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There are many methods to calculate multi-coil composite electromagnetic fields, but which one is optimal

requires further research. The best method should take into account the calculation efficiency and calcula-
tion accuracy. We want the fastest operation time to obtain the ideal accuracy. This paper discusses the two
methods of series expansion and elliptic integration to calculate the multi-coil composite electromagnetic
field, finds that the elliptic integral method has better operation effect. Series expansion can be a supple-
mental option for certifying result. Lastly, A software program is written to realize data input, start calcula-
tion and final result display with a good human-machine interface.

1 INTRODUCTION

Lacking specialized high precision calculation tool
for electromagnetic field strength, we set about de-
veloping a kind of magnetic field calculation pro-
gram software. After contrast between series expan-
sion method and elliptic integral method, we find the
two methods are both effective on solving circle
current electromagnetic field, but the former is much
easier to control the resultant precision in computer
operation. Therefore, besides the traditional elliptic
integral method, series expansion method affords
another newer effective method optional for us when
we do high precision magnetic field calculation.
They are both convenient for us to figure out a visu-
alized magnetic cloud map meeting our majority
usage case.

Calculation for kinds of shapes of coil group is
badly needed with high frequency in High Magnetic
Field Laboratory of Chinese Academy of Science
(Ren Yong - He P.) and other institutional units. The
demand of the calculation is normally high-precision
(generally exceeding 0.01ppm). There is a consistent
rigid demand to work out many types of coil groups’
field strengths or homogeneity.

When we calculate the magnetic field strength,
we normally use these formulas or methods: like as
Biot-Savart Law (Binder P-M, 2016), Laplace Equa-
tions (Du Di, 2016), Maxwell Equations (Arbab A.I,
Chovan Jaroslav), and so on. Those will further turn
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out some complicated integral equations or other
forms, often impossibly solved artificially.

On another hand, magnets are composed of mul-
tiple coils with different locations and various shape
dimensions. A large amount of superconducting
wires are enriched in variable currents and section
shapes. All of these factors are hardly difficult to
calculate manually.

So, developing a kind of high fitness calculation
program based on high speed computer numerical
calculation is the only way to face all of these hard
cases (Zhilichev Y, Takahashi Keita).

We hope the program can be widely used in al-
most all kinds of magnet figuring. In this case, we
choose Matlab as development platform, because its
high performance of matrix arithmetic capability,
visualized figure output character, and fine operate
accuracy are attracted deeply for majority program-
mers (Ramana Reddy J.V.- Fang Xiaorong], also for
us.

The software adopts plenty of functions and
modularity program structures. That makes it have
strong readability and good transplantable. We pre-
serve some modular interfaces for latter improve-
ments for specific conditions and functional exten-
sions. It has a good graphic user interface for con-
venient and efficient inputting kinds of parameters.
The number for coils countable is limitless expanda-
ble. So it has a widely usage in practical magnetic
calculation fields.
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Computational accuracy is sufficient high for
MRI, NMR (Fang Xiaorong, 2014), and normal
electromagnetic calculations. The theory accuracy
reaches 10-14 estimated by software’s platform.
Actual measured accuracy arrived above 10-11 on
desktop computers. If running on large scale high
performance workstation, the computational accura-
cy should get further improvement.

2 MATHEMATICAL METHODS

There are two methods for counting single circular
current loop so far. They are separately series expan-
sion method and elliptic integral method. They are
both suitable for computer numerical calculation.
Correspondingly to two version programs are devel-
oped according to the methods. The distinction be-
tween the two methods is present in their modulari-
zation core processing function, and different in in-
put user interface. A brief overview summarized for
these calculating methods are shown as follows.

2.1 Series Expansion Method

Figure 1: The calculating model based on circular current
loop.

Suppose a circular current loop put in vacuum cir-
cumstance. Its radius is R. Current density is 1. Es-
tablish a Cartesian coordinate system shown in Fig-
ure 1. By the symmetry, we can locate a point P(x,z)
by random. Select a current element Idl of the tiny
part A on the circular loop (see Fig. 1).

So, by Biot-Savart Law, we can get the differen-
tial value of magnetic flux density at point P ex-
pressed as

M, Idlxr
=i (1)
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Put dl . 7. 7 into (1). By integral operation
on angle @ in the interval[0,277], we get the mag-

netic flux density generated by current element A at
point P:
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Result zero is derived from the zero summation
of odd function integral in the symmetric interval.
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Assuming dimensionless variables z=Z/R ,
x=X/R, substituting the magnetic flux density

By =u,I /2R at the center of the circle as the ref-

erence value, and writng b =B /B, ,
b, =B_/ B,, (2) and (4) can be reformed as:
URI 27 zcos&d g
b =
R 4 JO (1+z* +x* —2xcosd)*” )

b= U RI J~2n (1-xcosf)d@

P2 P (1+2° +x* —2xcos8)? ©)

Substituting 77:1+ZZ +x2’ q:Zx/n’We

get

b, = im*m ["a-geoso) 2 cosats  (7)

b, = im—mﬁ”(l —gcos0) > (1-xcos 0)dO  (8)

Operating (1- -3/2 with Taylor ex-

gcosf)

pansion, the finally results are got:
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Equations (3), (9) and (10) comprise the magnet-
ic series solution of single circular current loop
(Pawel Bienkowski, 2012). These kinds of gradual
convergence expressions of series in last term are
especially suitable for multiply accumulative calcu-
lation within computer solving.

By controlling the last term’s accuracy of series
solution, we can limit the finally resultant numerical
precision in a needed range.

2.2 Elliptic Integral Method

Figure 2: Calculate circular current loop by elliptic inte-
gral.

For a ideal current carrying ring of center coor-
dinate O(0,0,h), radius a, current I (shown in Fig. 2),
The magnetic flux density at arbitrary space point
P(rp,zp) is expressed as (Reich Felix A., Martin N.):

I h—z,
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Where, is vacuum permeability,

K,
k=\4r,all(r, +a)* +(z, - h)*]’

K (k) and E(k) e separately elliptic integral

of the first kind and the second kind, and expressed
as:
da

NI=k’sin* & (12)
E(k)= jo% V1-k7sin’ ada

The advantage of this kind of method is that we
can directly utilize the integrated elliptic integral
computing module integrated in Matlab to figure it
out. So the computing efficiency is very high. Com-
putational accuracy can be controlled by pass pa-
rameter Tol in the module. That is unnecessary to
expand the elliptic integral for recalculating in pro-
gram manually.

ko =[*

2.3 Other Methods

Besides the elliptic integral and series expansion
method, some other methods (Vlasko-Vlasov V. K.,
Pathak Aritro.) also to be considered as choices for
calculating the magnetic field intensity of solenoid
with electric current are as follows: calculating with
integral module integrated in Matlab software (nu-
merical/character expression integral module), reck-
on in helical angle on solenoid (see Fig. 3), arithme-
tic combining helical angle with section shape (see
Fig. 4). For separately defects, these methods are
nullified finally. The flaws are described as follows:

Calculating with integral module integrated in
Matlab software includes numerical and character
expression integral module. The arithmetic speed is
too slow despite higher accuracy. It may be spend 20
minutes in computing 10 current circles with a nor-
mal desktop computer. For certain coil, it has usual-
ly size of several hundreds of current circles. In this
case, the operating time is too long to acceptable.

The efficiency of reckoning in helical angle is al-
so very slow. Despite the module is more accurate,
the calculating speed is unimaginable. Because the
relative value of coil diameter to conductor diameter
is very high (generally larger than 100), causing the
lead angle less than atan2(1,pi*100)*180/pi =0.1824

°=10'57", facing such a little angle value, and for

pursuing high efficient calculation, the lead angle
should be negligible.

The computing speed is mostly unimaginable
low if helical angle and section shape are concur-
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rently put into account. For a desktop computer, the
computing may lead to system halted, also even for
small workstation. It is completely unnecessary
when conductor diameter is far less than coil diame-
ter because computational efficiency is more appre-
ciative than tiny precision improvement.

Helical line
parameter equations:
x=r*cos(Theta); .
y=r*sin(Theta);
z=Dire*P*Theta/
(2*pi);

Figure 3: Coil model accounted helical angle.

Current element

parameter equations:
x=(r+rb)*cos(Theta);
y=(r+rb)*sin(Theta);
z=Dire*P*Theta/(2*pi)+za;

B dxdy

Figure 4: Coil model accounted conductor section shape.

3 PROGRAM
IMPLEMENTATION

We chose Matlab software to apply the calculation
method because of its high computational efficiency,
nice precision, favorable visualization, running in-
dependently and good platform portability (maybe
suitable for Windows, Linux, Unix, los, etc.).
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Figure 5: The basic principle flow chart of arithmetic pro-
cedure.
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Figure 6: Internal series expansion count process flow chart.

The basic principle flow chart of arithmetic proce-
dure (see Fig. 5) and internal series expansion count
process are drawn in Figure 6.

4 RESULTS AND CONCLUSIONS

A superconducting magnet consisted of 4 coils in
detail listed in Table 1 is tested. We found the results
(see Fig. 7) are highly accordant between elliptic
integral method and series expansion method. So the
series expansion method is verified as an effective
method well as traditional elliptic integral method.
The former’s accuracy can be easily controlled by
total expanding term numbers.
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Table 1: Configurations of superconducting magnet coils.

radius | radivs | coondinat | coondinate | R4 | Axial | Curre
(mm) | (mm) |[Zmin(mm)| Zmax(mm) turns | layers *)

49 100 35 145 52 100 | 114.62
49 100 -35 -145 52 100 | 114.62
113 165 30 150 62 92 114.62
113 165 -30 -150 62 92 114.62
165.5 200 30 150 50 100 | 114.62
165.5 200 -30 -150 50 100 | 114.62
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Figure 7: Calculation results of magnetic field strength and
homogeneity.
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