J. Plasma Physics (2006), vol. 72, part 6, pp. 1049-1052.  (© 2006 Cambridge University Press 1049
doi:10.1017/S0022377806005204 Printed in the United Kingdom

Solution of a nonlinear system by the
adaptively deaccelerated Newton method:
application to shielding current
analysis in HTS

SOICHIRO IKUNO! and ATSUSHI KAMITANI?
1School of Computer Science, Tokyo University of Technology,
Katakura 1404-1, Hachioji, Tokyo 192-0982, Japan

2Department of Informatics, Faculty of Engineering, Yamagata University,
Johnan 4-3-16, Yonezawa, Yamagata 992-8510, Japan

(Received 15 August 2005 and accepted 21 February 2006)

Abstract. A numerical method for a nonlinear system is presented. Formulation
of the electromagnetic behavior of the shielding current density in high-T, super-
conductors (HTS) gives a system of time-dependent integro-differential equations.
The behavior can be determined by solving the initial-boundary-value problem
of the system using the element-free Galerkin (EFG) method and the complete
implicit difference method. After discretizing the problem, we obtain a nonlinear
equation. In the present study, the shielding current density in HTS is calculated by
applying the deaccelerated Newton method (DNM) and adaptively deaccelerated
Newton method (ADNM) for the solution of the nonlinear system. The results of
computation show that the DNM does not give a convergent solution in some cases.
On the other hand, the ADNM gives a convergent solution in a few iterations.

1. Introduction
Recently, applications of high-T;. superconductors (HTSs) such as magnetic lev-
itation and magnetic shielding have received a great deal of attention in various
engineering fields. Evaluation of the shielding current density in a HTS is essential
in analyses of its dynamic electromagnetic force and magnetic shielding. Formula-
tion of the electromagnetic behavior of the shielding current density in HTSs gives a
system of time-dependent integro-differential equations. The behavior can be easily
determined by solving the initial-boundary-value problem of the system using
the element-free Galerkin (EFG) method [1] and the complete implicit difference
method. After discretizing the problem, we obtain a nonlinear equation. Since the
equation is nonlinear, the Newton method is adopted for the solution. However, the
Newton method does not give a convergent solution.

The purpose of the present study is to introduce a new method for the nonlinear
system. Moreover, the new methods are applied to the solution of the shielding
current density in the HTS.
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2. Shielding current analysis in HT'Ss

Let us explain the governing equation of shielding current density in HTSs. First,
we assume that the shape of the target HTS is disk-type, and the area of the
circular cross-section is constant along the thickness direction. Thus, we can treat
the problem as axisymmetric. IFurthermore, the HTS is placed in a homogeneous
AC magnetic field B whose direction is parallel to the thickness direction.

By taking the crystallographic anisotropy of the melt-powder-melt-growth pro-
cessed YBCO HTS into account, we apply the multiple-thin-layer approximation
[2]. Let us use the cylindrical coordinate (1,6, z) by taking the symmetry axis of
the HTS as the z-direction throughout this paper. Under these assumptions, there
exists a scalar function S,(r,t) for the pth layer such that the shielding current
density in this layer, j,,, satisfies the following equation:

. 1
Jp= gVSp X €. (2.1)

In addition, the flux-flow and flux-creep models for J — E constitutive relation
are adopted [3]. The behavior of shielding current density of axisymmetric HTS
can be express as the initial-boundary-value problem. By applying the backward
Euler method to the initial-boundary-value problem, the system is discretized with
respect to time, and we discretize the problem with respect to space by using the
EFG method [1, 4]. In this way, we can discretize the initial-boundary-problem
and the following nonlinear system is derived:

G(s,\) = [E/T g] [ﬂ + At [6(03)]—[;‘] =0, (2.2)

where the nodal vectors s, e(s) and A correspond to the scalar function S, the
electric field E and the Lagrange multiplier A, respectively. Here, superscript m
indicates the number of time steps and At denotes the time step. The nodal vector
u is evaluated from the values of the scalar function S;"_l. Moreover, the matrix W
is calculated from the shape functions of the EFG and the integration kernel; the
matrix B is calculated from the shape functions of the EFG as well [4]. The behavior
of shielding current density in HTS is determined by solving the nonlinear system
(2.2). Throughout the present paper, values of parameters are fixed as follows:
By =1.1T and f = 7 Hz, where By denotes the magnitude of B and f denotes the
frequency of B.

3. Adaptively deaccelerated Newton method
As we discussed above, the behavior of shielding current density in HTS is de-
termined by solving the nonlinear system (2.2). Since the equation is nonlinear,
the Newton method is adopted for the solution. However, the Newton method does
not give a convergent solution. Therefore, we adopt another two methods for the
nonlinear system.
Let us first introduce the deaccelerated Newton method (DNM). In the DNM, the
solution of the nonlinear system is determined by using following two procedures.
e step 1. The linear system J(s" 1)ds = —G(s"1) is solved to determine a §s.
e step 2. The approximate solution is corrected by s™ = 8"~ ! +4ds.
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Figure 1. The residual histories of the DNM and the ADNM. Here, the nonlinear system is
solved at time t = 1/(2f). The inset is an enlarged plot for the same case: A, ADNM, B,
v=0.8;C,vy=04; D, v=0.2.

Here, the superscript n denotes an iteration number of DNM and vy is a relaxation
factor whose range is 0 < v < 1. J(s) denotes the Jacobian matrix of G(s). The
above two steps are iterated until the series {s"} converges.

Next, let us introduce the adaptively deaccelerated Newton method (ADNM).
The ADNM is prepared by modifying step 2 in the DNM [5].

o slep 2a. The minimum non-negative integer m, which satisfies
Bmos|| < [|G(s™71)]|], is determined.

o step 2b. The relaxation factor v is evaluated by v = 5 and subsequently, the
approximate solution is corrected by 8" = s"~! + ~ds.
Here, 3 is a constant which satisfies 0 < 8 < 1.

The above two methods are adopted in the solution of the nonlinear system (2.2).

IG(s"™1) +

4. Convergence properties

Let us first investigate the convergence properties of the DNM and the ADNM. In
Fig. 1, we show the residual norm R = ||G(s)|| histories of the DNM and ADNM
as functions of the iteration number. The terminate condition is fixed as 1071°.
We see from this figure that the residual norm of DNM decreases, monotonously
to around 107> and falls into a limit cycle in both cases. As is apparent from the
inset in Fig. 1, the residual norm of DNM moves only several fixed values. By
the same token, the solution of the nonlinear system also moves only several fixed
approximate solutions. We refer to this fixed approximate solution as equilibrium
points. A similar tendency occurs when the conventional finite-element method
(FEM) is adopted as the method of the simulation code. This figure also indicates
that the residual of ADNM does not have an equilibrium point. The residual norm
decreases rapidly and terminates in a few iterations.

Next, we investigate how the distribution of the equilibrium points will change
with an increase in the relaxation factor . In Fig. 2, we show the equilibrium
points of the DNM as a function of the relaxation factor. We see from Fig. 2 that a
decrease in the relaxation factor will not always decrease the number of equilibrium
points.
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Figure 2. Equilibrium points of the DNM as a function of the relaxation factor . Here, the
nonlinear system is solved at time ¢t = 1/(2f).

5. Conclusion

In the present study, we have introduced DNM and ADNM, and the two methods
were adopted for the nonlinear system obtained from the shielding current analysis
of HTS.

Our conclusions can be summarized as follows.

e The residual norm of DNM decreases monotonously to around 1075 and falls
into a limit cycle in both cases. That is to say, the solution of the nonlinear system
moves only several equilibrium points.

e A decrease in the relaxation factor will not always decrease the number of
equilibrium points.

e The residual of ADNM decreases rapidly and terminates in a few iterations.
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