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ABSTRACT In order to predict the spatial magnetic field distribution (SMFD) of dry-type air-core reactors
(DARs), the optimal structure of the three-loop simplified scaling model with adjustable ring position and
turn number for DARs was investigated. First, the formulas for calculating the SMFD of the original model
and the three-loop simplified model were derived according to Biot—Savart law and superposition theorem.
Then, the optimal structure of the three-loop simplified model which is the closest to the original model
was obtained based on the least squares method after calculating the magnetic induction intensity in six
typical directions. In the typical directions, the prediction error of the optimal simplified model was less
than 5.5%. Furthermore, the corresponding laws of the optimal simplified model structure in accordance with
the original model structures were obtained. The results based on the magnetic field measurement platform
indicate that the optimal structure of the three-loop simplified model with frequency 50 Hz is 37.5% relative
height, which is very close to the structure, calculated by the corresponding law with 36.15% relative height.

INDEX TERMS Dry-type air-core reactor (DAR), spatial magnetic field distribution (SMFD), three-loop

simplified scaling model, optimal structure, least squares method.

I. INTRODUCTION
Dry-type air-core reactors (DARs) have been widely utilized
in power systems due to favorable linearity, low loss, stable
parameters and good fire resistance [1]-[5]. In spite of this,
a strong magnetic field referred to as spatial magnetic field is
inevitably generated surrounding DARs when under operat-
ing condition. Since DARs are primarily manufactured using
pillar supports, the influence of the axial magnetic field on the
grounding grid and the radial magnetic field on the surround-
ing electrical equipment are both nonnegligible [6]-[11].
More seriously, under the above circumstances, eddy currents
and circulation may occur in the ferromagnetic materials
nearby DARs resulting in core loss increase, temperature rise
and misoperation of DAR protection functions [12]-[16]. Itis
becoming increasingly necessary and urgent to investigate the
spatial magnetic field distribution (SMFD) and magnetic field
prediction for DARs.

Although the SMFD can be measured accurately and intu-
itively by field measurement, plenty of human and material

resources should be invested before any desired results are
received. Besides, no data of SMFD can be measured before
the construction of DAR is finished.

Up to now, two kinds of experimental scaling models of
DARSs based on Similarity Theory have been proposed to pre-
dict SMFD, which are the Scaling Models and the Simplified
Scaling Models. After the scaling rules are set up, magnetic
field of the scaling models along any direction can be easily
measured as to predict the SMFD of DARs under the design
stage.

With respect to the Scaling Models, both of the electrical
parameters and SMFD can be obtained from the geometric
similarity expansion after deriving the similarity principles
of DARs [17], [18]. However, winding a scaling model of a
multi-encapsulated multi-layer DAR is still complicated and
time-consuming in laboratory. It is necessary to find a simpler
experimental model of DARs before they are manufactured.

The Simplified Scaling Models which are only composed
by two or three loops of superimposing three coaxial coils
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along the axial direction were proposed to overcome the dif-
ficulties of the Scaling Models. Yu et al. [19], [20] built three
different simplified scaling models including the SINGLE
model, 3FIXED model and FLEXIBLE model, in which
magnetic flux densities were calculated along 5 typical tra-
verses. Obviously, it is crucially important to optimize the
structural parameters of simplified scaling models in order
that the SMFD along the typical directions is as similar to
the original DARs as possible. However, little research has
focused on the optimal structure of simplified scaling models.

In this paper, the optimal structure of the simplified scal-
ing model of DARs was investigated based on a three-loop
simplified scaling model with adjustable ring position and
turn number. Firstly, the mathematical expression of the
original model and the simplified scaling model to calcu-
late the SMFD in typical directions were derived according
to Biot-Savart law. Then, the effects of distance between
adjacent coils and turns of coils on SMFD of the simplified
model were studied. The optimal structure of the simplified
scaling model was obtained through simulation based on
least squares method. Finally, a magnetic field measurement
platform of simplified scaling model was established, whose
results were statistically analyzed to demonstrate the validity
of the optimal simplified scaling model.

Il. THREE-LOOP SIMPLIFIED MIODEL OF THE DAR
A single package DAR was selected as the original model
because the structure with several parallel packages of DARs
can be equivalent to a single package structure [21]. As shown
in Fig. 1(a), six typical directions, referred by abbreviations
ATC, ATS, ATH, LTB, LTC, and LTH, were chosen to repre-
sent the SMFD of the entire space of the DAR as follows:
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FIGURE 1. Original model and three-loop simplified scaling model of a
single package DAR. (a) Original model. (b) Three-loop simplified model.

ATC: axial traverse, center,

ATS: axial traverse, side,

ATH: axial traverse, halfway between ATC and ATS,
LTB: lateral traverse, bottom,

LTC: lateral traverse, center

LTH: lateral traverse, halfway between LTB and LTC.
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As shown in Fig. 1(b), a three-loop simplified scaling
model of the DAR shown in Fig. 1(a) was composed by
superimposing three coaxial coils along the axial direction.
The upper and lower coil with n; turns are positioned at
a distance of & on both sides of the center point O of the
DAR. The middle coil is fixed in the center of the DAR
whose number of turns is 7,. The total number of turns of the
simplified model is n = 2 x n; + ny. The simplified model
and original model should satisfy the principle of equal total
ampere-turns for the purpose of producing the same magnetic
field [20].

TABLE 1. Parameters of original model and simplified model.

Parameters Original Model Simplified Model
Axial Height H H
Basal Diameter D D
Line Width w w
Total Number of Turns N n
Current I i
TABLE 2. Parameters of simplified model.
Parameters Symbol
Distance Between Upper (or Lower) and 3
Middle Coil
Relative Height Percentage P
Turns of Upper (or Lower) Coil ny
Turns of Middle Coil n;
Relative Turns Percentage n

The variable names of the parameters of the original model
and the simplified model are shown in Table 1. The ratio
of height to diameter (H /D) was proposed due to different
structures of DARs in power substations and plants. The
parameters of the simplified model are shown in Table 2. The
relative height percentage (p = h/H x 100%) and the relative
turns percentage (n = no/n x 100%) indicate the different
spatial structures of the simplified model. With regard to
each different H/D corresponding to the original model,
an optimal simplified model structure that best matches the
SMFD of the original model can be found.

Ill. CALCULATION OF SMFD

As shown in Fig. 2, assuming the radius of a given current-
carrying loop is R. Taking the center O of the loop as the
origin, the coordinate system was established where the plane
of the loop is the xOy plane, the central axis of the loop is the
z-axis. The mathematical expression of the loop is as follows:

4y =R )

P(x, y, ) is an arbitrary point in space, and A(x1, y1, 0) is
an arbitrary point on the loop. The current element at point A
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FIGURE 2. Calculation of the SMFD of the single current-carrying loop.

satisfies:
1d7T =IR (—7 sing + ] -cose) d6 )

The position vector 7 of point A to point P can be
expressed as:

¥ =AP=(x—R-cosf) i +(y—R-sinf) j +z- k

3)
The expression of Biot-Savart law is:
d7 <7

dB =t X" ()

4z r3

where substituting (2) and (3) into (4), the magnetic induction
intensity of point P can be obtained as:

- —
— no [Id1l xF wolR [ zcosO i
B = — =
47 r3 47 r3
in6; + R 0 — ysind) k.
zsin —xcos@ — ysin
+ / Y a6

73

&)

where in (5), r = (x> +y* + 22 + R*> — 2xRcos —
1
2yRsin6)2.

The component of the magnetic induction intensity pro-

duced by the current-carrying loop in the space can be
obtained as:

IR (%7 zcos®
B, = Mol [T 2e0s0= g
47'[ 02 r3
IR T zsin@
B, =12 [ 2T (©6)
47 02 }’3
IR T R—xcosf — ysin®
B =1 / al YN a6
4 0 r3

A. SMFD OF ORIGINAL MODEL

Taking the bottom plane of the original model as the xOy
plane, the space rectangular coordinate system was estab-
lished where the axis of the original model is the z-axis,
the center O of the bottom plane is the origin. Neglect-
ing the influence of the winding pitch angle, the SMFD
of the original model can be obtained according to the
superposition theorem. The magnetic induction intensity of
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a point P(x, y, z) in space is as follows:

g, wolR ¥ (z—IW)cosf —
x = Z 3 i do
=0 4 0 r
= _ Nz‘:l 1olR /221 (= IW)sino— -
y =0 47 0 r3 J
N-—1 27 .
IR R — 0 — 0
EZ _ o f X COS d ysin ?d@
=0 47 0 r

where in (7), r = ((x—Rcos 0)2 + (y—Rsin6)? +
(z—IW)? )%.

B. SMFD OF THREE-LOOP SIMPLIFIED MODEL

The coordinate systems of the three-loop simplified model
are the same as the original model. The simplified model
of the DAR was established by superimposing three coaxial
coils in the axial direction. The line width of the coaxial coil is
W, and the current in the wire is i. The turns of the three coils
are n=[ny, ny, n1], and the positions are h=[H/2 — h, H/2,
H/2+ h]. Neglecting the influence of the winding pitch angle,
the SMFD of the simplified model can be obtained according
to the superposition theorem. The magnetic induction inten-
sity of a point P(x, y, z) in space is as follows:

7 - 23: 1oiR - n(l) /2” (z— h(l})) cosf—
=1 47'[ 0 r
3 . 27 .
— WoiR - n(l) / (z—h())sinf —
B, = do 8
V=D A . j ®)

~

1

k do

Pl
I
-

73

woiR - n(l) fzﬂ R —xcosf — ysinf —
4 0

~

1

where in (8), r =

((x —Rcos0)* + (y—Rsin6)? +
1
(z—h(1)*)2.
IV. SIMULATION OF OPTIMAL STRUCTURE THREE-LOOP
SIMPLIFIED MODEL
The DAR models with H/D value from 0.5 to 2 were
investigated where the fixed bottom diameter is selected as
D = 124 mm and the wire width as W = 0.6 mm. The
current of the original model coil is I/ = 1.5 A and the
frequency f = S50Hz. The height is selected as 0.5-2 D,
that is, 62-248 mm. The original model is considered to be
tight winding, and the number of turns is selected as 104-414.
To facilitate the calculation, a total of 31 sets of models were
selected as the object of study, with 100-400 turns and an
interval of 10. The current of the simplified model coil was
calculated according to the principle of equal total ampere-
turns, i.e., i = NI/n. In order to make the ring of the
simplified model have the right size, the total turns of the
simplified model are set to 3/5 of the turns of the original
model, i.e., n = 3N/5. The wire width, the bottom diameter
and the height of the simplified model are all consistent with
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the original model. The contribution of the eddy current, skin
effect, and background magnetic field are neglected.

A. INFLUENCE OF h ON SMFD

First, the influence of /& changes of three-loop simplified
model on SMFD was discussed so as to obtain the relation-
ship between the coil height and optimal simplified structure.
The number of turns of the three coils is equal to each other.

—=—ATC
2.5 —e— ATH
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—v—LTC
2.0 —+—LTH
—<—LTB
~L5
[_‘
£
A
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distance(mm)

FIGURE 3. Magnetic induction intensity in the six typical directions of the

original model.

The magnetic induction intensity in the six typical direc-
tions of the original model of N = 100 is shown in Fig. 3.
The ATC curve is similar to the ATH curve, while the LTC
curve is similar to the LTH curve. As the measurement point
moves away from the reactor, the magnetic induction inten-
sity decreases to be consistent gradually, which means ATC
and ATS, LTC and LTB can represent all directions between
these two directions, respectively. Due to the longitudinal
symmetry and cylindrical symmetry of DARs, the four direc-
tions, ATC, ATS, LTC, and LTB, can represent all the spatial
directions of the reactor model.

The least squares method was utilized to find the optimal
simplified model structure which was obtained by minimiz-
ing the magnetic induction intensity square error sum at each
point in space. For a point P(x, y, z) in space, the error of
magnetic induction intensity is as follows:

e = |B,| — |Bsl ©)

where |B,| is the module value of the original model magnetic
induction intensity, |By| is the model value of the simplified
model magnetic induction intensity.

Using the ATC direction as an example, 50 equal interval
points were selected on a line segment from point (0, 0, 0)
to point (0, 0, —D). The magnetic induction intensity error
of each point was calculated. The square loss function is
obtained as follows:

n
Qarc =Y €f. n=50 (10)

i=1
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The optimal simplified model in the ATC direction can
be obtained by searching for the smallest Qarc. To find the
overall optimal structure, the minimum value of the sum of Q
values in the four directions should be found. The constraint
is as follows:

Omin = Qarc + Qars + Orrc + Ot (11)

original model

original model
1.0 —— simplified model

—— simplified model

2.0

g g

=050 1.0

oob——1L v 1t vy, 0.0— L1 n
0 10 20 30 40 50 0 10 20 30 40 50
interval numbers interval numbers
(a) (b)
h original model original model
—— simplified model 20 —— simplified model

" | L |
00020 30 40 50 %020 30 40 350

interval numbers interval numbers

© ()

FIGURE 4. Magnetic induction intensity of the original model and the
p=41% three-loop simplified model in four typical directions. (a) ATC
direction. (b) ATS direction. (c) LTC direction. (d) LTB direction.

When N = 100, Onin = 9.3 % 10~° can be calculated.
The structure of the optimal simplified model is p = 41%.
As shown in Fig. 4, the SMFD of the simplified model in
the ATC, ATS and LTB directions is a good substitute for the
original model when p = 41%. However, the SMFD of the
simplified model along the LTC direction in the near-field
region is distinctly different from the SMFD in the original
model. The difference of the structure between the original
model and the simplified model results in the difference of the
SMFD. The original model is a coaxial solenoid, in which the
magnetic field mainly concentrates on the axial direction and
the magnetic induction intensity in the LTC near-field region
is very small. The magnetic flux leakage of the middle coil of
the simplified model near the LTC near-field region leads to
a relatively large magnetic induction intensity.

The range of the near field is found to increase as the height
of the original model increases. The range of the near field can
be obtained as 0-H/5 via several calculations. Considering
that the electrical equipment is not installed in the near-field
region of the actual DAR, the SMFD in the LTC direction is
studied in the range of H/5-D.

Fig. 5(a) shows a positive correlation between 4 in the opti-
mal simplified model and H in the original model. As shown
in Fig. 5(b), p in the optimal simplified model decreases as
H /D in the original model increases. This relationship can be
expressed by the fitting formula as follows:

0(%) = 39.3554 — 4.2786 x (H /D) + 1.3343 x (H /D)?
(12)
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FIGURE 5. Relationship between optimal simplified model structure and
original model structure. (a) Relationship between h and H.
(b) Relationship between p and H/D.

The residual sum of squares (RSS) of (12) is 0.829004, and
the adjusted R-square is 0.898855. These parameters show
that the fitting formula has a satisfactory effect.

The root mean square error (RMSE) is defined as
follows:

(13)

where y; is the actual value and f; is the predictive value. The
RMSE was utilized as a criterion for simplified model predic-
tion accuracy. The smaller the RMSE, the higher the predic-
tion accuracy. As shown in Fig. 6(a), the RMSE of the optimal
model increases as the H /D of the original model increases.
This correlation shows that the prediction effect of the opti-
mal model gradually decreases as the original model H /D
increases. With increasing H /D, the relation among the three
coils of the simplified model becomes weaker and the mag-
netic flux leakage in each coil increases. The RMSE of the
optimal simplified model is in the range of 0.026-0.045 mT
when the value of H/D is in the range of 0.5-2.

0.044 sk
0.040
e <M
£0.036 S
2 =3t
£0.032 S
~ L
2_
0.028 L
L 0I5 " 1I0 " II5 L zl() 1 | 1 1 1 1 1 1
. Op b . 0.5 1A0H/D 1.5 2.0
(@) (b)
0.995F
0.990F
-
0.985F
1 " 1 " 1 " 1
0.980—53 1.0 1.5 2.0
H/D

(©)

FIGURE 6. RMSE, MAPE and R? as a function of H/D. (a) RMSE.
(b) MAPE. (c) R2.
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The mean absolute percentage error (MAPE) is defined as
follows:
100

MAPE = —
" i=1

yi —fi
Yi

(14)

where y; is the actual value, and f; is the predictive value. The
MAPE is a measurement statistic that describes the accuracy
of prediction methods. As shown in Fig. 6(b), the MAPE of
the optimal model increases as H /D increases. The changing
trend of the MAPE is consistent with that of the RMSE.
The MAPE of the optimal simplified model is in the range
of 1.5-5.5% when the value of H /D is in the range of 0.5-2.
This correlation shows that the optimal three-loop simplified
model has satisfactory prediction accuracy.

The determination coefficient (R2) is a quantitative index
indicating the intimate level of correlation between the pre-
dicted value and actual value, as shown in (15).

Sy
SSior

R =1 (15)

n
where total sum of squares SSyr = > (yi — )7)2, residual sum
i

n
of squares SSyes = Y (yi — f,-)2, and the mean value of actual
i

n
value y = % >y

1
As shown in Fig. 6(c), the R? of the optimal model
decreases as H /D increases. However, the R? remains above
0.98, which ensures the accuracy of the predicted magnetic
field of the simplified model.

B. INFLUENCE OF h AND n, ON SMFD

In the simulation, the turn number of the three-loop middle
coil (np) is in the range from 1 to (n — 2). The turn number
of the remaining two coils is ny = (n — np)/2. Fig. 7(a)
shows the relationship between % of the optimal model and
H of the original model when n, varies. Taking n, as the
z-axis, different colors indicate different values of n,. The
relationship between & and H is consistent when n; varies,
while % increases as H increases. The line connected by black
dots in Fig. 7(a) is a curve formed by connecting points
of np = n/3. The projection of the line on the H-h plane
is the graph in Fig. 5(a). Furthermore, the structure of the
optimal model corresponding to each original model can be

()

FIGURE 7. (a) Relationship between h and H as n, varies.
(b) Relationship between (h, n,) and H.
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obtained, and the structure parameter (4, n) of the optimal
model is uniquely determined. Fig. 7(b) shows the relation-
ship between the structure parameter (4, n) of the optimal
model and H of the original model. The structure parameter
(h, ny) increases as H increases where significantly positive
correlation exists.

(®)

39.5 r initial data initial data
39.0 — fitted curve 42 —— fitted curve
,\38'5-_ a0
X 38.0F S
< _F =
37.5F 38
37.0 i
65—l 1. 1. RS il N T SR
: 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
H/D H/D
© (d)

FIGURE 8. (a) Relationship between p and H/D as j varies.
(b) Relationship between (p, 1) and H/D. (c) Relationship
between p and H/D. (d) Relationship between 5 and H/D.

Fig. 8(a) shows the relationship between p of the optimal
simplified model and H /D of the original model when n =
na/n x 100% varies. The relationship between p and H/D
is consistent as n varies. At the same time, there is a posi-
tive correlation between pand n when H/D is determined,
because the magnetic field produced by the middle coil of
the simplified model becomes stronger as the number of turns
of the middle coil increases. The magnetic field produced by
the remaining two coils which should be far from the middle
coil becomes weak. In Fig. 8(a), the line connected by black
dots represents the relationship between p and H/D when
n is 33%. The projection of the line on the H/D-p plane
is shown in Fig. 5(b). As shown in Fig. 8(b), the structure
of the optimal model corresponding to each original model
can be obtained, and the structure parameter (p, 1) of the
optimal model is unique. As can be seen from Fig. 8(c) and
8(d), the p of the optimal model decreases as H /D increases,
and the 1 of the optimal model increases as H /D increases.
The relationship between them can be expressed by the fitting
formula as follows:

(%) = 38.870 — 1.548 x (H/D) + 0.518 x (H/D)?
n(%) = 36.012 4+ 3.220 x (H /D) — 0.265 x (H /D)?
(16)
As shown in Fig. 9(a), the RMSE increases as H/D
increases. The RMSE of the optimal model is in the range

from 0.025 to 0.043 mT when the value of H/D is in the
range from 0.5 to 2. The RMSE of the optimal model is
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FIGURE 9. RMSE, MAPE and R? as a function of H/D. (a) RMSE.
(b) MAPE. (c) R2.

less than that of the model discussed in the previous section,
in which only # is taken into account. This correlation shows
that the prediction error is obviously smaller when % and ny
change simultaneously. As shown in Fig. 9(b), the MAPE
increases as H/D increases. Moreover, the growth rate of
MAPE is faster and the prediction effect of the optimal sim-
plified model becomes worse as H/D increases. However,
the MAPE of the optimal model is in the range from 1% to 7%
when the value of H/D is in the range from 0.5 to 2. The
MAPE in the ATC direction is less than 2%, which is a
satisfactory accuracy in engineering applications. As shown
in Fig. 9(c), the R? of the optimal model decreases as H /D
increases. R? also reflects that the prediction error increases
as H /D increases. However, the R? remains above 0.98 which
ensures the accuracy of the predicted magnetic field of the
simplified model.

V. EXPERIMENT
A magnetic field measurement platform of DAR was built in
the laboratory. As shown in Fig. 10(a), the original model is

(b)

FIGURE 10. Original model and simplified model of a single package
DAR. (a) Original model. (b) Simplified model.
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tightly wrapped with copper enameled wire whose height is
148 mm, i.e., H/D = 1.19. Other parameters of the original
model are the same as those in Section I'V. To facilitate the
experiment, a three-loop simplified model consisting of three
coils with equal turns was built, as shown in Fig. 10(b), with
the coil height & of the simplified model set to H/8, H/4,
3H/8 and H/2.

Ammeter

Original Model of DAR

| R Probe S—
g B EEE

Teslameter

50 Hz AC Power Supply

FIGURE 11. Schematic diagram of the magnetic field measurement in the
ATC direction of the original model.

The schematic diagram of the magnetic field measurement
of the original model is shown in Fig. 11. An AC power with
frequency f = S50Hz supplies the required current of the
original model. The ammeter is used to measure the current
in the circuit. The teslameter with a resolution of 0.01uT is
used to measure the magnetic induction intensity, and the
magnetic induction intensity of the background magnetic
field is 0.03 uT. The measurement error of the magnetic
induction intensity in the LTC direction is large due to its
small magnetic induction intensity. The two curves of the
magnetic induction intensity in the ATS and LTB directions
are similar which can be used to represent the entire spatial
SMED of the reactor.

The SMFD of the four simplified models and the origi-
nal model in the ATC and LTB directions were repeatedly
measured 10 times, and the mean and standard deviation of
these 10 data sets were obtained. Fig. 12 shows the SMFD
measurement results of the four simplified models and the
original model. As can be seen from Fig. 12(a) and 12(b), the
SMEFD curve of the 3H/8 simplified model is most similar to
that of the original model in both ATC and LTB directions.

The statistical parameters of the four simplified models are
shown in Table 3. According to (12), when H/D = 1.19,
the structure of the optimal model is p = 36.15%. The RMSE
of the 3H/8 simplified model is only 0.0340 mT, which is
the smallest compared with the rest of the simplified models.
Analogously, the MAPE of the 3H/8 simplified model is also
the smallest, with a value of 7.31%. The MAPE of the 3H/8
simplified model has not been reduced to a minimum of 2.5%
because the difference of structure between the 3H/8 simpli-
fied model and the optimal model is still 1.35%. Comparing
the SMFD of the four simplified models, it is revealed that
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FIGURE 12. SMFD measurement results of the four simplified models and
the original model in two directions. (a) ATC direction. (b) LTB direction.

TABLE 3. Statistical parameters of the four simplified models.

h H/2 3H/8 Hi4 H/8
RMSE 0.1749 mT 0.0340 mT 0.1774 mT 0.2487 mT
MAPE 32.74% 7.31% 26.45% 36.93%

both the RMSE and MAPE of the 3H/8 simplified model
are the minimums. The SMFD of the 3H/8 simplified model
in the ATC and LTB directions is closest to the original
model. Therefore, the 3H/8 simplified model is considered
to be the optimal model in the experiment, whose structure
o = 37.5% is very close to the structure p = 36.15% of the
optimal model obtained by simulation. The results prove the
correctness of the simulation conclusion.

VI. CONCLUSIONS

According to the current research on DARs, a three-loop
simplified model of a DAR was proposed. The structure of
the simplified model is optimized by comparing the SMFD
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in several typical directions. The results of the simulation and
the experiment are showed as follows:

In the LTC direction, the SMFD of the simplified model
in the near-field region is less than that of the original
model. This difference arises because of magnetic flux leak-
age around the three coils. In the calculation of the optimal
simplified model structure, it is necessary to remove the
near-field region in the LTC direction.

When the number of turns of the three coils is equal,
the p of the optimal simplified model decreases as the H /D
of the original model increases. The relationship between
p and H/D can be expressed by the fitting formula (12).
As H /D increases in the original model, the RMSE of the
optimal model increases gradually, MAPE increases, and
R? decreases. The prediction error of the optimal model
increases as H /D increases. When the value of H/D is in
the range of 0.5 and 2, the RMSE of the optimal simplified
model is in the range of 0.026 and 0.045 mT, MAPE is in the
range of 1.5% and 5.5%, and R? remains above 0.98, all of
which ensure the accuracy of the predicted magnetic field of
the simplified model.

When the coil height and number of turns of the simplified
model change simultaneously, the p of the optimal model
decreases as H /D increases, and the n of the optimal model
increases as H /D increases. The relationship between (p, 1)
and H /D can be expressed by the fitting formula (16). The
three variation trends of RMSE, MAPE and R? are the same
as those of the simplified model with three coils of equal
turns. When the value of H/D is in the range of 0.5 and
2, the RMSE of the optimal simplified model is in the
range of 0.025 and 0.043 mT, the MAPE is in the range
of 1 and 7%, and the MAPE in the ATC direction is less than
2%. R? remains above 0.98, all of which ensure the accuracy
of the predicted magnetic field of the simplified model.

The SMFD of the four typical simplified models with
the coil height & of the simplified model set to H/8, H/4,
3H/8 and H/2 was measured based on the experimental
platform. The results show that both the RMSE and MAPE
of the 3H/8 simplified model are the minimum values. The
SMEFD of the 3H/8 simplified model in the ATC and LTB
directions is closest to the original model. According to the
fitting formula (12), the structure of the optimal model is
p = 36.15%, which is very close to the structure p = 37.5%
of the 3H/8 simplified model, proving the accuracy of the
simulation conclusion.

The three-loop simplified scaling model of DARs has
potentials of magnetic field prediction with high accuracy
under design stage, which is of great engineering value.
In addition, as a reference for other engineering fields,
the optimal model after simplification can be employed to
calculate the SMFD of equipment with divergent magnetic
field.

Our future studies will focus on scaling rules setup
of multi-DARs considering coupling effect, and magnetic
shielding effectiveness of multi-simplified scaling models.
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