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A  new  technology–interaction  matrix  method  is  applied  to assess  EM loads  of  EAST  magnet  system.
The  interaction  matrices  of  EAST  magnet  system  are  obtained.
The  application  validated  the efficiency  and  accuracy  of  the  method.
Results  indicate  that  the  approach  can  be  conveniently  used  for  multi-scenario  EM  loads  assessment  for EAST  current-carrying  components.
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a  b  s  t  r  a  c  t

An  approach  for assessing  the  electromagnetic  (EM) loads  of the  main  current-carrying  components  in
tokamaks  has  been  proposed  recently  [1,2].  It  is  mainly  based  on  the  interaction  matrix  and  the  method  is
general. This  paper  explores  on  the application  of  the  new  technology  to EAST  magnet  system.  Firstly,  the
interaction  matrices  of  EAST  magnet  composed  of  bilateral  interaction  forces  between  separate  compo-
nents  at  unit  current  are  calculated,  then  the  EM  loads  are  obtained  by  a linear  transform  of  given currents
eywords:
AST
agnets

nteraction matrix
lectromagnetic force
inear transform

using  the interaction  matrix.  The  application  validated  the  efficiency  and  accuracy  of  the  method,  which
is useful  for  the  systematic  assessment  of Tokamak  EM  forces.  Results  indicate  that  the  approach  can  be
conveniently  used  for  multi-scenario  EM assessments  and parametric  studies  of  the EM  loads  for  EAST
current-carrying  components,  and  a specialized  force-calculating  module  for  real-time  simulating  will
be  developed  in  the  future.

©  2016  Elsevier  B.V.  All  rights  reserved.

ulti-scenario

. Introduction

Experimental Advanced Superconducting Tokamak (EAST) is a
ully superconducting tokamak which has been built in ASIPP CAS,
iming at investigating physical issues of steady-state advanced
okamak operation. The core of EAST project consists of the super-
onducting magnet systems, a non-circular cross-section of the
acuum vessel and actively cooled plasma facing components.
here are two superconducting magnet systems in the tokamak
achine. Firstly the superconducting toroidal field (TF) magnet

ystem consists of sixteen D-shaped coils which are disposed
oroidally and spaced 22.5 apart. Secondly the superconducting

oloidal field (PF) magnet system consists of fourteen supercon-
ucting coils, including a stack of 6 central solenoid coils (CS) and

 poloidal coils (PF). The CS and PF systems are supported on the

∗ Corresponding author.
E-mail address: lxf@ipp.ac.cn (X. Liu).

ttp://dx.doi.org/10.1016/j.fusengdes.2016.04.012
920-3796/© 2016 Elsevier B.V. All rights reserved.
TF magnet assembly [3]. Fig. 1 has shown the main components of
EAST magnet system. Tables 1 and 2 have list the design parameters
of these coils separately [3,4].

How to calculate the electromagnetic (EM) load on magnets
accurately and quickly is one of the key techniques for engineering
design of tokamak devices. A new theoretical method was proposed
to assess the electromagnetic load on each magnet at various sce-
narios quickly [1,2]. Considering the linear relationship between
the currents and corresponding EM loads, the method firstly calcu-
lates the interaction matrices for main Tokamak current-carrying
components, which reflects parameters of pair-wise load interac-
tions between separate coils at unit currents. The computed unit
current interaction matrices are fundamental scenario-invariant
properties of the system. They enable immediate purely-algebraic
calculation of all individual interaction forces and torques between
the components by given currents. Once the matrices are gained,

the full set of loads of the current-carrying components at different
scenarios can be simulated in few seconds by simple linear matrix
operations [1,2].

dx.doi.org/10.1016/j.fusengdes.2016.04.012
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2016.04.012&domain=pdf
mailto:lxf@ipp.ac.cn
dx.doi.org/10.1016/j.fusengdes.2016.04.012


W.  Xu et al. / Fusion Engineering and Design 107 (2016) 38–43 39

Fig. 1. Main components of EAST magnet system.

Table 1
Design parameters of EAST TF coils.

Number of Coils / 16
Number of turns per coil / 130
Operating current kA 14.3
Magnetic field at the plasma center(Bt) T 3.5
Maximum field at the coil(Bmax) T 5.8
Total stored energy MJ 300

Table 2
Design parameters of EAST CS and PF coils.

Position of coil centre Coil size without ground insulation

Coils R(cm) Z(cm) dR(cm) dZ(cm) Turns

CSU3 62.866 125.66 16.078 45.177 140
CSU2 62.866 75.396 16.078 45.177 140
CSU1 62.866 25.132 16.078 45.177 140
CSL1  62.866 −25.132 16.078 45.177 140
CSL2  62.866 −75.396 16.078 45.177 140
CSL3  62.866 −125.66 16.078 45.177 140
PF1  107.217 175.37 24.694 9.769 44
PF2  113.679 194.09 37.618 27.473 204
PF3  294.558 159.07 12.844 21.256 60
PF4  326.98 90.419 8.896 17.188 32
PF5  326.98 −90.419 8.896 17.188 32
PF6  294.558 −159.07 12.844 21.256 60
PF7  113.679 −194.09 37.618 27.473 204
PF8  107.217 −175.37 24.694 9.769 44

l
t
s
r

Fig. 2. Currents on toroidal coils with time.

as a problem of pair-wise interactions between all currents. The
two currents: source current Ii and current in the loaded structures

T
S

In this paper we apply the method to EAST magnets. The EM
oad interaction matrices for EAST magnets are calculated in Sec-
ion 3. Then the loads on each EAST magnet are evaluated at various
cenarios for the time-depending multi-point data sequences, cor-
esponding to plasma transient events in Section 4.
able 3
pecified quantities as parameters of interactions.

Parameter Description 

F FR Radial force 

F (1)
tor Out-of-plane force 

My Moment of the out-of-plane force about the main axis 

F  Fy-hlaf Vertical total force on the upper-half coil 

F (2)
tor Out-of-plane force 

Mx Overturning moment of the out-of-plane force about ra
v Fv Vertical total force 

F  Fhoop Hoop force 
Fig. 3. Overturning moment on a TF from all toroidal coils.

2. Method

2.1. Interaction matrix

According to the method present in [1,2], at the low-frequency
domain, the calculation of magnetic field by known currents is sub-
stantially a static problem. Then the Lorentz forces, acting on a
current-carrying component, are result of interaction of currents
in the conductor with the magnetic field, which is the total field of
all sources superimposed. So the basic problem can be formulated
Ij consist of a minimum considered system. The Lorentz force acting

The load on: The load from:

TF TF
TF TF
TF TF
TF TF
TF CS/PF/Plasma

dial axis TF CS/PF/Plasma
CS/PF/Plasma CS/PF/Plasma
CS/PF/Plasma CS/PF/Plasma
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Fig. 4. EM loads on CS/PF coils from all toroidal currents.
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n conductor i due to the magnetic field produced by conductor j
an be expressed as [5]:

 Fij =
∮

Lj

∮

Li

�0

4�

IiIj

|→ rji|3
[
→ dli ×

[
→ dlj × → rji

]]
(1)

where → dli and → dlj are separately the direction vector, → rji

s the distance vector from conductor j to i, Ii and Ij are the current
mplitude, �0 is the permeability in vacuum.

At fixed Ii and Ij , the force can be expressed simply as a function
f a certain parameter → Gij:

 Fij = IiIj→ Gij (2)

 Gij =
∮

Lj

∮

Li

�0

4�

IiIj

r3
ji

[
→ dli ×

[
→ dlj × → rji

]]
(3)

Here → Gij is an element of the interaction matrix which con-
ains the parameters of interactions at unit currents in the two
nteracting conductors of each pair. So the Lorentz forces acting
n any current-carrying component of the system can be calcu-
ated as product of the current in loaded structure, source currents
nd the interaction matrix, of which the currents consolidate the
nformation on magnitudes of currents in the conductors, and the
nteraction matrix consolidates the information about the geomet-
ical configuration of the current paths:

 Fi = Ii

n∑
j=1

Ij→ Gij (4)

The interaction matrix is by definition a matrix of linear trans-
orm between currents and forces. It can be used for the direct
alculation of all individual forces in the system and their subto-
als by known currents using simple single-step linear matrix
peration. Interaction matrix is calculated at unit currents in all
lement conductors. Therefore, this matrix does not depend on any
articular combination of current magnitudes and represents a fun-
amental attribute of the geometrically non-deformable system of
onductors. The simplicity of calculations in the approach permits
he use of rather detailed models for assessments.

.2. EM force calculation

Then the problem turns to how to get the interaction matrix.
uppose all the conductors of the magnet system are loaded with
nit currents (1MA) separately. Since the magnetic fields are differ-
nt everywhere, we can split the conductors into several segments,
hen the Lorentz force acting on conductor i due to the magnetic
eld produced by conductor j (all with unit currents) can be calcu-

ated by:

 Gij = �0

4�

∫ ∫ ∫

Vj

∫ ∫ ∫

Vi

→ jidVi × (→ jjdVj × → rji)

|→ rji|3
(5)

here → ji and → jj are separately the current density vector, dVi

nd dVj are the element volume of conductor i and j.
In this paper, the EM force interaction matrix of EAST magnet

ystem is calculated with the above method by Fortran program-
ing. And the EM moments are obtained by integration of the EM

orces.

.3. Specified quantities
According to [1], there are mainly 8 parameters which charac-
erize all principal aspects of the load interaction between Tokamak

agnet coils – integral estimates of the corresponding systems of
Fig. 5. Overturning moment on a TF from all toroidal currents during MD.

distributed forces, as listed in Table 3. And the study has been split

into three parts, concerning different generic configurations: (1)
CS/PF-to-CS/PF/Plasma interactions; (2) TF-to-CS/PF/Plasma inter-
actions; (3) TF-to-TF interactions. Additional cases have been run
with plasma as “15th toroidal coil”.
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Table  4
Interaction matrices acting on a CS/PF coil from other CS/PF/Plasma coil (all I = 1MA).

CSU3 CSU2 CSU1 CSL1 CSL2 CSL3 PF1 PF2 PF3 PF4 PF5 PF6 PF7 PF8

Net vertical force Fv ([N])
CSU3 0 1.31E6 2.93E5 9.68E4 3.88E4 1.80E4 −7.63E5 −6.03E5 −3.17E4 2.43E4 5.90E4 4.98E4 2.15E4 2.26E4
CSU2  −1.31E6 0 1.31E6 2.94E5 9.68E4 3.88E4 −3.78E5 −2.98E5 −6.66E4 −1.06E4 6.40E4 6.31E4 3.76E4 4.08E4
CSU1  −2.93E5 −1.31E6 0 1.31E6 2.94E5 9.68E4 −1.68E5 −1.40E5 −7.93E4 −4.17E4 5.98E4 7.51E4 7.01E4 7.95E4
CSL1  −9.68E4 −2.94E5 −1.31E6 0 1.31E6 2.93E5 −7.86E4 −6.92E4 −7.46E4 −5.95E4 4.17E4 7.93E4 1.40E5 1.68E5
CSL2  −3.88E4 −9.68E4 −2.94E5 −1.31E6 0 1.31E6 −4.05E4 −3.72E4 −6.28E4 −6.38E4 1.06E4 6.66E4 2.98E5 3.78E5
CSL3  −1.80E4 −3.88E4 −9.68E4 −2.93E5 −1.31E6 0 −2.24E4 −2.13E4 −4.96E4 −5.89E4 −2.43E4 3.17E4 6.03E5 7.63E5
PF1  7.63E5 3.78E5 1.68E5 7.86E4 4.05E4 2.24E4 0 −6.46E6 5.67E4 1.67E5 1.46E5 1.08E5 3.39E4 3.43E4
PF2  6.03E5 2.98E5 1.40E5 6.92E4 3.72E4 2.13E4 6.46E6 0 1.45E5 2.26E5 1.61E5 1.16E5 3.39E4 3.39E4
PF3  3.17E4 6.66E4 7.93E4 7.46E4 6.28E4 4.96E4 −5.67E4 −1.45E5 0 4.40E6 1.02E6 6.24E5 1.16E5 1.08E5
PF4  −2.43E4 1.06E4 4.17E4 5.95E4 6.38E4 5.89E4 −1.67E5 −2.26E5 −4.40E6 0 1.81E6 1.02E6 1.61E5 1.46E5
PF5  −5.90E4 −6.40E4 −5.98E4 −4.17E4 −1.06E4 2.43E4 −1.46E5 −1.61E5 −1.02E6 −1.81E6 0 4.40E6 2.26E5 1.67E5
PF6  −4.98E4 −6.31E4 −7.51E4 −7.93E4 −6.66E4 −3.17E4 −1.08E5 −1.16E5 −6.24E5 −1.02E6 −4.40E6 0 1.45E5 5.67E4
PF7  −2.15E4 −3.76E4 −7.01E4 −1.40E5 −2.98E5 −6.03E5 −3.39E4 −3.39E4 −1.16E5 −1.61E5 −2.26E5 −1.45E5 0 −6.46E6
PF8  −2.26E4 −4.08E4 −7.95E4 −1.68E5 −3.78E5 −7.63E5 −3.43E4 −3.39E4 −1.08E + 05 −1.46E5 −1.67E5 −5.67E4 6.46E6 0

Hoop  force Fhoop ([N])
Plasma −1.87E5 −2.15E5 −1.07E5 1.07E5 2.15E5 1.87E5 −3.49E5 −3.44E5 −7.72E + 05 −6.64E5 6.64E5 7.72E5 3.44E5 3.49E5
CSU3  2.37E5 1.24E5 5.22E4 2.48E4 1.30E4 7.48E3 −2.10E4 1.16E3 −1.40E + 04 −1.13E + 04 −4.30E + 02 2.50E + 03 6.01E + 03 6.34E + 03
CSU2  1.24E5 2.37E5 1.24E5 5.22E4 2.48E4 1.30E4 2.47E4 2.30E4 −9.99E + 03 −1.19E + 04 −3.04E + 03 1.32E + 03 8.72E + 03 9.43E + 03
CSU1  5.22E4 1.24E5 2.37E5 1.25E5 5.22E4 2.48E4 2.12E4 1.87E4 −5.06E + 03 −9.90E + 03 −6.47E + 03 −1.11E + 03 1.29E + 04 1.43E + 04
CSL1  2.48E4 5.22E4 1.25E5 2.37E5 1.24E5 5.22E4 1.43E4 1.29E4 −1.12E + 03 −6.47E + 03 −9.90E + 03 −5.06E + 03 1.87E + 04 2.12E + 04
CSL2  1.30E4 2.48E4 5.22E4 1.24E5 2.37E5 1.24E5 9.43E3 8.72E3 1.32E + 03 −3.04E + 03 −1.19E + 04 −9.99E + 03 2.30E + 04 2.47E + 04
CSL3  7.48E3 1.30E4 2.48E4 5.22E4 1.24E5 2.37E5 6.34E3 6.01E3 2.51E + 03 −4.28 E + 02 −1.13E + 04 −1.40E + 04 1.16E + 03 −2.10E + 04
PF1  2.52E5 1.11E5 5.63E4 3.15E4 1.90E4 1.21E4 2.90E5 −1.05E4 −4.80E + 04 −2.62E + 04 4.42E + 03 8.96E + 03 1.17E + 04 1.20E + 04
PF2  2.00E5 9.65E4 5.18E4 3.02E4 1.87E4 1.23E4 4.73E5 3.12E5 −5.49E + 04 −2.59E + 04 6.66E + 03 1.08E + 04 1.23E + 04 1.26E + 04
PF3  1.30E5 1.17E5 9.75E4 7.78E4 6.06E4 4.69E4 2.43E5 2.72E5 4.22E + 05 −9.59E + 04 9.16E + 04 8.84E + 04 5.97E + 04 5.87E + 04
PF4  1.17E5 1.19E5 1.12E5 9.84E4 8.24E4 6.69E4 1.90E5 2.03E5 5.93E + 05 4.71E + 05 1.60E + 05 1.46E + 05 9.04E + 04 8.81E + 04
PF5  6.69E4 8.24E4 9.84E4 1.12E5 1.19E5 1.17E5 8.81E4 9.04E4 1.46E + 05 1.60E + 05 4.71E + 05 5.93E + 05 2.03E + 05 1.90E + 05
PF6  4.69E4 6.06E4 7.78E4 9.75E4 1.17E5 1.30E5 5.87E4 5.97E4 8.84E + 04 9.16E + 04 −9.60E + 04 4.22E + 05 2.72E + 05 2.43E + 05
PF7  1.23E4 1.87E4 3.02E4 5.18E4 9.65E4 2.00E5 1.26E4 1.24E4 1.08E + 04 6.66E + 03 −2.59E + 04 −5.49E + 04 3.12E + 05 4.73E + 05
PF8  1.21E4 1.90E4 3.15E4 5.63E4 1.11E5 2.52E5 1.20E4 1.17E4 8.97E + 03 4.42E + 03 −2.61E + 04 −4.80E + 04 −1.05E + 04 2.90E + 05
Plasma  1.10E5 1.65E5 2.16E5 2.16E5 1.65E5 1.10E5 1.04E5 9.72E4 7.90 E + 02 −7.25E + 04 −7.25E + 04 7.89 E + 02 9.72E + 04 1.04E + 05

Table 5
Interaction matrices acting on a TF coil from CS/ PF/Plasma coil (all I=1MA).

CSU3 CSU2 CSU1 CSL1 CSL2 CSL3 PF1 PF2 PF3 PF4 PF5 PF6 PF7 PF8 Plasma

Out-of-plane forces ([N])
TF 5.94E4 3.71E4 1.08E4 −1.08E4 −3.71E4 −5.94E4 1.71E5 1.62E5 2.13E5 1.48E4 −1.48E4 −2.13E5 −1.62E5 −1.71E5 0
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Overturning moment Mx  ([N*m])
TF −2.77E4 −7.52E4 -1.26E5 -1.27E5 -7.52E4 -2.77E4 1.26E

. Interaction matrix of EAST magnet system

The interaction matrices of the 8 quantities for EAST magnet
ystem are calculated using the method introduced in Section 2.
nd the results are given in Tables 4–6. All coils are loaded with
nit currents (1 MA).

The interaction matrices of the net vertical force and hoop force
cting on a toroidal coil from other toroidal coil are given in Table 4.
nd the matrices for the out-of-plane resultant forces on TF coils

rom different toroidal coil and their overturning moments about
adial axis are given in Table 5.

The interaction matrices acting on a TF coil from other TF coils,
xpressed in terms of: (1) resultants of the radial (centering) forces;
2) resultants of the out-of-plane forces; (3) moments of the out-of-
lane forces about the main axis; (4) vertical total forces on upper
alf of the TF coil are given in Table 6.

. EM load assessment of EAST magnet system

.1. Considered scenario A: normal operation
We  have analyzed the EM load of EAST magnet system during
ormal operation. The currents on CS/PF/Plasma coils at different
ime are listed in Fig. 2. Since the currents on toroidal coils are up-
own symmetrical to the midplane(x-z plane), only the currents
.04E5 8.39E5 1.03E6 1.03E6 8.39E5 2.04E5 1.26E5 9.62E5

on CS/PF coils above the midplane are given. The whole process
of a normal plasma discharge includes: discharge start(t = 0.0 s),
plasma ignition(t = 0.06 s), plasma ramp to 100 kA(t = 0.2 s), plasma
ramps to 420 kA(t = 1.0 s), plasma ramp to 1 MA(t = 4.0 s), beta-p
full of 1.6(t = 5.0 s), end of the flat-top(t = 12.72 s), end of dis-
charge(t = 16.72 s). And the current on a TF coil at operating
condition remains as 1.859 MA.

The forces on individual coils from all magnets and plasma are
evaluated with pre-computed interaction matrices of constants,
supplied in Section 3. The EM load assessment acting on a TF coil
from all the 16 TF coils are list in Table 7. The comparison of
the results calculated with interaction matrix approach and with
ANSYS method [6] demonstrated excellent agreement.

The EM load assessment acting on a TF coil from all the toroidal
currents (CS/PF/Plasma) are shown in Fig. 3. Since the currents
loading on toroidal coils are up-down symmetrical, the net total
out-of-plane force acting on a TF coil is zero at any moment, so
only the overturning moment result is given.

The load assessment on a CS/PF coil from all other toroidal cur-
rents is shown in Fig. 4. As shown in this figure, the net vertical
force acting on PF1 and PF2 are larger than other toroidal coils.

Since these two  coils are mechanically bonded as an integral, the
resultant vertical force acting on this two-coil-composed magnet
is not so large. For the hoop force, the maximum occurs on PF2 at
about 5 s while loading current reaches peak at this moment.
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Table  6
Interaction matrices acting on a TF coil from other TF coil (all I=1MA).

TF1 TF2 TF3 TF4 TF5 TF6 TF7 TF8 TF9 TF10 TF11 TF12 TF13 TF14 TF15 TF16

Radial (centering) forces FR ([N])
TF1 −9.34E3 −4.75E5 −3.19E5 −2.06E5 −1.36E5 −9.52E4 −7.18E4 −6.00E4 −5.63E4 −5.99E4 −7.18E4 −9.51E4 −1.36E5 −2.06E5 −3.19E5 −4.75E5
TF2  −4.75E5 −9.34E3 −4.75E5 −3.19E5 −2.06E5 −1.36E5 −9.52E4 −7.18E4 −6.00E4 −5.63E4 −5.99E4 −7.18E4 −9.51E4 −1.36E5 −2.06E5 −3.19E5
TF3  −3.19E5 −4.75E5 −9.34E3 −4.75E5 −3.19E5 −2.06E5 −1.36E5 −9.52E4 −7.18E4 −6.00E4 −5.63E4 −5.99E4 −7.18E4 −9.51E4 −1.36E5 −2.06E5
TF4  −2.06E5 −3.19E5 −4.75E5 −9.34E3 −4.75E5 −3.19E5 −2.06E5 −1.36E5 −9.52E4 −7.18E4 −6.00E4 −5.63E4 −5.99E4 −7.18E4 −9.51E4 −1.36E5
TF5  −1.36E5 −2.06E5 −3.19E5 −4.75E5 −9.34E3 −4.75E5 −3.19E5 −2.06E5 −1.36E5 −9.52E4 −7.18E4 −6.00E4 −5.63E4 −5.99E4 −7.18E4 −9.51E4
TF6  −9.51E4 −1.36E5 −2.06E5 −3.19E5 −4.75E5 −9.34E3 −4.75E5 −3.19E5 −2.06E5 −1.36E5 −9.52E3 −7.18E4 −6.00E4 −5.63E4 −5.99E4 −7.18E4
TF7  −7.18E4 −9.51E4 −1.36E5 −2.06E5 −3.19E5 −4.75E5 −9.34E3 −4.75E5 −3.19E5 −2.06E5 −1.36E5 −9.52E4 −7.18E4 −6.00E4 −5.63E4 −5.99E4
TF8  −5.99E4 −7.18E4 −9.51E4 −1.36E5 −2.06E5 −3.19E5 −4.75E5 −9.34E3 −4.75E5 −3.19E5 −2.06E5 −1.36E5 −9.52E4 −7.18E4 −6.00E4 −5.63E4
TF9  −5.63E4 −5.99E4 −7.18E4 −9.51E4 −1.36E5 −2.06E5 −3.19E5 −4.75E5 −9.34E3 −4.75E5 −3.19E5 −2.06E5 −1.36E5 −9.52E4 −7.18E4 −6.00E4
TF10  −6.00E4 −5.63E4 −5.99E4 −7.18E4 −9.51E4 −1.36E5 −2.06E5 −3.19E5 −4.75E5 −9.34E3 −4.75E5 −3.19E5 −2.06E5 −1.36E5 −9.52E4 −7.18E4
TF11  −7.18E4 −5.99E4 −5.63E4 −5.99E4 −7.18E4 −9.51E4 −1.36E5 −2.06E5 −3.19E5 −4.75E5 −9.34E3 −4.75E5 −3.19E5 −2.06E5 −1.36E5 −9.52E4
TF12  −9.51E4 −7.18E4 −6.00E4 −5.63E4 −5.99E4 −7.18E4 −9.51E4 −1.36E5 −2.06E5 −3.19E5 −4.75E5 −9.34E3 −4.75E5 −3.19E5 −2.06E5 −1.36E5
TF13  −1.36E5 −9.52E4 −7.18E4 −6.00E4 −5.63E4 −5.99E4 −7.18E4 −9.51E4 −1.36E5 −2.06E5 −3.19E5 −4.75E5 −9.34E3 −4.75E5 −3.19E5 −2.06E5
TF14  −2.06E5 −1.36E5 −9.52E4 −7.18E4 −6.00E4 −5.63E4 −5.99E4 −7.18E4 −9.51E4 −1.36E5 −2.06E5 −3.19E5 −4.75E5 −9.34E3 −4.75E5 −3.19E5
TF15  −3.19E5 −2.06E5 −1.36E5 −9.52E4 −7.18E4 −6.00E4 −5.63E4 −5.99E4 −7.18E4 −9.52E4 −1.36E5 −2.06E5 −3.19E5 −4.75E5 −9.34E3 −4.75E5
TF16  −4.75E5 −3.19E5 −2.06E5 −1.36E5 −9.52E4 −7.18E4 −6.00E4 −5.63E4 −5.99E4 −7.18E4 −9.51E4 −1.36E5 −2.06E5 −3.19E5 −4.75E5 −9.34E3

Out-of-plane forces ([N])
TF1 0 2.35E6 7.63E5 3.07E5 1.36E5 6.37E4 2.99E4 1.20E4 0 −1.20E4 −2.99E4 −6.37E4 −1.36E5 −3.07E5 −7.63E5 −2.35E6
TF2  −2.35E6 0 2.35E6 7.63E5 3.07E5 1.36E5 6.37E4 2.99E4 1.20E4 0 −1.20E4 −2.99E4 −6.37E4 −1.36E5 −3.07E5 −7.63E5
TF3  −7.63E5 −2.35E6 0 2.35E6 7.63E5 3.07E5 1.36E5 6.37E4 2.99E4 1.20E4 0 −1.20E4 −2.99E4 −6.37E4 −1.36E5 −3.07E5
TF4  −3.07E5 −7.63E5 −2.35E6 0 2.35E6 7.63E5 3.07E5 1.36E5 6.37E4 2.99E4 1.20E4 0 −1.20E4 −2.99E4 −6.37E4 −1.36E5
TF5  −1.36E5 −3.07E5 −7.63E5 −2.35E6 0 2.35E6 7.63E5 3.07E5 1.36E5 6.37E4 2.99E4 1.20E4 0 −1.20E4 −2.99E4 −6.37E4
TF6  −6.37E4 −1.36E5 −3.07E5 −7.63E5 −2.35E6 0 2.35E6 7.63E5 3.07E5 1.36E5 6.37E4 2.99E4 1.20E4 0 −1.20E4 −2.99E4
TF7  −2.99E4 −6.37E4 −1.36E5 −3.07E5 −7.63E5 −2.35E6 0 2.35E6 7.63E5 3.07E5 1.36E5 6.37E4 2.99E4 1.20E4 0 −1.20E4
TF8  −1.20E4 −2.99E4 −6.37E4 −1.36E5 −3.07E5 −7.63E5 −2.35E6 0 2.35E6 7.63E5 3.07E5 1.36E5 6.37E4 2.99E4 1.20E4 0
TF9  0 −1.20E4 −2.98E4 −6.37E4 −1.36E5 −3.07E5 −7.63E5 −2.35E6 0 2.35E6 7.63E5 3.07E5 1.36E5 6.37E4 2.99E4 1.20E4
TF10  1.20E4 0 −1.20E4 −2.99E4 −6.37E4 −1.36E5 −3.07E5 −7.63E5 −2.35E6 0 2.35E6 7.63E5 3.07E5 1.36E5 6.37E4 2.99E4
TF11  2.99E4 1.20E4 0 −1.20E4 −2.99E4 −6.37E4 −1.36E5 −3.07E5 −7.63E5 −2.35E6 0 2.35E6 7.63E5 3.07E5 1.36E5 6.37E4
TF12  6.37E4 2.99E4 1.20E4 0 −1.20E4 −2.99E4 −6.37E4 −1.36E5 −3.07E5 −7.63E5 −2.35E6 0 2.35E6 7.63E5 3.07E5 1.36E5
TF13  1.36E5 6.37E4 2.99E4 1.20E4 0 −1.20E4 −2.99E4 −6.37E4 −1.36E5 −3.07E5 −7.63E5 −2.35E6 0 2.35E6 7.63E5 3.07E5
TF14  3.07E5 1.36E5 6.37E4 2.99E4 1.20E4 0 −1.20E4 −2.99E4 −6.37E4 −1.36E5 −3.07E5 −7.63E5 −2.35E6 0 2.35E6 7.63E5
TF15  7.63E5 3.07E5 1.36E5 6.37E4 2.99E4 1.20E4 0 −1.20E4 −2.99E4 −6.37E4 −1.36E5 −3.07E5 −7.63E5 −2.35E6 0 2.35E6
TF16  2.35E6 7.63E5 3.07E5 1.36E5 6.37E4 2.99E4 1.20E4 0 −1.20E4 −2.99E4 −6.37E4 −1.36E5 −3.07E5 −7.63E5 −2.35E6 0

Moment My of the out-of-plane forces about the main axis ([N m])
TF1 0 −3.76E6 −1.26E6 −5.37E5 −2.55E5 −1.29E5 −6.49E4 −2.75E4 0 2.75E4 6.49E4 1.29E5 2.55E5 5.37E5 1.26E6 3.76E6
TF2  3.76E6 0 −3.76E6 −1.26E6 −5.37E5 −2.55E5 −1.29E5 −6.49E4 −2.75E4 0 2.75E4 6.49E4 1.29E5 2.55E5 5.37E5 1.26E6
TF3  1.26E6 3.76E6 0 −3.76E6 −1.26E6 −5.37E5 −2.55E5 −1.29E5 −6.49E4 −2.75E4 0 2.75E4 6.49E4 1.29E5 2.55E5 5.37E5
TF4  5.37E5 1.26E6 3.76E6 0 −3.76E6 −1.26E6 −5.37E5 −2.55E5 −1.29E5 −6.49E4 −2.75E4 0 2.75E4 6.49E4 1.29E5 2.55E5
TF5  2.55E5 5.37E5 1.26E6 3.76E6 0 −3.76E6 −1.26E6 −5.37E5 −2.55E5 −1.29E5 −6.49E4 −2.75E4 0 2.75E4 6.49E4 1.29E5
TF6  1.29E5 2.55E5 5.37E5 1.26E6 3.76E6 0 −3.76E6 −1.26E6 −5.37E5 −2.55E5 −1.29E5 −6.49E4 −2.75E4 0 2.75E4 6.49E4
TF7  6.49E4 1.29E5 2.55E5 5.37E5 1.26E6 3.76E6 0 −3.76E6 −1.26E6 −5.37E5 −2.55E5 −1.29E5 −6.49E4 −2.75E4 0 2.75E4
TF8  2.75E4 6.49E4 1.29E5 2.55E5 5.37E5 1.26E6 3.76E6 0 −3.76E6 −1.26E6 −5.37E5 −2.55E5 −1.29E5 −6.49E4 −2.75E4 0
TF9  0 2.75E4 6.49E4 1.29E5 2.55E5 5.37E5 1.26E6 3.76E6 0 −3.76E6 −1.26E6 −5.37E5 −2.55E5 −1.29E5 −6.49E4 −2.75E4
TF10  −2.75E4 0 2.75E4 6.49E4 1.29E5 2.55E5 5.37E5 1.26E6 3.76E6 0 −3.76E6 −1.26E6 −5.37E5 −2.55E5 −1.29E5 −6.49E4
TF11  −6.49E4 −2.75E4 0 2.75E4 6.49E4 1.29E5 2.55E5 5.37E5 1.26E6 3.76E6 0 −3.76E6 −1.26E6 −5.37E5 −2.55E5 −1.29E5
TF12  −1.29E5 −6.49E4 −2.75E4 0 2.75E4 6.49E4 1.29E5 2.55E5 5.37E5 1.26E6 3.76E6 0 −3.76E6 −1.26E6 −5.37E5 −2.55E5
TF13  −2.55E5 −1.29E5 −6.49E4 −2.75E4 0 2.75E4 6.49E4 1.29E5 2.55E5 5.37E5 1.26E6 3.76E6 0 −3.76E6 −1.26E6 −5.37E5
TF14  −5.37E5 −2.55E5 −1.29E5 −6.49E4 −2.75E4 0 2.75E4 6.49E4 1.29E5 2.55E5 5.37E5 1.26E6 3.76E6 0 −3.76E6 −1.26E6
TF15  −1.26E6 −5.37E5 −2.55E5 −1.29E5 −6.49E4 −2.75E4 0 2.75E4 6.49E4 1.29E5 2.55E5 5.37E5 1.26E6 3.76E6 0 −3.76E6
TF16  −3.76E6 −1.26E6 −5.37E5 −2.55E5 −1.29E5 −6.49E4 −2.75E4 0 2.75E4 6.49E4 1.29E5 2.55E5 5.37E5 1.26E6 3.76E6 0

Vertical forces Fy half on 1/2 (upper half) of the TF coil ([N])
TF1 5.93E5 2.75E5 1.45E5 8.48E4 5.37E4 3.67E4 2.74E4 2.28E4 2.14E4 2.28E4 2.74E4 3.67E4 5.37E4 8.48E4 1.45E5 2.75E5
TF2  2.75E5 5.93E5 2.75E5 1.45E5 8.48E4 5.37E4 3.67E4 2.74E4 2.28E4 2.14E4 2.28E4 2.74E4 3.67E4 5.37E4 8.48E4 1.45E5
TF3  1.45E5 2.75E5 5.92E5 2.75E5 1.45E5 8.48E4 5.37E4 3.67E4 2.74E4 2.28E4 2.14E4 2.28E4 2.74E4 3.67E4 5.37E4 8.48E4
TF4  8.48E4 1.45E5 2.75E5 5.93E5 2.75E5 1.45E5 8.48E4 5.37E4 3.67E4 2.74E4 2.28E4 2.14E4 2.28E4 2.74E4 3.67E4 5.37E4
TF5  5.37E4 8.48E4 1.45E5 2.75E5 5.93E5 2.75E5 1.45E5 8.48E4 5.37E4 3.67E4 2.74E4 2.28E4 2.14E4 2.28E4 2.74E4 3.67E4
TF6  3.67E4 5.37E4 8.48E4 1.45E5 2.75E5 5.93E5 2.75E5 1.45E5 8.48E4 5.37E4 3.67E4 2.74E4 2.28E4 2.14E4 2.28E4 2.74E4
TF7  2.74E4 3.67E4 5.37E4 8.48E4 1.45E5 2.75E5 5.93E5 2.75E5 1.45E5 8.48E4 5.37E4 3.67E4 2.74E4 2.28E4 2.14E4 2.28E4
TF8  2.28E4 2.74E4 3.67E4 5.37E4 8.48E4 1.45E5 2.75E5 5.93E5 2.75E5 1.45E5 8.48E4 5.37E4 3.67E4 2.74E4 2.28E4 2.14E4
TF9  2.14E4 2.28E4 2.74E4 3.67E4 5.37E4 8.48E4 1.45E5 2.75E5 5.93E5 2.75E5 1.45E5 8.48E4 5.37E4 3.67E4 2.74E4 2.28E4
TF10  2.28E4 2.14E4 2.28E4 2.74E4 3.67E4 5.37E4 8.48E4 1.45E5 2.75E5 5.93E5 2.75E5 1.45E5 8.48E4 5.37E4 3.67E4 2.74E4
TF11  2.74E4 2.28E4 2.17E4 2.28E4 2.74E4 3.67E4 5.37E4 8.48E4 1.45E5 2.75E5 5.93E5 2.75E5 1.45E5 8.48E4 5.37E4 3.67E4
TF12  3.67E4 2.74E4 2.28E4 2.17E4 2.28E4 2.74E4 3.67E4 5.37E4 8.48E4 1.45E5 2.75E5 5.93E5 2.75E5 1.45E5 8.48E4 5.37E4
TF13  5.37E4 3.67E4 2.74E4 2.28E4 2.14E4 2.28E4 2.74E4 3.67E4 5.37E4 8.48E4 1.45E5 2.75E5 5.93E5 2.75E5 1.45E5 8.48E4
TF14  8.48E4 5.37E4 3.67E4 2.74E4 2.28E4 2.14E4 2.28E4 2.74E4 3.67E4 5.37E4 8.48E4 1.45E5 2.75E5 5.93E5 2.75E5 1.45E5
TF15  1.45E5 8.48E4 5.37E4 3.67E4 2.74E4 2.28E4 2.14E4 2.28E4 2.74E4 3.67E4 5.37E4 8.48E4 1.45E5 2.75E5 5.93E5 2.75E5
TF16  2.75E5 1.45E5 84820 5.37E4 3.67E4 2.74E4 2.28E4 2.14E4 2.28E4 2.74E4 3.67E4 5.37E4 8.48E4 1.45E5 2.75E5 5.93E5
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Fig. 6. EM loads on CS/PF coils from all toroidal currents during MD.

Table 7
EM loads acting on a TF from all TF coils.

Parameter Results by Interaction
Matrix Method

Results by ANSYS
method [5]

Radial force FR [MN] 9.65 9.696
Vertical force F , [MN] 6.59 6.873

4

m

I

w

[

[

[

[

[5] Y.M. Zhang, B.Y. Qi, Electromagnetics [M], Hefei-Press of USTC, 1997, pp.
220–223.

[6] W.G. Chen, Design &Analysis and Experiment Research on the Toroidal Field
Magnet System of HT-7U Superconducting Tokamak [D], Institute of Plasma
y half

Net  off-plane force F (1)
tor [MN] 0 0

Vertical moment My [MN*m] 0 0

.2. Considered scenario B: major disruption

For EAST tokamak, a critical current decay of plasma during

ajor disruption (MD) can be supposed as below:

plasma = I0e
−t
� (6)

here I0 = 1MA,�=3 ms.
d Design 107 (2016) 38–43 43

Supposed the currents on toroidal coils keep constant of the
value at the moment of 5 s in Fig. 2 during the fast disruption pro-
cess. And the current on every TF coil is 1.859 MA  as constant.

The forces on individual coils from all magnets and plasma are
evaluated with the interaction matrices supplied in Section 3. The
overturning moment acting on a TF coil from all other toroidal cur-
rents (CS/PF/Plasma) are shown in Fig. 5. It has shown that the
overturning moment acting on a TF produced by plasma current
coil has a reversed direction with the moment generated by all the
CS/PF coils. So when the moment caused by plasma current changes
sharply as plasma current decays, the total overturning moment’s
direction may  reverse, occurring soon after MD  begins.

And the load assessment on a CS/PF coil from all toroidal cur-
rents is shown in Fig. 6. The results show that the influence of
plasma current’s decay is not particularly evident.

The EM load assessment performed above does not consider the
eddy currents on plasma facing components (vacuum vessel, first
wall etc.). Further evaluation need to be continued in the future.

5. Discussion

This paper explores on the application of a new technology –
interaction matrix approach for the load assessment of EAST mag-
net system. This application validated the efficiency and accuracy
of the new method, which is useful for the systematic assessment
of Tokamak EM forces. The method gets the EM force by a lin-
ear transform between the systems of currents and Lorentz forces
in a general form. Results indicate that the interaction matrix, as
a scenario-invariant property of the system, can be conveniently
used for multi-scenario EM assessments and parametric studies of
the EM loads for EAST current-carrying components, and a spe-
cialized force-calculating module for real-time simulating can be
developed in the future.
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