first case (free drift),
experimentally measured vertical growth rate can represent re-
alistic plasma vertical motion.

The method of measuring experimental growth rate of
vertical instability is given. When vertical control is turned
off and plasma drifts freely, its vertical position is shown as
a function of time. On EAST, plasma vertical position (Z)
is considered as the vertical position of plasma current cen-
troid. It is a real-time estimation by multiplying quantities
of magnetic diagnostics by a constant matrix (called £ ma-
trix in EAST PCS!®)). So that experimental growth rate can
be obtained by fitting time evolution of Z, with the following
exponential function:

Z(t) =Zy+ 510, 5)

where Z is the initial plasma vertical position at the time #g. ¥y
and & denote experimental vertical growth rate and a constant
coefficient. The initial time #y represents the switch-off time.
Once the time evolution of plasma vertical position, the initial
time, and position are known, the values of ¥ and § can be
solved by fitting experimental data.

4.2. Results and discussion

The discharge #95144 is a typical open-loop experiment,
where the vertical control is turned off at 7.7 s. Experimental
results during shot #95144 are shown in Fig. 4. We can find
evolutions of plasma shape after the cut of vertical feedback
control in Fig. 4(a). It is shown that plasma drifts vertically
downward, then contacts with the wall, and eventually ends
with disruption. In Fig. 4(b), time evolutions of three plasma
parameters, i.e., plasma current (), rt-gamma (), and verti-
cal position of plasma current centroid (Z.), are presented. The
value of rt-gamma is nearly 660 s~!, and plasma vertical po-
sition changes significantly around 7.7 s. In the third panel of
Fig. 4(b), we can find plasma drifts freely for a few millisec-
onds, so that experimental vertical growth rate can be mea-
sured by fitting the evolution of plasma vertical position using
Eq. (5). The initial time #( is chosen as 7.7 s, and the initial
vertical position Zy is equal to Z.(fp). Experimental vertical
growth rate () is approximately 821 s~! during a time interval
of nearly 6 ms. The difference between theoretical calculation
of rt-gamma and experimental result are within an acceptable
range. As we discussed in Section 2, rt-gamma represents ver-
tical instability of EAST control system model without input,
which is consistent with the experimental growth rate of verti-

cal instability in open-loop discharge.
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Fig. 4. (a) The evolution of plasma shape after the cut of VS system. (b) The
evolutions of plasma current (red line), rt-gamma (green line), vertical po-
sition of plasma current centroid (blue line), and fitted evolution of vertical
position (rose red line).

In fact, closed-loop vertical control experiments are usu-
ally carried out on EAST from the safe operation point of
view. Furthermore, discharge of open-loop control without
early vertical disruption, especially for plasma with large elon-
gation, is hard to be guaranteed. Thus, it is very difficult to find
such a perspective plasma behavior as that during 6 ms of time
interval in shot 95144 for measuring experimental y. These
objective conditions do not allow ideal comparison between
model and experimental results in a certain degree. Nonethe-
less, we still carry out a series of comparisons of rt-gamma
with experimental fitted growth rate, based on different kinds
of VDE experiments. In these discharges, plasma is approx-
imately considered to drift freely. Common characteristic of
plasma for all these discharges is that, plasma vertical posi-
tion varies exponentially for a few centimeters (for example,
4 cm) during a time interval of a few milliseconds (for exam-
ple, 6 ms) before disruption. The relationship between model-
based result, i.e., rt-gamma, and experimental result is shown
in Fig. 5. The points are taken from different shots. The rt-

gamma calculation is found to be close to experimental growth
rate in these seven shots. The rt-gamma calculation appears to
be able to predict the growth rate of vertical instability cor-
rectly.

1000 ; ; . . . . .
900}
800t
700} %1
600+ x
500 x
400t
300t

The rt-gamma/s ™!

200 300 400 500 600 700 800 900 1000
Experimental growth rate/s™*

Fig. 5. The rt-gamma versus experimental growth rate.

5. Summary and perspective

In this paper, we firstly introduce the calculation of rt-
gamma, which makes use of the rigid plasma response model
in TokSys.
gram is rewritten taking advantages of GPU parallel comput-

To achieve an effective computation, the pro-

ing capability, which is based on two basic modules, i.e., real-
time plasma equilibrium provided by PEFIT and the simplified
EAST passive structure. To achieve real-time implementation,
the communication with EAST PCS is realized by RFM and
Linux Socket techniques.

Secondly, the comparisons with TokSys results covering
a wide range of experimental data show the validity of the rt-
gamma calculation. Therefore, we confirm rt-gamma calcula-
tion is applicable for evaluating model-based vertical growth
rate. The value of rt-gamma can be used as a real-time param-
eter for further controller design or optimization and EAST
system stability analysis.

Finally, we describe experimental operation and method
of measuring vertical growth rate in detail. The comparison
of rt-gamma with experimental results is also presented. The
values of rt-gamma are similar to experimental results in our
cases. There are varieties of factors causing inconsistencies
between theoretical and experimental results, including limi-
tations of rigid plasma response model and the simplified pas-
sive structure model, uncertainty in estimating plasma verti-
cal position, and noise and disturbance of plasma, efc. All of
these factors may contribute to the understanding of plasma
vertical instability. However, it is still a big challenge to accu-
rately model the plasma behavior for vertical instability, which
should be emphasized in future studies.
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