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The design activity on the CFQS quasi-axisymmetric stellarator which is conducted as a joint international
project is ongoing by National Institute for Fusion Science (NIFS) in Japan and Southwest Jiaotong University
(SWJTU) in China. The CFQS magnetic ﬁeld generating coils consist of sixteen modular coils (MCs) in total with
four diﬀerent types, four poloidal ﬁeld coils (PFCs), and twelve toroidal ﬁeld coils (TFCs). In designing fusion
devices, eddy currents and electromagnetic (EM) forces on the vacuum vessel (VV) have to be evaluated to verify
the mechanical conﬁdence and reliability. In this work, we consider the following three issues, (1) Inﬂuence of
eddy current induced by external coil current change on the CFQS magnetic conﬁnement, (2) Evaluation of EM
force on VV by eddy current under a typical current of the MC and the PFC, and (3) Feasibility check of whether
it is possible to heat the CFQS VV by using induction current.

1. Introduction
The construction of the world’s newest quasi-axisymmetric stellarator CFQS is ongoing as a joint project of National Institute for
Fusion Science (NIFS) in Japan and Southwest Jiaotong University
(SWJTU) in China [1–3]. The CFQS has the advantages of both tokamak
system with good plasma conﬁnement performance [4] and helical
system with excellent sustainability for plasma discharge [5]. The
physics design of the CFQS has been completed, and the engineering
design such as the magnetic ﬁeld generating coil and the vacuum vessel
(VV) has been eagerly advanced [6].
In the design of a fusion device, it is crucial to verify the inﬂuence of
eddy currents for the mechanical conﬁdence and reliability. In the tokamak device, electromagnetic (EM) analysis has been performed to
predict the eddy current induced by disruption, which is a plasma
collapse phenomenon [7–9]. On the other hand, regarding the helical
device using a superconducting coil, eddy currents induced on VV by
quenching, which is a loss of the superconducting state, due to the
phase transition of liquid helium pose a problem [10]. In a helical device using normal conducting coils, since the energization time of

⁎

magnetic ﬁeld coils is generally limited by the balance between heat
generation and cooling performance of coils, the plasma discharge
duration is also limited. Due to this restriction, the inﬂuence of the eddy
current generated by changing the coil current may be exerted during
the plasma discharge.
In the plasma experiment, the EM force generated in the VV results
in repeated stress at every plasma discharge. If the stress exceeds the
design stress and the elastic-region even locally, there is a possibility
that a fatigue fracture of stainless steel will occur, which greatly aﬀects
the reliability and durability of the VV. Therefore, we must investigate
the reliability of the CFQS VV in advance.
Gases such as nitrogen, oxygen, hydrogen, water vapor, and carbon
dioxide are adsorbed on the inner wall of a VV under the atmospheric
pressure, and these adsorbed gases are released as outgas from a VV
inner wall during the vacuum pumping. Since these outgases hinder the
high vacuum pumping process, it is necessary to heat up the entire VV
by heaters such as tape-shaped heaters around the outer wall of the VV
in general, and to release the adsorbed gas attached to the inner wall.
As for a baking method for the CFQS VV, usage of an induction heating
with an eddy current generated in the VV has been proposed [6]. We
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VV is made of stainless steel and has over 40 ports for plasma heating
and diagnostics. The CFQS coil system consists of 4 diﬀerence-shapes of
16 modular coils (MCs), 4 poloidal ﬁeld coils (PFCs), and 12 toroidal
ﬁeld coils (TFCs) for generating a magnetic ﬁeld to conﬁne plasma.
The CFQS VV is made of relatively thin stainless steel (SUS316 L,
thickness of 6 mm), and has a complicated three-dimensional (3-D)
surface. Therefore, in order to predict the EM force acting on the CFQS
VV in advance, it is necessary to perform computational analyses in
consideration of a 3-D structure by using FEA.
The MCs are connected in a series and supplied with an alternating
current (AC) for the CFQS baking. The main motivation for using the
induction heating are that (1) the cost of winding tape-shaped heaters is
expected to be high due to poor workability because the between the
VV and the MC is as small as about 20 mm, (2) since only one small
power supply is required in the induction heating method, a low-cost
baking system can be realized. Therefore, it is worth considering the
induction heating method from the viewpoint of cost reduction. In
order to heat the VV to the desired temperature, it is indispensable to
check the feasibility of induction heating by conﬁrming the speciﬁcations of the baking power supply, such as the current and the voltage
generated on the MC.

Fig. 1. Bird’s eye view of CFQS.

must check the feasibility of adopting the induction heating in the CFQS
from the engineering point of view.
In this paper, the ﬁnite element analysis (FEA) codes, ANSYS
Maxwell for EM analysis, and ANSYS Mechanical for structural analysis,
were employed in order to verify the EM issues described above for the
CFQS.

3. Time constant of eddy current

2. Coil system and vacuum vessel design for CFQS

3.1. Evaluation eddy current based on time constant

The physical properties of the CFQS are as follows: toroidal periodic
number N = 2, aspect ratio Ap = 4, magnetic ﬁeld strength Bt = 1 T,
major radius R0 = 1 m, and typical rotational transform iota-bar in vacuum ranges from 0.35 to 0.4 in the entire region of plasma. Fig. 1
shows a bird's‐eye view of CFQS, and Fig. 2 shows the external view of
the CFQS VV (Fig. 2(a)) and the CFQS coil system (Fig. 2(b)). The CFQS

An eddy current is induced in the VV by a change in the current of
the external coils. Actually, eddy currents have innumerable eigenmodes. However, in this study, we investigated the main mode of time
constants, that is, the mode that seems to have the longest time constant. This relationship can be approximately expressed using the following equivalent circuit equation.

L

dIVV
dI
+ RIVV = V = M PFC
dt
dt

(1)

Where IVV is a total eddy current induced in the VV, IPFC is a total
current ﬂowing in the PFC, L and R are the inductance and resistance of
the VV, respectively, and M is the mutual inductance between the PFC
and the VV. Here, if the right hand side of Eq. (1) is a constant value,
that is, when the PFC current increases / decreases at a constant rate,
Eq. (1) can be analytically solved, and the eddy current is given by the
following equation.

(

t

IVV = I0 1 − e− τ

)

(2)

Where, I0 is the maximum value of the eddy current, and τ is the time
constant of the eddy current determined by L/R. Note that the time
constant τ does not depend on the current value of the PFC, and can be
a useful method for evaluating the time to reach ﬂattop or the remaining time of the eddy current. As shown in Fig. 3, when t = τ, the
value of the eddy current is about 63 % of the maximum value, when
t = 3τ, the value of the eddy current is about 95 % of the maximum
value, and when t = 5τ, the eddy current is about 99 % of the maximum
value. Therefore, if the plasma discharge is performed at a time of 5τ or
more after the rise of the PFC current, we can consider that the inﬂuence of the eddy current is almost eliminated. Therefore, the purpose of
this section is to obtain the time constant of the eddy current.
3.2. Numerical model and conditions
Fig. 4 shows the FEA model. In this analysis, the eddy current induced in the CFQS VV by PFC was calculated. The PFC current was set
to increase linearly from the time of 2 ms–40 ms, and then was set to be
constant as shown in Fig. 5. A magnitude or a rate of change of the PFC
current does not aﬀect τ, hence, the magnitude of the PFC current does
not aﬀect for investigation concerning τ of the eddy current. Fig. 6

Fig. 2. External view of (a) vacuum vessel and (b) magnetic ﬁeld generating
coil system.
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Fig. 3. Relationship between a time evolution of eddy current due to PFC and the time constant.

calculate the eddy current induced by the time variation of the PFC. In
order to accurately evaluate the change in the eddy current, it is necessary to make the time step ﬁne. The time step Δt was set to 0.2 ms in
this analysis. A rectangular computational domain was designed to
enclose the CFQS VV, the PFC. Also, the Neumann boundary condition,
which is a natural boundary condition, is applied to the boundary
surface of the analysis region. Set the magnetic ﬁeld H so that it satisﬁes
(∇ × H ) × n = 0 on the boundary surface. Where, n is the normal
vector to the boundary surface.

3.3. Results and discussions
Fig. 7 shows a result of the eddy current density distribution at the
time of 40 ms. the eddy current ﬂows counterclockwise as seen from the
top, and a relatively high current density appears near diagnostics
ports. This result is consistent with the theoretically expected trend. To
calculate the total eddy current induced in the CFQS VV, it is necessary
to integrate the current density in a cross section perpendicular to the
direction in which the eddy current ﬂows. Fig. 8(a) shows an integral
cross section for calculating the total eddy current. Fig. 9 shows the
time evolution of the standardized total eddy current. From the current
waveform in Fig. 9, the time constant τ is approximately 4 ms. In addition, by using the integral cross-section in the Fig. 8(b), the eddy
current caused by the MCs and the TFCs were analyzed in the same
manner, and the time constant τ was approximately 2 ms for the MCs
and the TFCs, respectively. Fig. 10(a) shows a typical current scenario
of the MC current and the PFC current in the CFQS plasma experiment.
The plasma discharge begins to start 50 ms after the PFC current
reaches the ﬂat top. Considering the waveform of the eddy current in an
increasing period of the PFC current, there is a relationship between the
eddy current and the plasma discharge time as shown in Fig. 10(b). The
remaining time of the eddy current (5τ ∼ 20 ms) is shorter than the
duration between the time at the PFC current reaching the ﬂat top and
the start of the plasma discharge (50 ms). Hence, the impact on the
plasma discharge is expected to be negligibly small. Further, the resistance R and the inductance L of the VV are obtained by using the time
constant of eddy current and magnetic energy obtained from the result
of the FEA. In order to obtain a resistance of the VV in the toroidal
direction, the developed FE model and simple electric analysis are also
used. Here, the magnetic energy UM is given by the following equation.

Fig. 4. FEA model for eddy current analysis. Eddy current is induced by PFC
current change.

Fig. 5. Input data of PFC current to calculate time constant of eddy current.

UM =

shows the calculation meshes used in this FEA. In order to detect the
eddy current induced in the VV accurately, ﬁne calculation meshes
were arranged in the VV model. The average element size in the entire
analytical model is 36.14 mm (minimum element size is 0.03 mm). The
number of VV elements is 267,454, and the entire analytical model is
501,532. In this eddy current analysis, transient analysis is required to

1
1
LIvv 2 =
2
2

∫0

V

B∙H dV

(3)

Where, the integral region "V" means the entire analysis region, so B
and H are integrated over the analysis region in ANSYS Maxwell. Since
IVV, UM, and τ are known, the resistance R and the inductance L of the
VV can be calculated by the following equations.
3
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Fig. 6. Computational meshes of vacuum vessel and PFC in CFQS and computational domain to calculate the magnetic ﬁeld induced by PFC current.

Fig. 9. Time evolution of standardized total eddy current on vacuum vessel
induced by PFC, TFC, and MC.
Fig. 7. Distribution of eddy current induced by PFC changing linearly (at
40 ms).

L=

2UM
L
and R =
Ivv 2
τ

of the VV is 0.4 mΩ, a large current as much as several tens of kA ﬂows
through the VV. In this case, a one-turn break is required in order to
increase the one-turn resistance of the VV. However, since we do not
conduct Joule heating in the CFQS VV, there is no need to consider the
one-turn break or bellows. This result will contribute to the reduction of
VV construction costs.

(4)

Therefore, the one-turn resistance and inductance of the CFQS VV in
the toroidal direction can be estimated to be approximately 0.4 mΩ and
1.8μH, respectively. And also, in the case of MC and TFC, that is, the
inductance and resistance in the poloidal direction are 0.14 μH and
0.058 mΩ, respectively. In a medium-sized tokamak, a Joule heating is
required during experiment. In general, a one-turn voltage of the VV is
applied to be about 10 V for a Joule heating. If the one-turn resistance

Fig. 8. Cross section to calculate total eddy current induced (a) by PFC and (b) by TFC and MC.
4
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current induced by the PFC current and the magnetic ﬁeld induced by
the MC current, the direction is opposite between the rising and falling
of the PFC current. Here, if the maximum EM force in this analysis is
converted into the EM pressure on the VV, the maximum EM pressure is
about 0.4 atm in consideration of the thickness of the stainless steel
plate of 6 mm. Although the maximum EM pressure is lower than the
atmospheric pressure (1 atm), it is not a negligible value. Therefore, a
structural analysis was performed by using ANSYS Mechanical with the
maximum EM force obtained in the above analysis. Fig. 12 shows the
boundary conditions in this analysis. Not only EM force but also vacuum force due to atmospheric pressure should be taken into account.
In this study, it is assumed that VV is always exhausted during the
experiment. However, there is a possibility that the current of the coil is
erroneously driven when the VV is not evacuated. Fig. 13 shows the
distribution of stress generated in the VV under the boundary condition
mentioned above. The maximum stress of about 97 MPa occurs near the
upper diagnostic port. It is less than 117 MPa, which is the allowable
stress of stainless steel at room temperature [11]. Therefore, the CFQS
VV has enough strength to withstand the vacuum force and the EM
force generated during the experiment. Note that there is no appropriate standard to apply to VV of fusion experimental devices, we adopt
ASME Section III, which is the standard for nuclear vessel, as a design
standard that is often used. In the case of only evacuation, the maximum von Mises stress acting on the CFQS VV is approximately
87.4 MPa, the eﬀect of only eddy current is approximately 10 MPa.
Furthermore, since the maximum stress is within an elastic deformation
range, there is also no possibility that the CFQS VV will break due to
repeated stress ﬂuctuations. To conﬁrm the mechanical conﬁdence of
the CFQS VV, it is necessary to consider also safety margin for VV
buckling under pressure and EM loads and eﬀect of baking and welding.
They will be investigated in future study.

Fig. 10. (a) Typical current scenario of MC current and PFC current in CFQS
plasma experiment. (b) relationship between eddy current and plasma discharge.

4. Electromagnetic force on CFQS vacuum vessel
4.1. Numerical model and conditions
EM force is generated on the CFQS VV by the interaction between
the magnetic ﬁeld and the eddy current due to the MC current. As
shown in Fig. 10(a), the typical current scenarios of the PFC and the MC
were used in this analysis. The current change rates of the MC and the
PFC are 10.75 kA / s and 43 kA / s, respectively. The maximum current
of the MC is 4.3 kA and the number of turns is 72. Regarding the PFC,
the maximum current is 4.3 kA and the number of turns is 32. The EM
force and the EM stress under this current scenario were investigated by
using ANSYS Maxwell and ANSYS Mechanical. The MC is the winding
coil and each MC conductor has a hollow structure [6]. However, the
analysis model of the MC was designed as one bulk conductor to reduce
computational costs such as a CPU time and a required memory. In the
case of considering the MC as a single bulk body, the current density in
the cross section of a MC is biased due to a time variation of current and
becomes higher on the coil surface. In this ANSYS analysis, similar to
the actual 72 winding coils, we assumed the uniform current density in
a MC cross section. In this EM analysis, transient analysis is also required to calculate the EM force induced by the time variation of the
MC and the PFC. The time step Δt was also set to 1 ms in this analysis.

5. Induction heating for CFQS vacuum vessel baking
5.1. Numerical model and conditions
For the CFQS VV baking method, an induction heating method has
been considered as a baking method for VV, in which 16 MCs are
connected in a series and an AC is applied to the MC to generate heat by
resistance loss of eddy current generated in the VV. In this analysis, the
AC analysis is required to calculate the heat generation of the CFQS VV
by the induction current induced by the MCs. In general, when an AC
ﬂows through a conductor, a skin eﬀect appears in which the current
density is high at the surface of the conductor and gradually decreases
with distance from the surface. If the skin depth δ is smaller than the
thickness of the VV (6 mm), it can be considered that the eddy current
concentrates on the VV surface. In this case, since a layered thin and
ﬁne mesh is required on the surface of the VV even in the FEA, the skin
depth must be considered in advance. Here, skin depth δ can be calculated by the following equation.

δ=

4.2. Results and discussion
Fig. 11(a) shows the time evolution of the maximum EM force per
volume (N/m3), in the VV under the typical current scenario mentioned
above. The maximum EM force increases almost linearly with the rise of
the MC current. This indicates that the eddy current induced by the MC
is relatively small and its inﬂuence time is short. Thereafter, the EM
force is generated again with the rise of the PFC current. However, we
found that the EM force is smaller than the EM force caused by the MC
current. Moreover, we also found that the direction of the EM force
during the falling of the MC currents (t = 1,100 ms) is opposite to that
at startup (t =500 ms) as shown in Fig. 11(b) and (c). In the case of
PFCs, since the EM force is generated by the outer product of the eddy

2
2πfμr μ0 σ

(5)

Note that this skin depth formula is obtained for semi-inﬁnite materials, and for toroidal vacuum vessels the skin depth may be shorter.
Where f is the AC frequency, μr is the relative magnetic permeability, μ0
is the vacuum magnetic permeability, and σ is the electric conductivity
of the VV. When the skin depth is calculated using Eq. 5, for example in
the case of f = 2 kHz, the skin depth δ is approximately 9 mm. Therefore, since the skin depth is larger than the plate thickness of the VV, we
considered that the current concentration due to the skin eﬀect does not
occur on the CFQS VV surface.

5
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Fig. 11. (a) Maximum EM force on CFQS VV under typical current scenario, and Distribution of EM force (b) at 500 ms, (c) at 1,100 ms.
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this analysis in the case of f = 1 kHz and IAC = 7 A. It can be seen that
the heat generation is more strongly dependent on the current value
than the AC frequency. Here, the heat generation required for baking in
the CFQS VV is 25 kW. This value is determined based on the actual
value of VV baking system of Compact Helical System (CHS) [12] which
has a similar size to the CFQS. In this case, the current required for the
CFQS VV baking can be obtained to be about 18 A from Fig. 14. The
voltage applied in the MC is obtained by this current value IAC and AC
resistance ωL as follows.

VMC = IAC ∙ωL

(6)

Where ω is the angular frequency represented as 2πf . The self-inductance and mutual inductance for 16 MCs were calculated by using
ANSYS Maxwell. The inductance L in Eq. (6) is about 0.3 H obtained by
the sum of each inductance. Substituting IAC = 18 A , and f = 1 kHz into
Eq. 6, the applied voltage on the MC is obtained to be approximately
34 kV. As a result, this voltage value exceeds the operation voltage of
DC 2.4 kV. Therefore, we found that the induction heating method
could not be adopted in the CFQS. An alternative method should be
considered as a next option, for example, the sheathed heater system.
As an alternative candidate, even in case of small gap, PTC baking
method may be adopted as in SUNIST of Tsinghua University.

Fig. 12. Boundary conditions for structural analysis under the condition considering maximum EM load and atmospheric load.

6. Summary
Using the ﬁnite element analysis code, ANSYS Maxwell, the eddy
current generated in the VV of the CFQS quasi-axisymmetric stellarator
was investigated. From the time constant of the eddy current, it was
found that the inﬂuence of the eddy current on the plasma discharge
was negligible. In addition, the EM force generated in the VV was
calculated in the typical current scenario of the MC and the PFC. Since
the maximum EM force is about 0.4 atm, which is not negligible compared to the atmospheric pressure, structural analysis was performed by
using ANSYS Mechanical. In this analysis, the EM force during plasma
experiments and vacuum force due to atmospheric pressure were considered. As a result, we found that the maximum stress value was less
than the allowable level of stainless steel and the CFQS VV has suﬃcient strength. In addition, the induction heating, which has been
considered as a baking method of the CFQS, was veriﬁed, and we found
that the adoption of the induction heating method is diﬃcult because
the applied voltage in the MC exceeded the allowable voltage. The
above ﬁndings will contribute to engineering design and operation for
the CFQS.

Fig. 13. Distribution of von Mises stress in the CFQS VV under condition taking
maximum EM load and atmospheric load into account. Maximum stress is approximately 97.2 MPa.
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