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Abstract: With the rapid development of ultra-high-voltage direct current (UHVDC) transmission, air
core smoothing reactors have become the main source of electromagnetic contamination in converter
substations. The actual magnetic field distribution was obtained by measuring the magnetic induction
intensity of the polar busbar smoothing reactor under full load operation condition of the Jiaodong
+660 kV converter substation. A method combined with the measured data to eliminate the influence
of the geomagnetic field is proposed. The magnetic field distribution model of the smoothing reactor
is established and the rationality and validity of the model for magnetic field distribution is verified.
Some magnetic shielding measures are proposed and their effectiveness is verified by simulation and
small-scale experiments.

Keywords: smoothing reactor; magnetic field distribution; finite element; small-scale experiment;
magnetic field measurement; magnetic shielding

1. Introduction

Reactors are widely used in power systems as inductive components, which are responsible
for reactive power compensation, current limitation, current stabilization, filtering, and phase shift.
They are important power equipment in power transmission engineering [1-4]. Reactors can be
divided into iron core reactors and air core reactors, according to their different magnetic structures.
Air is used as magnetic media in air core reactors, so the magnetic flux density around the space is
larger than in iron core reactors. Smoothing reactors are one of the air core reactors in high-voltage
direct current (HVDC) transmission engineering. They are used to reduce harmonic current, limit
fault current, and prevent commutation failure, and for current interruption in light load operation.
However, smoothing reactors are the main strong magnetic field sources in converter stations because
of seriously magnetic flux leakage [5-8]. With the improvement of the power grid level and people’s
safety awareness of the electromagnetic environment, it is necessary that the spatial magnetic field of
smoothing reactors are studied and magnetic shielding measures are proposed.

Study on the magnetic field of air core reactors is mainly concentrated in the area of AC air core
reactors. The scaling rules and the equivalency of the scaled experimentation have been verified [9-12].
The magnetic field distribution of the air core reactor in a substation has been tested and numerically
calculated [13]. The calculated value was in good agreement with the measured value. The influences of
the installation height and phase-to-phase distance of the three-phase air core reactor on the distribution
of the surrounding power frequency electromagnetic field has been analyzed by simulation [14].
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The eddy current loss and heating of metal equipment around the air core reactor under power
frequency have been analyzed by test and measurement [15,16]. On the basis of the magnetic field
distribution of the air core reactor, the magnetic field shielding measures have been studied and the
shielding effects of different shielding body erection schemes compared [17].

There is also some research on the magnetic field distribution of DC air core reactors.
The equivalent circuit model of the dry-type smoothing reactor is established. The distribution
of the stray magnetic field of the winding, current, and inductance of the parallel branch are calculated;
the test is not carried out but it is important [18]. The magnetic field distribution of the dry-type
smoothing reactor is measured in [19,20], but its measurement range is limited to one side of the pole
bus-level smoothing reactor, and the influence of the geomagnetic field and full-load operation on the
measurement results is not considered.

Based on the above research problems, in this paper, the spatial magnetic induction intensity
distribution around the south, north, and west sides of the DC smoothing reactor of the 660 kV
converter substation in Jiaodong is measured. The influence of the geomagnetic field is analyzed and
the measured data is compared with the simulation results. In order to reduce the spatial magnetic
field around the smoothing reactor, magnetic shielding measures are proposed. By comparing the
shielding effects of different materials, sizes, and positions, an optimal shielding erection scheme
is proposed. Shielding effectiveness of the reactor is verified by a scaled model and basis for the
improvement of the spatial magnetic field of the DC smoothing reactor is provided.

2. Magnetic Field Distribution Measurement of Smoothing Reactor

2.1. Conditions and Instruments

In this paper, the Pole I Pole busbar reactor of the Jiaodong £660 kV converter station is studied.
The Pole II Pole busbar reactor is located about 200 m north of the Pole I Pole busbar reactor and the
pole II valve hall on the east. The parameters of the reactor and the size of the fence are the same as
those of the pole I. Due to the long distance between the two reactors, they have no effect on each
other during operation. The converter station has a bipolar rated capacity of 4000 MW, a rated voltage
of 660 kV, a rated current of 3030 A, and a bipolar full load operation. Four smoothing reactors
are installed at each pole of the station, including one-pole busbars and three neutral wires. Due to
the bipolar symmetric operation, there is no current flowing through the neutral line, so it can be
considered that the neutral line reactor does not affect the magnetic field distribution of the pole bus
reactor. The rated inductance of a single unit is 75 mH, and the total inductance is 300 mH. The model
of the pole busbar reactor is PKK-660-3030-75G, manufactured by Beijing Electric Power Equipment
Factory, with rated voltage +660 KV, rated current 3030 A. The reactor is installed on the insulation
pillar with air self-cooling and outdoor operation. The bottom of the body is 13.42 m away from the
ground, as shown in Figure 1.

N

Figure 1. Pole bus smoothing reactor of the Jiaodong £660 kV converter substation.
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The test was carried out with a GMR50 handheld high-precision low-intensity magnetic field
gaussmeter manufactured by Coliy Technology GmbH. The geomagnetic field, the workpiece
remanence, and the ambient magnetic field can be accurately measured by the new GMR weak
magnetic field sensor. The accuracy of GMR50 is 1% of reading and 0.01 uT of resolution, 0-4.5 mT of
magnetic field measurement range, and DC 100 Hz of frequency response range, which can be easily
carried and operated to meet the test needs. The test temperature is 20 °C, relative humidity is 48%,
altitude is 23 m, north wind is level 2, and there is no rainfall.

2.2. Measurement Point Setting and Magnetic Field Distribution Measurement

The smoothing reactor consists of 20 layers of coils with a coil height of 4200 mm, an inner
diameter of 1882 mm, and an outer diameter of 4228 mm. The coil dimensions of each layer are known
and the site layout of the smoothing reactor is shown in Figure 2. The outer fence size is 12.08 m X
11.93 m. There is a corridor with a width of 1.62 m at 4 m outside the fence on the south, another 6 m
corridor at the west of the fence with a width of 4.03 m, and to the east is the pole I valve hall. The
center of the reactor is taken as the origin, and a coordinate system as shown in Figure 2 is established.

fE Pole | Valve Hall
11.93m 1.62m
o
Pole |
Smoothing Reactor
12.08m @vx
y
)\
4.03m Patrol Corridor

Figure 2. Layout diagram of smoothing reactors.

According to the site conditions, the magnetic field measurement points are reasonably arranged,
and the magnetic induction strengths of the south, north, and west sides of the DC smoothing reactor are
respectively measured. The test area is 40 m x 14 m (x = —20-20 m, y = 0-14 m) and sampling points are
set every 2 m along x and y. According to the evaluation criteria for electromagnetic environment of an
HVDC converter station [21], the height of the measuring point from the ground is 1.5 m. The magnetic
induction intensity sampling data at 1.5 m above the ground of each sampling point is shown in Table 1.

Table 1. Measured data of magnetic field distribution B (uT).

y/m

x/m 0 2 4 6 8 10 12 14
—20 132 131 124 123 118 111 109 103
—-14 190 188 181 178 166 141 131 124
-10 266 264 247 232 213 186 164 146
-8 306 300 285 263 235 207 182 159
—6 353 347 323 299 253 217 191 169
—4 - - - 306 271 235 191 169
-2 - - - 317 277 238 211 180
0 - - - 323 267 236 204 174
2 - - - 298 266 230 192 170
4 - - - 284 250 206 181 159
6 301 295 277 246 211 184 161 142
8 249 241 224 202 179 162 153 129
10 197 190 179 164 150 136 125 118
14 119 117 114 112 107 98 96 94

20 36 38 46 53 61 63 70 75
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It can be seen from Table 1 that the maximum magnetic induction intensity at 1.5 m above the
ground outside the pole fence is 353 uT, which is much smaller than the public commission issued
by the International Commission on Non-lIonizing Radiation Protection. The static magnetic field
reference limit of day radiation is 400 mT [22-25].

The sampled data is drawn into a surface map, and the regions that cannot be tested are
appropriately interpolated. According to the coordinate system in Figure 2, the magnetic field
distribution map shown in Figure 3 is obtained. It can be observed from the measurement results that
the magnetic induction of the north of the pole I reactor is significantly larger than that of the south,
which is mainly due to the influence of the geomagnetic field. In addition, pole I is relatively further
from the reactor on the south due to the influence of other equipment, and the magnetic induction
near the central axis of the reactor is smaller than in the west. Due to the influence of the geomagnetic
field, great differences exist between the calculated value and the measured value. The influence of the
geomagnetic field is analyzed below.

400
300

, 200

abs(MagB) / uT

100

0l
0

-20

10 0

y/m 15 20 x/m

Figure 3. Magnetic field distribution of pole I smoothing reactor.
2.3. Geomagnetic Field Correction

The magnetic induction intensity distribution of the smoothing reactor should theoretically be
center symmetrical. Due to the influence of the geomagnetic field in the environment, the measured
distribution of the magnetic induction intensity has shifted in the actual measurement. In order to
eliminate the influence of the geomagnetic field, the (1) is obtained by the laws of vector algebra shown
in Figure 4, where a and ¢ are the original measured values of two symmetrical sampling points in
the north—south direction of which the reactor is the center, b is the magnitude of the geomagnetic
field which is 60 uT along the —x axis [21,26,27], and d is the magnetic induction after eliminating the
influence of the geomagnetic field.

Figure 4. Influence analysis of the geomagnetic field.

2 = b? +d?+2bd x cosq (1)
a? = b*> +d?> — 2bd x cosq
From (1),
a? + c?

d= >

_p? (2)
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The measurement data in Figure 3 is used to eliminate the influence of the geomagnetic field
according to the above analysis. The magnetic induction intensity processing value after the elimination
of the geomagnetic field is obtained in Table 2.

Table 2. Measured value and processed value.

x/m Measured Value/uT x/m Measured Value/uT Processed Value/uT
20 53 —-20 123 73.27
14 112 —14 178 136.07
10 164 -10 232 191.73
8 202 —8 263 226.69
6 246 —6 299 267.13
4 284 —4 306 289.04
2 298 —2 317 301.74
0 323 - - 317.38

The data in Table 2 is plotted as a curve, as shown in Figure 5.
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Figure 5. Measured value and processed value of pole I reactor.
3. Modeling of Magnetic Field Distribution of DC Smoothing Reactor

In this paper, the 3D magnetic field of the reactor is calculated by the method of edge-node
finite element coupling. In the current-carrying zone and the air of its multiple connected holes, the
magnetic induction variable is discretized by edge element, but the scalar magnetic position variable
is discretized by node element in the external non-current-carrying zone. There are few edge finite
element variables to be used and inhomogeneous medium can be handled. A symmetric finite element
stiffness matrix can be formed after coupling the magnetic induction intensity and the scalar magnetic
position according to the boundary conditions [28].

Since the structure of the smoothing reactor is complicated, and the non-bearing current
structure has little influence on the magnetic field, the modeling is simplified as follows: Ignore
the structure of insulation, stays, rain cover, etc., and only consider the coil carrying the current and
the star bracket; assume that each envelope has the same current density; ignore the effect of the
geomagnetic conductivity.

3.1. Establishment of Simulation Model

According to the actual engineering case, the simulation of the magnetic shielding air core
reactor is performed on the Ansoft Maxwell software platform (Ansoft Maxwell15.0, Ansoft Company,
Pittsburgh, Pennsylvania, USA). The simulation model of the air core reactor is shown in Figure 6.
The reactor height / is 4 m, the radius R is 2.2 m, the observation height is 1.5 m from the ground, and
the distance between the erection position and the observation height H is 12 m.
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R=2.2m §

Smoothing reactor

H=12m

Observation height ]

Ground

Figure 6. Reactor simulation model.
3.2. Calculation of Magnetic Field Distribution

According to the above model, the spatial magnetic field distribution of the DC smoothing reactor
is calculated. The maximum magnetic induction of the outer surface of the reactor is 58 mT, which is
located at the center of the bottom surface of the reactor. The maximum magnetic induction of the
outer surface of the reactor is 12 mT, which is half of the height of the reactor.

In order to avoid the influence of the strong spatial magnetic field of the smoothing reactor on the
human and the equipment, it is generally installed on the insulating pillar of ten meters. The calculation
results of the magnetic induction distribution at 1.5 m above the ground is shown in Figure 7.
The magnetic induction value at this height is used as the evaluation standard for the electromagnetic
environment in the industry standards for HVDC converter stations [21]. The maximum magnetic
induction on the horizontal plane located directly below the reactor is 430 uT. Further away from the
central axis of the reactor, the magnetic induction is lower, and is symmetrically distributed about
the central axis of the reactor. This is far less than the static magnetic field reference limit of 400 mT
for public all-day radiation, issued by the International Commission on Non-Ionizing Radiation
Protection [27].
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Figure 7. Magnetic field distribution simulation results.

As can be seen from Table 1 in Section 2.2, the maximum magnetic induction intensity at 1.5 m
above the ground outside the pole fence is 353 puT, which is similar to the calculated value of 334 uT.
In actual measurement, the magnetic induction intensity of the north of the pole I reactor is significantly
larger than the symmetrical position of the south side. This is mainly the influence of the geomagnetic
field, which can be eliminated according to the analysis and processing of the geomagnetic fields in
Section 2.3.
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For a more intuitive analysis, the corrected value of the magnetic induction is plotted as a curve
and compared with the calculated result in Figure 8.

350

abs(MagB) / uT
N N w
(=1 [*d o
o o (=}

[
=}

=
<}

x/m

Figure 8. Comparison of simulation result and processed data.

It can be seen from the above analysis that the simulation results of the air core reactor model
are basically consistent with the results corrected by the geomagnetic field. The correctness of the
simulation model is verified and the simulation model can be used to simulate the magnetic field.

4. Magnetic Field Shielding of DC Smoothing Reactor

The stray magnetic field around the DC smoothing reactor is the main source of magnetic field
pollution at the converter station. In order to prevent its impact on personal safety and the operation of
equipment, the smoothing reactor is generally installed on a high insulating pillar, which requires high
installation cost and seismic performance [28]. In response to this problem, magnetic field shielding
measures for the DC smoothing reactor are proposed. The spatial magnetic induction around the DC
smoothing reactor is reduced by erecting the shield, which has different shielding effects with different
material, size and installation position. After the simulation model is established and correctness is
verified, the magnetic field shielding effect is simulated for the above different situations.

4.1. Shield Plate Under The Reactor

Magnetic field shielding materials have high conductivity and high magnetic permeability.
The high-conductivity material is used as a shield to cancel the external magnetic field by the induced
eddy current magnetic field generated by the external high-frequency magnetic field. The high
magnetic permeability material is made into shield so that a low reluctance path is provided for the
magnetic field, and the magnetic lines are confined inside the shield to prevent diffusion into the space.
The higher the magnetic permeability of the shield and the thicker the wall layer, the more obvious the
magnetic shunting effect and the better the magnetic shielding effect.

A reactor model is established as shown in Figure 6—the circular shielding plates are horizontally
installed directly below the reactor, and different materials and sizes are used. The radius is 7, the
thickness is d, and the vertical distance from the bottom of the reactor is /, as shown in Figure 9; the
material type and size parameters of the shielding body are shown in Table 3.

Table 3. Parameters of shielding plate.

Material Hr o X 10°/(S-m~1) r1/m dy/mm him
Silicon steel 10000 1.0 23 ° -
10 1
3 5 1
Iron 4000 1.03 2.3 5 1
Aluminum 1.000021 3.8 2.3 5 1
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Figure 9. Shield installation diagram below the reactor.

Figure 10 is a magnetic induction intensity distribution curve along the x axis direction 1.5 m from
the ground directly below the reactor. It can be seen that high magnetic permeability materials such as
iron and silicon steel have an obvious shielding effect on the static magnetic field. The shielding effect
can be better with the higher magnetic permeability and the thicker shielding body. The following
is conducted using silicon steel as a shielding material. The shielding effect of aluminum on the
magnetic field depends on the eddy current generated by the alternating magnetic field, so there is no
obvious shielding effect on the static magnetic field. In addition, the shielding effect can be improved
significantly by increasing the radius of the shield, and the effect is significantly better than the change
in magnetic permeability and thickness.

T T
10 Ls

X (Distance[meter])

Figure 10. Shielding effect of different materials.

Although the shielding plate is installed under the reactor to have a certain shielding effect on the
space magnetic field, the shielding effect is not ideal. When the radius of the silicon steel shield is 3 m,
the shielded portion is only 7%. The shielding effect of iron plates is compared with a radius of 2.3 m
and thickness of 5 mm installed at different heights, h, as shown in Figure 11. The change in mounting
height has no significant effect on the shielding effect and other shielding schemes are further studied
in this paper.

—a— Unshielded

+—h=lm
—&—h=3m
—v—h=5m
4—h=Tm

T T T T T
00 05 10 15 20 25 30

X (Distance[meter])

Figure 11. Shielding effect of different heights.
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4.2. Hollow Cylindrical Shield around the Reactor

The reactor is set as shown in Figure 12, and the magnetic induction intensity distribution is
obtained by simulation.

(@) (b)

Figure 12. Shield at different positions. (a) single-layer hollow cylindrical shield; (b) double-layer
hollow cylindrical shield.

(1) As shown in Figure 12a, set a cylinder with the radius of 3 m and the height of 6 m.

(2) As shown in Figure 12b, set another cylinder outside the cylinder in Figure 12a; there should
be 10 cm between the two cylinders.

It can be seen from Figure 13 that a single-layer hollow cylindrical shield, as shown in Figure 12a,
is provided on the periphery of the reactor, which has a significant shielding effect, and the magnetic
field of the protected area is reduced by more than 80% compared with the case where the shield is
not provided. If the double-layer hollow cylindrical shield is set as shown in Figure 12b, the magnetic
induction is reduced by 93% compared to when the shield is not provided. Due to the difficulty of
installation and cost, the shielding scheme shown in Figure 12a can be selected.

—a— Unshielded
—e— Single layer hollow cylinder

— e Double layer hollow cylinder
400 \-\‘
350
T
@ 300+
2
2
(ﬁl 250 4
j=2]
< 201
<
13
=
& 150 4
>
100 4 o o
b —
N N .,
50 T T T T T T 1
00 05 10 15 20 25 30

X (Distance[meter])

Figure 13. Shielding effect of different positions.
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5. Small-Scale and Shielding Experiment on Magnetic Field Distribution of DC Smoothing
Reactor

5.1. Proposal and Amendment of Scaling Rule

The DC air core reactors are mostly multi-encapsulated parallel structures in terms of heat
dissipation, and every envelope is formed by parallel connection of thin windings in which a plurality
of thin wires are coaxially wound. However, the magnetic field of a multi-encapsulated reactor can
be completely equivalent to a simplified single-encapsulation model, and a single-encapsulation
model can also be obtained by linear superposition of single-layer wires, since in the engineering
process, more attention is paid to the magnetic field around the reactor rather than to the inside of
it. The proximity effect and the end effect between the coils can be neglected, and the superposition
principle is used to calculate the magnetic field generated by the reactor in space [29,30]. In this
paper, the original model of a hollow reactor wound by a single-layer wire is established, as shown in
Figure 14. The original model of the air core reactor can be reduced to the scale model I according to
the scale coefficient K (0 < K < 1).

| The original model
e —
The scale model 1
@
e ——

Figure 14. Original model and small-scale model I.

—
—_

Before the scale model is established, several basic dimensions are usually determined. When
the basic dimensions satisfy the similar conditions, the similarity between the original model and the
scaled model is established. The scaling factor K = 1/12 is taken to determine the geometry of the
scale model by the geometry of the smoothing reactor. The scaling rules for rector parameters [12] are
shown in Table 4.

Table 4. Theoretical scaling rules of air reactor parameters.

Type Original Model Scale Model Type Original Model Scale Model
Wire length l 1 Voltage u KU
Wire width w KW Current I K21
Cross-sectional area A K2A Resistance R KR
Axial height H KH Inductance L KL
Bottom radius r Kr Magnetic induction B KB

According to the above rule, the scale model of the air core reactor can be established and the
magnetic field distribution can be measured. The scale model of the smoothing reactor shown in
Table 5 was produced on the basis of the scale rules shown in Table 4.
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Table 5. Parameters of air reactor.

Type Parameters Type Parameters
Rated voltage +800 kV Rated current 4000 A
Rated inductance 75 mH Envelope layer 20
o The inner diameter of
Coil height (H) 4200 mm encapsulation (D1) 1882 mm
The outer d{ameter of 4228 mm Encapsulation current 200 A
encapsulation (D2)
Number of turns 100 Total number of turns 2000

However, the scale model is often limited by objective conditions, and the above-mentioned scale
rules cannot be completely copied. Improvements must be made to make the scaled model suitable for
experimental measurement and analysis. The scaling rules for rector parameters with K =1/12 are
shown in Table 6. The multi-encapsulated smoothing reactor is equivalent to a single-layer coil model,

and the coil diameter is taken as:
D1+ D2

4 2K

®)

Table 6. Parameters of small-scale model.

Parameters Value Adjustment Value
Coil diameter (d) 250 mm -
Coil height (1) 350 mm -
Number of turns 2000 100
Current 138 A -

Because the number of turns is too large, considering the heat dissipation and safety of the coil,
the number of turns is adjusted. The actual model parameters of the air core reactor are different from
the scale rules, but the requirements can also be met by appropriate conversion. The final measurement
result will not be affected by this error, provided that the current density can be met the scaling criteria.
The adjustment factor is defined here as:

100 1

T 2000 20 @)

5.2. Experiment and Verification of Scale Model about Spatial Magnetic Field Distribution and Shielding

The scale model is made by the parameters shown in Table 6. The coil is connected to the DC
power supply in series with the ammeter, a current probe is used to connect the oscilloscope, and the
current waveform is observed, as shown in Figure 15. The wires are entangled with each other to
counteract the magnetic field generated by itself, thereby reducing measurement errors.

Figure 15. Experimental connection.
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The magnetic induction at the measurement points of the center axial, the central radial, and
the bottom radial, as shown in Figure 16, were measured respectively by use of a magnetic field
measuring instrument.

S=———F353%
—3% ——235 3 3 3
= >3 3 3 5 3
,; —
——F175mm

225mm
275mm
325mm
375mm

425mm

Figure 16. Distribution of measuring points.

The magnetic induction data is processed by Section 2.3 to eliminate the influence of the
geomagnetic field on the measurement results. The processed data is converted in Table 7.
The comparison between the measured value of the scale model and the simulation result of the
real reactor is as follows.

Table 7. Correction value and conversion value.

Name Correction Value Conversion Value
Magnetic induction B ﬁ x B
Axis size X KX

It can be seen from Figures 17 and 18 that the measured value of the scale model is basically
consistent with the simulation result of the real reactor. The magnetic field distribution of the real
reactor can be reflected by the scale model, the error is small and the correctness of the scale rule is
verified. The accuracy and reliability of measurement and calculation results are proved.

% — — Original model
60 —#— Scale model

25 3 35 4 45 5

Figure 17. Central axial magnetic field of scaled model and actual reactor.
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E — — Original model

12 —#—Scale model

abs(MagB) / mT

25 3 35 4 45 5

Figure 18. Center radial magnetic field of scaled model and actual reactor.
5.3. Research on Magnetic Field Shielding by Using Scale Mode

The shield structures of single-layer silicon steel and two-layer silicon steel are placed as shown
in Figure 19, the magnetic induction in the center axial and the central radial of the coil are measured,
and data is recorded.

= \
Figure 19. Position of shield.

The magnetic induction in the central axial direction of the coil is measured and converted
according to scale rule, then they are compared with the magnetic field shielding simulation results of
the real reactor in Figure 20. The coordinates y are the central axial distances of the measuring points
from the shielding plate.

— Simulation model/Unshielded
404 —+#—Scale model/Unshielded

— — Simulation model/Single-layer silicon steel
35 —e—Scale model/Single-layer silicon steel

—-—- Simulation model/Double layer silicon steel
30 —— Scale model/Double layer silicon steel

Figure 20. Central axial magnetic induction distribution with shielding.

According to Figure 20, the shielding effect measured by the scale model test is basically consistent
with the simulation model results. The effectiveness of the magnetic field shielding measures of the
smoothing reactor proposed in this paper is further proved.
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6. Conclusions

(1)  Under the full load operation condition, the magnetic induction intensity of the pole busbar
reactor of the £660 kV Jiaodong converter substation is tested, and the influence of the
geomagnetic field in the measured data is analyzed.

(2) Space magnetic field suppression measures of DC smoothing reactors are proposed, and the
spatial magnetic field shielding simulation model is established and analyzed.

(3) The magnetic field distribution scale rule of DC smoothing reactors is proposed, and an
experimental platform is established to verify the feasibility of the space magnetic field
suppression measures.
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