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Plasma vertical displacement events (VDEs) are critically important in tokamak operation and design due to their
direct influence on plasma performance and device safety. For the China Fusion Engineering Test Reactor (CFETR) —
China’s next-generation tokamak currently in its conceptual design phase — particular emphasis must therefore be placed
on developing reliable VDE control strategies. The Tokamak Simulation Code (TSC) and TokSys have been widely ap-
plied in VDE studies on multiple tokamaks worldwide, including DIII-D, EAST, JT-60U, and ITER. A key parameter for
characterizing vertical instability is the plasma vertical growth rate. In this work, free-drift plasma evolution was simulated
using TSC, and the vertical growth rate was extracted by fitting the plasma vertical position trajectory — a result consistent
with predictions from TokSys. Furthermore, active feedback control of VDEs in CFETR has been implemented in TSC for
three representative internal control (IC) coil configurations: mounted on the inner vacuum vessel wall, on the outer wall of
the blanket, and on the inner wall of the blanket. The corresponding IC coil current control waveforms obtained from TSC

have also been benchmarked against TokSys simulations.

Keywords: CFETR, vertical displacement active control, TSC, TokSys

PACS: 52.50.-b, 52.55.Fa, 52.65.—y
DOI: 10.1088/1674-1056/ae6565

1. Introduction

From an economic perspective, achieving a beta value of
approximately 10% is crucial for the viability of commercial
tokamak-based fusion reactors. Consequently, enhancing the
beta value has become a critical research priority within the
global fusion community. A widely adopted approach to in-
creasing this value in existing devices involves elongating the
plasma cross-section to achieve a divertor configuration. A
high elongation ratio offers significant benefits for plasma per-
formance, a topic that has been thoroughly investigated in both
theoretical and experimental studies.l'! However, such elon-
gated plasmas are susceptible to vertical displacement events
(VDEs) — a type of vertical instability that, if not actively
controlled, can cause the plasma to come into contact with the
vessel wall, leading to discharge disruption. During such dis-
ruption events, severe and potentially damaging effects may
occur, including high thermal loads, substantial mechanical
stress, and the generation of runaway electrons.!?! Therefore,
it is necessary to implement a robust feedback control system
to actively stabilize the plasma against vertical motion.

The China Fusion Engineering Test Reactor (CFETR)?!
is a next-generation tokamak facility in China, designed to
bridge the gap between ITER and DEMO. With a targeted fu-
sion power (Pqs) of 1 GW, a high duty factor ranging from 0.3
to 0.5, and tritium self-sufficiency achieved through a tritium
breeding ratio (TBR) > 1, CFETR represents a critical step to-

fCorresponding author. E-mail: yguo@ipp.ac.cn
fCorresponding author. E-mail: cyliu@hfut.edu.cn

CSTR: 32038.14.CPB.ae6565

ward the practical application of fusion energy. The standard
lower single null (LSN) configuration of CFETR, illustrated in
Fig. 1, enables flexible plasma shaping with an elongation of 2,
a major radius of 7.2 m, a minor radius of 2.2 m, and a plasma
current of 14 MA. The main parameters of CFETR are listed in
Table 1, while the geometric parameters of the coils are pro-
vided in Table 2. Compared with the EAST device, CFETR
incorporates a blanket structure, making it more representa-
tive of future fusion reactors. VDE control in the presence of
the blanket structure presents significant challenges and novel
research opportunities. The simulation results are of forward-
looking significance for ITER operation and fusion reactor de-
sign.

The Tokamak Simulation Code (TSC)*-°! and TokSys!”!
have been extensively applied to VDE studies on various toka-
maks worldwide, including JT-60U,[8! DIII-D,"! ITER,!?
and EAST.['!! Specifically, for DIII-D, the TSC plasma halo
model, structural models, and initial conditions for the time
evolution of VDEs are discussed. For ITER, research focuses
on vertical stability analysis, structural design, vertical posi-
tion feedback control analysis, and the impact of initial con-
ditions on vertical motion. For EAST, a passive plate system
and an IC system are modeled to control vertical instability,
while the IC PS capability is discussed based on the maximum
controllable vertical displacement.

The TSC is a numerical model of an axisymmetric

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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tokamak that simulates the evolution of a two-dimensional
time-dependent free-boundary plasma by advancing the MHD
equations coupled with the external circuits. It also solves the
1D flux-surface-averaged transport equations for energy, par-
ticles, and current density utilizing predefined transport coef-
ficients. The TokSys RZIP model is a linear model that treats
the plasma as a fixed spatial distribution of current, allowing
for rigid radial and vertical motions.

4}t

Fig. 1. CFETR standard LSN configuration.

Table 1. Main parameters of the CFETR.

CFETR

Plasma current 7, (MA) 14
Toroidal field B, (T) 6.5

Parameters

Major radius R (m) 7.2

Minor radius a (m) 2.2
Elongation k 2.0
Plasma shape LSN

Table 2. Geometric parameters of the CFETR poloidal field coils.

Coils R(m) Z(@m) dR dZ Turns

CS1U  1.70 1.025 1.0 205 738
Cs2Uu  1.70  3.075 1.0 205 738
CS3U 170 5125 1.0 205 738
Cs4U 170 7175 1.0 205 738

Cs4L  1.70 -5.125 1.0 2.05 738
Cs3L  1.70 -3.075 1.0 2.05 738
Ccs2L 1.70 -1.025 1.0 2.05 738
CSIL  1.70 4995 1.0 205 738

PFIU  4.60 9.80 1.1 15 448
PF2U 1320  8.00 1.1 1.1 225
PF3U  15.73 3.15 1.1 1.1 225
PFIL 460 980 1.1 15 448
PF2L 1530 -690 1.1 1.1 225
PF3L 1573 315 1.1 1.1 225
DC1 7.10 -10.00 1.1 1.1 225

The remainder of this paper is organized as follows. Sec-
tion 2 briefly introduces the modelling of CFETR in TSC. The

free-drift analysis of CFETR and calculation of the vertical in-
stability growth rate of CFETR are presented in Sections 3 and
4, respectively. Section 5 describes the robust control analysis
and performance assessment by scanning typical IC locations
of CFETR, validated by TokSys. Finally, Section 6 provides a

summary of the study.

2. Two-dimensional modelling of CFETR in
TSC

Each coil pack has a width of dR and a height of dZ,
Within the

winding packs, the number of columns and rows is denoted

with its center located at coordinates (R, Z).

as NR and NZ, respectively. The superconducting coil sys-
tem of CFETR comprises eight central solenoid (CS) coils,
six poloidal field (PF) coils, and one additional divertor-
configuration coil (DC1). The main components associated
with vertical displacement control are 16 toroidal field (TF)
coils, a double-layer vacuum chamber, and a blanket structure.
The actual engineering design of the blanket structure mainly
includes the first wall (FW), tritium propagation zone, back
plate 4+ manifold, and back support structure (BSS). Its com-
plex engineering structure cannot be directly used to evaluate
the controllability of vertical displacement, so it is necessary
to conduct physical modelling of it. Focusing on the blanket
structure designed by CFETR, two-dimensional models of the
blanket structure, vacuum chamber, and PF coils were simpli-
fied and constructed based on the engineering design structure
of CFETR, as shown in Fig. 2. Using these models,!'?! a de-
vice mechanism model of CFETR was implemented in TSC,

as depicted in Fig. 3.

Thermal shield (a) - Upper port
\\\\‘ i o
Poloidal field coll — el Rrmaciog s

P ——

m-

Toroldal field coil R

Equatorial port

Central Solenoid coil Port plug
Vacuum vessel —
Divertor -~ Lower port

Fig. 2. Blanket and vacuum chamber engineering design.
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CFETR geometry
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Fig. 3. Physical modelling of CFETR VDE based on engineering design.

3. CFETR free drift discharge simulation

In order to simulate a VDE process, the initial plasma
equilibrium of CFETR needed to be constructed according to
the listed coil currents and key plasma equilibrium parame-
ters, such as plasma current /,, major radius Ry, plasma ver-
tical position Z, elongation k, poloidal beta fp, and internal
inductance /;. Table 3 lists the coil currents for the initial equi-
librium establishment of CFETR by TSC, compared with the
EFIT simulation results.[!3! As shown in Fig. 4, the TSC re-
constructed equilibrium (black) was consistent with the stan-
dard target (red) shape of the EFIT.!'4!5] It provides a founda-
tion for CFETR free-drift simulation, growth rate calculation,

and vertical displacement instability control.[16-18]

Table 3. Initial equilibrium coil current of CFETR.

PF Group TSC (kA/turn)  EFIT (kA/turn)
CSIU 1 —4.505 —4.505
CS2U 2 0.399 0.399
CS3U 3 6.014 6.014
CS4U 4 7.239 7.239
CS4L 5 23.929 23.929
CS3L 6 25.874 25.874
CS2L 7 —5.202 —5.202
CSIL 8 —14.360 —14.360
PF1U 9 29.971 29.971
PF2U 10 8.889 8.889
PF3U 11 —34.730 —32.730
PFIL 12 38.918 38.918
PF2L 13 —37.220 —37.220
PF3L 14 —5.337 —4.337
DC1 15 8.153 8.153

The design of the feedback control system depends on
the calculation of the plasma instability growth rate and the
reasonable reliability of the control model. Based on the ini-
tial plasma equilibrium above, all feedback control systems

were turned off, and TSC completed the predictive simulation
of the CFETR free-drift process.!'®24 As presented in Fig. 5,
with the feedback system off, the plasma vertical position be-
came uncontrollable and drifted upward. Meanwhile, with the
plasma position out of control, the plasma current also atten-
uated, as shown in Fig. 6. Without effective control, this will
lead to a vertical displacement instability event, plasma dis-
ruption, and discharge termination.

13 1.99 1.16 0.74

7.539 0.766

10—

<A
PF3U i‘ﬁ |

<A
PF3L i‘ﬁ

I PFIL B
o mEe® ]
1 5 9 13 17

R (m)

Fig. 4. Establishment of CFETR initial equilibrium.

4. Calculation of CFETR vertical instability
growth rate

For tokamaks with non-circular cross sections, plasma
vertical instability exists because the attenuation exponent of
the vertical field is negative. If not properly controlled, it is
prone to triggering a vertical displacement event. The plasma
will move upward or downward within a few milliseconds and
eventually touch the first wall of the vacuum chamber, leading
to its disruption. This will pose a great threat to the safety of
the first wall, vacuum chamber, and ohmic heating coil, so the
vertical displacement event must be suppressed. The control
of VDE depends on the magnitude of its growth rate, mak-
ing the calculation of the growth rate particularly critical. By
directly solving the motion equation of the plasma, the resis-
tive MHD equations can accurately simulate the interaction
between the plasma and the surrounding conductors such as
passive feedback plates and active feedback coils. We simulate
a typical disruption process of CFETR due to the occurrence
of a vertical displacement event. When calculating the growth

095203-3
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rate of VDE, the vertical position of the plasma is expressed

as
z(r) = z0 + 6z(t), (1)

where 79 is the plasma position at equilibrium at the initial mo-
ment. Suppose a VDE takes place at time 75. The plasma is
considered to have a small vertical displacement 6Z (#y) at the
initial time. The evolution of vertical displacement with time

can be expressed as[?>-26]

Z(t) =Zo+ 6Z(t) = Zo+ 6Z(1o) er(t=t0), 2)

When feedback control of the vertical position is deacti-
vated, the instability eigenvalue of the closed-loop system is
equal to that of the open-loop linear tokamak model, denoted
by A. A is also referred to as the growth rate, y. Under this
condition, from the initial VDE onset time #( to any arbitrary

time ¢, A(t —fp) is the time integral of the instability growth
rate y. The expression is as follows:

t
Alt—10) = / ydz. 3)
Tp
Equation (2) is changed to
Z(1) = Zo + 8Z(19) 0 V97 )

It is actually a solution to the first-order differential equa-
tion of Eq. (5)

dz

=108z =y Z-20). )
The hypothesis is that zp and dz(#) are constant values,

the growth rate ¥ is a function of time ¢, and fy is the beginning

of the VDE.

(a) 8 () 8

(c) 8

Z (m)

Fig. 5. The plasma configuration evolution of CFETR free drift.
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(c) 8

R (m)
Fig. 6. The plasma current profile evolution during CFETR free drift.
R s e In[Z] = n|52(0)| + [ ¥(z)d ™
12000 g n|Z| =In to —|—/ y(T)dT.
10000} \“‘1“\ _ to
I sooof .
= 6000f . Finally, the growth rate is obtained as
4000 4
2000 4 ~
0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 % — }/(t) (8)
Time (s) dt
(b)  BSrTTTT T
2A5:_ _ijf ] Figure 7 shows the temporal evolution of the plasma mag-
£ E ] netic axis. The red line represents the TSC simulation re-
N Lsp .= 18.1253 7 sults, and the black line represents the fitted data. The TSC
05 e L b e ] simulation results are in excellent agreement with the fitted
0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15

Time (s) data. Based on this, the plasma magnetic axis coordinate Z,
Fig. 7. TSC simulation of CFETR free drift in Fig. 7 was substituted into Eqs. (6) and (8) to calculate the

growth rate of the plasma vertical displacement event (VDE).
From Eq. (4), the actual displacement away from the

The results indicate that the vertical instability growth rate for
equilibrium position after VDE is obtained:

] CFETR is y = 18.1253 s~ !, which is close to the TokSys result
Z=2Z(t)—Zy= 6Z(to) elo Y(T)dr, (6)  (y=18.1s71), as illustrated in Fig. 7. It demonstrates that the
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passive structure (vacuum chamber + blanket) can only delay,
but cannot provide sufficient passive stabilization, and must be
actively controlled by the internal coil IC.

5. CFETR vertical displacement instability ac-
tive control model and IC position optimiza-
tion

5.1. CFETR vertical displacement instability control

model

The feedback modes of vertical displacement events
(VDEs) can be divided into passive feedback and active feed-
back. Once the plasma undergoes vertical displacement, eddy
currents are immediately induced in the surrounding conduc-
tors (such as the vacuum chamber wall conductor), which hin-
der the vertical drift of the plasma. However, due to the re-
sistance of the conductor, the eddy currents dissipate. When
the time scale exceeds the diffusion time of the conductor 1R,
the passive effect can no longer maintain the vertical posi-
tion of the plasma. Therefore, active feedback must be em-
ployed for slow disturbances with a time scale larger than
tr. The classical proportional-derivative (PD) control model
is adopted in this study. Active feedback collects the plasma
vertical displacement signal and feeds it back to the main con-
trol power system in a certain way, thereby supplying current
to the active feedback coils to achieve the purpose of control-
ling the plasma. In the vacuum chamber, IC1 and IC2 are a
pair of plane-symmetric active feedback coils in the relative
device. Equivalent reverse currents are passed through them
to generate a magnetic field along the horizontal direction, so
as to achieve feedback control of the plasma in the vertical
direction!?’]

d
It = gp(Zmag — Z0) Jr(gda(zmag —Zp), )

where Z,; represents the vertical position of the collected
plasma magnetic axis, Zy represents the expected position of
the plasma magnetic axis, and g, and gq are proportional and
differential factors, respectively. Here, the vertical position
Zmag of the plasma magnetic axis can be measured for feed-
back control. When the measured Zy,g deviates from the
expected value Zj, the control system will initiate feedback
control and calculate the feedback current required to pull the
plasma with vertical displacement back to the original equilib-
rium position Z.

5.2. Optimization of IC position of CFETR fast control
coil
The computational grid is defined over the range
3.375 m< R < 13.00 m, —8.00 m< Z < 8.00 m, with a grid
resolution of 78 x 129 points and a mesh size of 0.125 m x
0.125 m. According to the three-dimensional structure of the

CFETR coils, vacuum chamber, and blanket, the equivalent
two-dimensional model of CFETR is constructed, as shown in
Fig. 4.

The IC coil parameter selection range is R ~ 11.975—
12.025 m, dr = 0.20 m, dz = 0.20 m. In the design of the
internal coil layout, there were three options for CFETR VS
coil fixation, consistent with TokSys: the vacuum interior wall,
the outer wall of the blanket, and the inner wall of the blan-
ket. The specific locations of these coils (shown in Fig. 8) are
as follows: Location 1 (11.5, 3.3) m, (11.5, —3.3) m, with 6
turns; Location 2 (10.5, 4.4) m, (9.5, —3.6) m, with 6 turns;
Location 3 (8.95, 4.4) m, (7.9, —4.4) m, with 6 turns.

CFETR geometry
T \ T J T

15F 1

10 IXI i

X
5 -
z X
N
0 4
7 4 X N
5N é ) i
- E X —
—10}t |X| k 1
é 1I0 1I5 2IO
R (m)

Fig. 8. TSC modelling and IC using three typical locations.

5.3. Design of control current waveforms for CFETR ver-
tical displacement instability

The three typical locations of the IC coils shown in Fig. 8
are as follows: Location 1: IC1 (11.5 m, 3.3 m), IC2 (11.5 m,
—3.3 m), mounted on the inner vacuum vessel wall, with 6
turns each (Fig. 9); Location 2: IC1 (10.5 m, 4.4 m), IC2
(9.5 m, —3.6 m), mounted on the outer wall of the blanket,
with 6 turns each (Fig. 10); Location 3: IC1 (8.95 m, 4.4 m),
IC2 (7.9 m, —4.4 m), mounted on the inner wall of the blanket,
with 6 turns each (Fig. 11). In order to avoid the loss of control
of vertical position (safe control), the maximum controllable
displacement should be no less than 5%-a, and 10%-a should
be achieved for robust control, where a denotes the tokamak
minor radius. Therefore, for the three typical IC coil locations
mentioned above, under the conditions of Azy.x = 22 cm and
AZmax/a = 10%, the IC coil current waveforms under robust

control mode are shown below. 28291
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Fig. 9. IC current waveform at Location 1 under robust control mode.
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Fig. 11. Current waveform of IC in Location 3 under robust control mode.

Table 4. Robust control, TokSys/TSC simulation results comparison.

IC Multiple of blanket  Peak current of  Peak current of
location resistivity TokSys/kA-turns  TSC/kA-turns

L1 5 674.8 674.8

L2 5 453.24 468

L3 5 316.8 320

By scanning IC coil locations shown in Fig. 8, the peak
IC coil currents are determined as follows: 674.8 kA-turns at
Location 1, 468 kA-turns at Location 2, and 320 kA-turns at
Location 3. At the same time, Table 4 presents a comparison
of the control effects of TokSys and TSC simulation results
on the power supply capacity requirements when the “robust
control” requirements are met (Z initial disturbance is 22 cm),
5 times the blanket resistivity is used, and the L1-L3 coil po-
sitions above are considered. The TSC results are consistent
with the TokSys simulation results, indicating the reliability
of the TSC results. Under the same displacement disturbance,
the control effect of IC coils closer to the plasma is obviously
better than that of those farther away, which can significantly
reduce the demand for power supply capacity. Since Loca-
tion 3 is located on the inner wall of the blanket and closer
to the plasma, its interaction with the plasma is enhanced. In
contrast, Location 1 and Location 2 are farther away from the
plasma, which weakens their interaction with the plasma and
reduces the plasma control performance. Meanwhile, the blan-
ket exerts a certain shielding effect on Location 1 and Location
2, further lowering their control efficiency for plasma vertical
instability. Thus, the results indicate that Location 3 is the
most favorable.

In the above analysis of coil position optimization and
power supply capacity requirements, engineering restrictions
such as window limitations and neutron irradiation are not
taken into account. The above designs represent the mini-
mum power supply capacity requirements for the power sup-
ply system. Therefore, this work requires relevant engineering
teams, including those responsible for device engineering de-
sign, power supply design, fast control coil design, and other
related engineering groups, to conduct feasibility analysis and
verification, ultimately achieving a balance between physical
requirements and engineering realization capabilities.

Furthermore, besides the PD feedback model, alternative
control strategies will be explored in the next phase of work.
For example, trained neural networks and adaptive methods
will be planned to examine the relationship between the verti-
cal growth rate and key plasma parameters in the future.

6. Conclusion

In this study, the CFETR device was modeled using the
TSC, generating a two-dimensional equivalent device geom-
etry and an initial equilibrium configuration, as illustrated in
Fig. 4. The plasma boundary computed by TSC (black) was
verified against an EFIT reconstruction (red), showing good
agreement.

The vertical growth rate y is a key parameter for char-
acterizing and controlling plasma vertical instability. Here,
the free-drift plasma evolution in CFETR was simulated with

095203-7



Chin. Phys. B 35, 095203 (2026)

TSC, and the vertical growth rate during free drift was deter-
mined by fitting the trajectory of the vertical plasma position
Z.(t), yielding y = 18.1253 s~!. This result is consistent with
the value obtained from the TokSys code (y = 18.1 s~!) shown
in Fig. 7, confirming the reliability of the simulation.

The efficiency of active vertical displacement control de-
pends significantly on the positioning of the internal control
(IC) coils shown in Fig. 8. To evaluate this dependence, robust
feedback control of vertical displacement events (VDEs) was
simulated in TSC for three representative IC configurations:
Location 1 (IC coils positioned at (11.5 m, 3.3 m) and (11.5 m,
—3.3 m) on the inner vacuum vessel wall), Location 2 (IC coils
at (10.5 m, 4.4 m) and (9.5 m, —3.6 m) on the outer blanket
wall), and Location 3 (IC coils at (8.95 m, 4.4 m) and (7.9 m,
—4.4 m) on the inner blanket wall). For each configuration, the
minimum power supply requirements for robust VDE control
were analyzed and benchmarked against TokSys simulations
shown in Table 4. The results indicate that Location 3 is the
most favorable, requiring a peak current of 320 kA-turns for
effective control. These findings offer important guidance for
optimizing IC coil parameters to enhance stability margins and
provide valuable input for the design of vertical stabilization
systems in future tokamaks.
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