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 i g  h  l  i g  h  t  s

A  3D  model  of the JET  iron  core  for  plasma  boundary  reconstruction  is  proposed.
The  proposed  3D  model  reproduces  electromagnetic  effects  of  the  iron  core.
2D  models  cannot  be used  in  3D  shots  like  EFCC  experiments.
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a  b  s  t  r  a  c  t

The  Magnet  and  Power  Supplies  system  in  JET includes  a ferromagnetic  core  able  to increase  the  trans-
former  effect  by improving  the magnetic  coupling  with  the  plasma.  The  iron configuration  is  based  on
an  inner  cylindrical  core  and  eight  returning  limbs;  the  ferromagnetic  circuit  is designed  in such  a  way
that  the  inner  column  saturates  during  standard  operations  [1]. The  modelling  of the magnetic  circuit
is  a critical  issue  because  of its impact  on several  applications,  including  equilibrium  and  reconstruc-
tion  analysis  required  for  control  applications.  The  most  used  model  in  present  applications  is  based  on
Equivalent  Currents  (ECs) placed  on  the  iron  boundary  together  with  additional  specific  constraints,  in  a
2D axisymmetric  frame.  The  (circular)  ECs  are  chosen,  by using  the available  magnetic  measurements,  to
best represent  the  magnetic  polarization  effect  [1]. Due  to the  axisymmetric  assumption  such  approach
is  not  well  suited  to  deal with  significant  3D  effects,  e.g. arising  in  operations  with  Error  Field Correction
Coils  (EFCC).  In this  paper  a  new methodology  is  proposed,  based  on  a set  of  3D-shaped  ECs  and  able
to  better  model  the  actual  3D magnetization  giving  rise  to a linear  system  to  be  solved.  According  to

a  well  assessed  approach  [2], the  3D  shape  of  ECs  is represented  by  a set  of  elementary  sources.  The
methodology  has  been  successfully  validated  in  a number  of  JET  dry-run  experiments  where  3D  effects
are  generated  by EFCC  currents.  The  new  procedure  has  been  designed  to be easily  coupled  with  equi-
librium  or  reconstruction  codes  such  as  EFIT/V3FIT.  The  proposed  model  resulted  to  be  very effective  in
representing  3D  iron  magnetization,  especially  if compared  with  typical  2D  models.

©  2017  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

Ferromagnetic materials in fusion devices may  have a strong
mpact on plasma boundary reconstruction analyses because of

heir effect on the nominal magnetic flux density map. In partic-
lar, iron core transformers were introduced in several tokamaks
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like JET [3] and GOLEM [4] to improve the magnetic coupling with
the plasma.

In JET, most of the boundary reconstruction analyses are carried
out by using 2D axisymmetric approximations of the plasma behav-
ior, and, therefore, 2D models of the iron core. However, in some
cases, e.g. pulses with Resonant Magnetic Perturbations for ELM
mitigation studies [5], the availability of a model for the approx-
imation of the 3D response of the iron core could be useful (e.g.
[6]).
One of the main models, presently used at JET to take into
account the iron effect, was  proposed by [1] in 1992. The idea
is based on the use of equivalent axisymmetric surface currents,
placed along the iron-air interface (see Fig. 1), in order to approxi-

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Fig. 1. Axisymmetric equivalent current filaments (in blue) following the iron cross-
section (in red). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web  version of this article.)
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Fig. 2. An example of 3D equivalent currents.

ate the iron behavior in a relatively far region of space. This model
or its variants) is usually adopted by 2D reconstruction codes like
FIT [7] [8].

In this paper, a 3D generalization (see Fig. 2) of [1], is proposed
nd, in addition, its implementation is discussed.

According to [1], the iron is modeled on the basis of its effect on
he magnetic field, as revealed by the diagnostic system. Therefore,
he problem can be reduced to the solution of a linear system with
uitable accuracy. This can be very useful when speed is one of the
ain requirements as in control applications.
The paper is organized as follows. In sect. 2 the mathematical

ormulation of the proposed model is shown whereas in sect. 3
umerical tools for the evaluation of the magnetic flux density gen-
rated by 3D configurations are suggested. In sect. 4 several results
n 3D JET pulses are presented, in order to assess the model and
he code. Finally, conclusions are drawn in sect. 5.

. Mathematical formulation

The magnetic characteristic of a material can be described by
he classical equation:
 = �0H + �0M (B) (1)
 and Design 123 (2017) 527–531

where B is the magnetic flux density, �0 is the magnetic permeabil-
ity of the vacuum, H is the magnetic field and M the magnetization
vector, vanishing in the air.

It is useful to recall that, at the iron-air interface, the tangen-
tial component of B is not continuous; this discontinuity, in the
isotropic assumption, can be represented as a surface current, with
a density km:

Bt
iron − Bt

air = �0km (2)

It should be noticed that the non-linear relation (1), between
the magnetic flux density and the magnetization of the iron, can be
expressed in terms of relative permeability; therefore, the bound-
ary condition (2) can be rewritten as:

Biron
t = �0�r

(
Biron, r

)
Hiron

t (3)

where the dependence on the generic point r of the interface can
be omitted in case of homogeneous assumption.

Furthermore, the tangential magnetic field Ht is continuous on
the interface; therefore, it follows that:

Bt
iron = �rBt

air (4)

where, from now on, the dependence of �r on B will be omitted
for the sake of readability.

The approach used in this paper models the 3D effects of JET
iron core, suitably discretized in a number of bricks, by means of
surface currents flowing on their boundaries.

In the hypothesis that the current density km has the same
direction for all the bricks (hypothesis that will be removed in the
following) and by substituting (4) in (2), it is possible to obtain the
non-linear equation relating the total magnetization current at the
interface of the m-th brick with the magnetic flux density at the
interface, as shown in [1].

It is interesting to note that, by using the implicit definition of
relative permeability given by (3), an equivalent current has to
be considered also in the saturated parts of the iron, because �r

becomes:

�r = 1 + Bsat

�0H• (5)

Therefore, the equivalent current required to reproduce the
effect of (3) is negligible only in the limit of �0H � Bsat.

Furthermore, for the simply connected unsaturated iron parts,
the tangential component of the magnetic flux density at the
boundary can be neglected:

Bt
air ∼= 0 when�r � 1 (6)

From the point of view of the plasma boundary reconstruction,
the iron core generates a not negligible effect in the plasma region,
which is relatively far from the iron. This effect can be estimated
by considering a set of iron equivalent sources (e.g. the surface
currents on the 3D iron interface).

The strength of the equivalent sources can be obtained by
solving an inverse problem, starting from a set of magnetic mea-
surements md coming from the diagnostic system (pick-up coils,
flux loops, saddle coils etc.).

If the promptness is a strong requirement, it is possible to design
an inverse problem by means of a linear system of equations and
using the boundary condition (6) as virtual tangential probes placed
on the interface.

In particular, the known part of the system becomes:
m = [ md m
�

] (7)

where m� is the array of virtual measurements (Bt = 0).
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Fig. 3. Artistic view of 4 EFCC currents (in red) and iron core (in brown), courtesy of

In order to explore the capability of the procedure in reproduc-
ing an acceptable magnetic field in regions where no probes are
present, a subset of 4 pick-up coils has been removed by the diag-
A.G. Chiariello et al. / Fusion Engin

On the other hand, the unknowns are represented by the com-
onents of the linear current density flowing on the boundary of
ll the bricks, collected in the array k:

 = G k (8)

here G is a matrix relating the surface currents (causes) to the
agnetic measurements (effects), which can be assumed to be

nown as will be shown in the next section.

. Numerical implementation

In this section, a number of remarks for the implementation
f the 3D iron core model will be given. First of all, it should be
oticed that, due to the absence of magnetization in the air region,
he surface current flowing on the brick boundary has the same
mplitude of Mt on the iron.

t
iron − Mt

air = km (9)

Therefore, from the numerical point of view, it is possible to
dopt an integral approach, taking advantage of the analytical
xpressions of the magnetic flux density generated by a uniform
agnetization in a brick [9] [10], as well as by surface currents,

ossibly discretized in a number of filaments [11].
In this paper the magnetization components, in a suitable coor-

inate system, of all the bricks have been considered as unknowns
f the inverse problem, therefore:

 = G M (10)

here M is an array collecting the magnetization components of
ll the N bricks (number of unknowns: 3xN).

Therefore, the response matrix G can be simply evaluated by
sing the analytical expressions available in [9–11].

The linear system in (10) is ill-posed; furthermore, data in m can
e strongly inhomogeneous because coming from different probes
pick-up coils measurements, flux measurements, boundary con-
itions etc.) which have different measurements uncertainties.

In order to cope with these problems, several measures can be
aken, including:

) each set of equations can be normalized to the total number of
measurements of the same class (e.g. pick-up coils);

) each set of probes can be weighted by a factor inversely propor-
tional to the estimated error of that class of probes;

) finally, a regularization of the linear system (10) can be carried
out.

In this paper, the Tikhonov regularization has been adopted:

W m = W G M

M ∼= [(W G )TW G + �T�]
−1

(W G)Tm

� = �I

(11)

here W is the diagonal matrix of weights which implements the
oint a) and b) of the previous list, � and

Iare the Tikhonov and identity matrix respectively and, finally,
 is the Tikhonov parameter.

It should be noticed that Tikhonov regularization minimizes
oth the residual and the energy of the estimated solution on the
asis of the � parameter:
in
M

‖W G M − Wm‖2 + ˛2‖M‖2 (12)

n this paper, the � parameter has been chosen as a trade-off
etween the desire of small residuals and the need of a smooth
JET. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web  version of this article.)

solution; this can be achieved by using a L-curve criterion, as shown
in [12,13].

The weights in W can be also changed iteratively by means of the
information coming from the results and on the basis of the ability
of the solution to match data not used in the inverse problem. This
point will be discussed further in the next section.

4. Example of application

In order to assess the model, the procedure has been tested on
JET Error Field Correction Coils (see Fig. 3) shots and in particular
on dry runs (without plasma), to isolate the iron effect.

The iron core geometry has been discretized by NB = 160 bricks
(therefore, NBx3 unknowns), with a finer discretization for the polar
shoes (see Fig. 4), while the boundary condition BT = 0 has been
checked on NV = 864 points.

The diagnostic system used for the following example includes:

1. 18 × 4 pick-up coils;
2. 14 × 4 saddle loops;
3. 4 flux loops.

All the signals are taken from the JET Pulse File (JFP) server and
have been corrected with standard TF-compensation procedures.
Fig. 4. Polar shoes bricks’ discretization.
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Fig. 5. Value of current for each of the 4 EFCC.

Table 1
reconstruction errors #86570@T = 73s.

Diagnostic set 2D reconstruction Err% 3D reconstruction Err%

Pickup coils 45.8% 1.50%
Flux loops 1.65% 1.85%
Saddle coils 37.4% 4.09%
Test set 46.2% 5.96%
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Fig. 7. Iron effect reconstructed along � direction.

Table 2
reconstruction errors #86570@T = 52s.

Diagnostic set 2D reconstruction Err% 3D reconstruction Err%

Pickup coils 2.59% 0.69%
Flux loops 2.04% 1.34%
Saddle coils 3.05% 2.29%
Test set 2.60% 1.40%
Fig. 6. Pick-up coils measurements vs 3D reconstruction.

ostic data used to solve (11) and, instead, they have been used as
 test set.

A relative error index has been computed for each class of probes
sed to solve (11), and for the subset of pick-up used to measure
he generalization ability of the solution found.

rr = ‖m − m̃‖2

‖m‖2
(13)

here m̃ is the array of reconstructed measurements obtained by
eans of the solution of (11).
The first shot analyzed is the #86570 at T = 73s, which is an EFCC

hot with an n = 2 mode along the toroidal direction (see Fig. 5, EFCC
D are the unique identifiers of JET sectors).

The weight used for the virtual probes has been chosen as a
actor of the one used for the real pick-ups, in the logarithmic range
10−10, 101], as the one that minimize the error (13) on the test set.

In Table 1, the results in terms of reconstruction errors are
eported, together with a comparison with an implementation of
he classical 2D model of the iron core [1].

The inability of 2D models in reconstructing the iron effect in an
FCC shot (see also Fig. 6) is better understood looking at its effect
n the four replica of one single probe along the toroidal direction
see Fig. 7).

The n = 2 mode imposed by the EFCC magnetize the iron in dif-
erent ways, depending on the position of each arm. Therefore,

n axisymmetric model of the iron cannot reproduce such effects
epending �. Of course, an average along the toroidal direction can
e considered but, in this case, due to the periodicity the 3D effects
re lost.
Fig. 8. Pick-up coils measurements vs 2D reconstruction.

On the other hand, if the iron excitation is given only by the
axisymmetric active coil (such as poloidal field coils or the central
solenoid), a 2D model produces a good approximation of the 3D
iron core. Indeed, considering the same dry run (#86570) at T = 52s,
when the EFCC are not used but only the poloidal coils are active, the
iron response is approximated much better, as reported in Table 2
and in Fig. 8.

5. Conclusions

A 3D model for the JET iron core has been proposed and tested.
The model is able to reproduce the effects of the iron magnetiza-
tion in a relatively far region (plasma region) and it is particularly
effective when there are strong 3D excitations.

It has also been shown that when the excitation is axisymmetric,
although the iron core remains 3D, its effects in the plasma region
are well reproduced by the 2D model, within an error bar (see Table
II) comparable with probes uncertainties.

Furthermore, the 3D iron equivalent sources reconstruction
requires only the solution of a linear system. This feature makes
the model particular effective in coupling with other codes, such
as plasma boundary reconstruction procedures, which will be pre-
sented in subsequent papers.
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