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ABSTRACT In this paper, in accordance with the breaker requirements of a parallel-type circuit breaker
based on a high-coupling split reactor, the structure of a coupling reactor is proposed, and the influences
of the inner radius, encapsulation height, air ducts width, and encapsulation number of the reactor on
coupling factor is analyzed. The reactor design is optimized to minimize metal conductor usage, and the
initial design parameters of the coupling reactor are selected based on equal height and heat flux of the
coaxial encapsulations. Meanwhile, combined thermal and electromagnetic optimization method and heat
load optimization are adopted considering a single-arm limiting current and two-arm flow current working
conditions. The optimization results show that the metal conductor usage of the coupling reactor is only
63% compared to a design based on the initial design parameters, and the correctness of the optimization is
verified by simulation results.

INDEX TERMS Parallel-type circuit breaker, coupling reactor, metal conductor usage, combined thermal

and electromagnetic optimization, heat load optimization.

I. INTRODUCTION
With the rapid development of power system, fault current
levels continuously increase, and when a circuit breaker can-
not interrupt a fault current, it will directly affect the safe
and stable operation of the system [1]-[3]. To reduce the
influence of fault currents on power system, a parallel-type
circuit breaker based on a high-coupling split reactor was
proposed in [4] and [5], which increased the breaking capac-
ity. The coupling reactor is an important piece of equipment,
and its main performance parameters, such as the single-arm
inductance, coupling factor and carrying current capacity,
can be enhanced by increasing the encapsulation number, air
ducts width and overall size of the structure, but these modi-
fications lead to increased metal conductor usage. Therefore,
to improve metal conductor utilization, a method to optimize
the design of coupling reactors is needed.

Currently, the optimization of the design of a reac-
tor mainly includes the following. (1) Electromagnetic

The associate editor coordinating the review of this manuscript and
approving it for publication was Mehdi Bagheri.

optimization can be employed, as in [6], the minimum metal
conductor usage can be obtained when the shape proportion
of the reactor is given by ¢ = 0.345 and 8 = 0.335,
where, « is the ratio of the height to the average diameter,
and g is the ratio of the total thickness to the average diam-
eter), in [7], A magnetic powder layer was added outside the
metal conductor layer to increase the permeability, however,
the thermal condition was not considered in [6] and [7],
and the partial encapsulation temperature increase may over
the operating limit. (2) Thermal optimization can also be
used, as in [8]-[10], where methods that involve a uniform
temperature increase, a uniform resistance and voltage, and
a uniform resistance voltage drop are used in the design of
a reactor, but the distribution of the temperature increase of
each encapsulation is different, and the conductor cannot be
fully utilized. In [11] and [12], combined thermal and elec-
tromagnetic optimization was adopted, and the distributions
of the temperature increase of the inner encapsulation were
basically the same, which can obviously reduce the metal
conductor usage. However, a high-coupling spilt reactor has a
single-arm limiting current and two-arm flow current, and the
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FIGURE 1. The topology structure of the parallel-type circuit breaker.

current distributions are different under the two working con-
ditions. The optimization method mentioned above mainly
focuses on the design of a traditional reactor, in which the
encapsulation current directions are the same, so the method
cannot be used in the design of a coupling reactor directly.
In [13], a design method for a coupling reactor was proposed,
but the electromagnetic and thermal characteristic were not
involved, limiting its practical application.

In this paper, the structure of a coupling reactor is proposed
based on the requirements of a parallel type circuit breaker,
and the influences of the inner radius, encapsulation height,
air ducts width and encapsulation number on the coupling
factor are analyzed. According to an actual 220kV AC sys-
tem, the initial design parameters of the coupling reactor are
selected based on equal height and heat flux of the coaxial
encapsulations, and an optimization method is proposed con-
sidering both electromagnetic and thermal aspects, which can
obviously reduce metal conductor usage.

Il. WORKING PRINCIPLE AND STRUCTURAL OF THE
COUPLING REACTOR

A. WORKING PRINCIPLE

The topological structure of a parallel-type circuit breaker is
shown in Fig.1, it mainly includes a coupling reactor and cir-
cuit breaker CB1 and CB2. Under normal conditions, a rated
current passes through the two arms of coupling reactor,
and the leakage inductance is small and has little effect on
the power system. When the device needs to interrupt the
fault current, the device is in one of situations: one situation
involves the two-arm flow current, and the circuit breakers
interrupt the fault current simultaneously; the other situation
involves a single-arm limiting current, when one of the circuit
breakers interrupts first, and the coupling reactor presents
a large inductance, which can limit the fault current to the
breaking capacity of a single circuit breaker, and finally break
off the fault current.

B. STRUCTURAL TYPE OF COUPLING REACTOR

To meet the performance requirements for insulation, heat
dissipation and high coupling for two working conditions,
a dry-type air core reactor is selected for the coupling reactor
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FIGURE 2. The basic structure of coupling reactor.

because of its simple structure, light weight and good linear-
ity, and its structure is shown in Fig.2.

The coupling reactor mainly includes multiple coaxial
encapsulations, in which the odd encapsulations (1, 3, 5...)
make up arm I, even encapsulations (2, 4, 6. .. ) constitute arm
I, adjacent encapsulations are wound in opposite directions,
and each encapsulation is separated by air ducts and stay bar
for insulation and heat dissipation.

C. THE INFLUENCE OF THE STRUCTURE PARAMETERS ON
COUPLING FACTOR

The single-arm inductance needs to meet the requirement
for the coupling reactor, which can be determined from the
encapsulation voltage equation [14], as shown in equation (1).

m—1

> WiWifyli = Lilyor,  i.j=1.3.5,m—1

-

T (M
> WiWifil; = Labor. i.j=2.4,6,m

j=2

where, W;, I; are the turn number and current of encapsulation
i, L1, Ly are the I and II arm inductance, Iy, I2;,; are the I
and II arm current, m is the encapsulation number, and fj; is
mutual inductance geometric coefficient.

According to inductance parameters of the coupling reac-
tor, the coupling factor can be calculated.

M
IRy D))

where, k is the coupling factor and M is the mutual inductance
between two arms.

Fig.2 shows that the main influence factors on the cou-
pling factor are the inner radius, encapsulation height, air
ducts width and encapsulation number. Thus, the actual
parameters of the coupling reactor are selected consider-
ing the influence of these factors, the encapsulation height
is 1 m, the inner radius is 0.3 m, the air ducts width is
0.03 m, and the encapsulation number is 4. Meanwhile,

k=

@
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FIGURE 3. The change in the curve of the coupling factor for the different

parameters. (a) The inner radius. (b) The encapsulation height. (c) The air
ducts width. (d) The encapsulation number.

the design results of the inductances of arms I and II are
the same, with a value of 3.1 mH, and the coupling factor
is 0.9.

VOLUME 7, 2019

Assuming that the other parameters remain constant,
the inner radius, encapsulation height, air ducts width and
encapsulation number are selected as the independent vari-
ables (parameters), and the change in the curve of the cou-
pling factor for the different parameters can be plotted,
as shown in Fig.3.

Fig.3 shows that the coupling factor gradually increases
with increasing inner radius, encapsulation height and encap-
sulation number, and the air ducts width has the opposite
effect. At the same time, the encapsulation number has the
greatest effect among the above parameters, and the coupling
factor can reach 0.98 when the encapsulation number is 10.

lll. OPTIMIZATION OF THE DESIGN OF

THE COUPLING REACTOR

The optimization goal for the coupling reactor is to mini-
mize the metal conductor usage. The preconditions are that
the single-arm inductance, coupling factor and temperature
increase must meet the performance requirements of the cou-
pling reactor, so the object function can be expressed as [15]:

m
min Mass = 1 pg Z W;D;S; 3)

i=1

where, Mass is the total mass of metal conductor, pg is the
mass density, W;, D;, S; are the turn number, diameter, and
cross sections of encapsulation i.

A. THE INITIAL DESIGN PARAMETERS OF THE COUPLING
REACTOR

According to the actual parameters of a 220 kV AC sys-
tem and the requirements of a parallel-type circuit breaker,
the main parameters of the coupling reactor are shown in
Tab.1.

From Tab.1, it can be seen that the inductances of arms I
and II are the same, and the coupling factor is approximately
1; thus, the coupling reactor can be made equivalent to an
ordinary reactor, which is similar to the situation of single-
arm limiting current. The equivalent model is shown in Fig.4.

The inductance matrix can be written as in equation (4).

M1, Mo My ]
My, M M3
mM=| . . (@, y=1,2---m)
: M, :
_Mm,lv Mm,2 Mm,m_

“

Equal height and heat flux of the coaxial encapsulations are
selected in designing the reactor. When adopting this method,
the encapsulation height, air ducts width and heat flux of the
encapsulation are basically the same, providing precondition
conditions for the optimization of the design of the coupling
reactor.

33475



IEEE Access

F. Yuan et al.: Optimization Design of a High-Coupling Split Reactor in a Parallel-Type Circuit Breaker

TABLE 1. The main parameters of coupling reactor.

Parameters VALUE
Rated voltage (kV) 220
Rated current (A) 3150

I arm inductance (mH) 3.1

IT arm inductance (mH) 3.1
Coupling factor =0.98
Temperature rise (C) <90

Symmetry axis
Symmetry axis

XXXXXXXXXXXXX

XXXXXXXXXXXXX|

XX XXXXXXXXXXX

XXX XXXXXXXXXX

| Coupling reactor

Ordinary reactor

FIGURE 4. The equivalent model of the coupling reactor.

According to parameters requirements and design method
for the coupling reactor, the initial parameters are achieved.
The inner radius is 0.5 m, the height is 1.2 m, the air ducts
width is 0.025 m, the encapsulation number is 10, and the cou-
pling factor is 0.98. Meanwhile, the metal conductor usage is
6.3 t (the material is aluminum), and the temperature increase
is approximately 45 °C.

B. COMBINED THERMAL AND ELECTROMAGNETIC
OPTIMIZATION
The realization of combined thermal and electromagnetic
optimization should be in accordance with the conservation
of inductance and maximum temperature increase.
(1)Temperature increase conservation: the heat and heat
dissipation conditions of the inner encapsulation are basi-
cally the same based on equal height and heat flux, so the
encapsulation-air duct unit is selected to reflect the temper-
ature increase distribution of the reactor. Combined with the
knowledge of heat transfer in the vertical pipe, the maximum
temperature increase can be written as [12]:

_ 2gH 2gwd
~ dupC,  ANu

where, ATmax is the maximum temperature rise, g, is the
heat flux conducted from the encapsulation surface to air
ducts, H is the encapsulation height, d is the air ducts width, u
is the average velocity of fluid, p is the fluid density, C, is the
specific heat at constant pressure, Nu is the Nusselt number
of fluid in air ducts, and X is the heat conductivity coefficient.

(2) Inductance conservation: from the point of view
of inductance, an air core reactor with multiple coaxial

A Tmax

&)
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encapsulations is essentially the same as thick wall coils; thus,
a single thick wall coil is selected to reflect the inductance of
the reactor, which can be written as [6]:

— 7'85W112vP¢21v %1 —6 (6)

3D,y + 9Thi + 10H

where, W,,, D,y, H and THi are the average turn number,
average diameter, height and total thickness of thick wall coils
respectively.

Supposing the initial design parameter is xp, the values
become x after adjustment, the definition about k, can be
written as ky = x/x.

To realize combined thermal and electromagnetic opti-
mization considering the changes of encapsulation num-
ber and air ducts width, the structure function is essential,
as shown in equation (7).

{THi — m(a + d)

0

7
H=W, b ™
With the equal height and heat flux of the coaxial encap-
sulations, combined with equations (5) and (7), the total
constraint conditions of the combined thermal and electro-
magnetic optimization method can be written as [16]:

2 Wi _ o Wi
L SiH; ~ J SH;
HI=H]=H (i7j=1527"'7m)
o L ANuky koK, + d%ukzpC, 1
R ANuH + d%ipC, knuky )
W (349’ +108) _,
kWav = = —kD
Wy (34 9a + 108) Pav
THi = m(a +d)
H =W, b

where, @ and 8 are the initial geometry factors, &’ and 8’ are
the optimized geometry factors, a and b are the radial width
and single turn axial height, k.4 is the ratio value of @ and d.

Combined with the initial design parameters of coupling
reactor and the physical characteristic of fluid in the air ducts,
the proportionality factor of metal conductor usage can be
rewritten based on equation (3), where, the value of « is 1.5,
and B is 0.2 [16].

kMass :f(kdv km) 9

In equation (9), it can be seen that the proportionality
factor of metal conductor usage, kjz,ss, is determined by two
independent variables, k4 and k,,, thus, the optimization curve
can be plotted, as shown in Fig.5. Where, the range of k; is
from 0.9 to 1.1, and the k,, ranges from 0.8 to 1.2.

In Fig.5, the kpz455 can be minimized when k; = 1.1 and
ky, = 1.2, the optimal encapsulation number, air ducts width
and structure size can be achieved from the optimization
curve, and the main parameters are as follows: the inner radius
is 0.3 m, the height is 1.84 m, the air ducts width is 0.0275 m,
and the encapsulation number is 12. Meanwhile, the metal
conductor usage is 4.1 t.
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FIGURE 6. The heat flux distribution of encapsulation surface.

C. THE HEAT LOAD OPTIMIZATION

The combined thermal and electromagnetic optimization
method merely considers the situation of a single-arm lim-
iting current. In an actual operation process of a coupling
reactor, a rated current passes through two arms of a coupling
reactor. The current directions are different between adjacent
encapsulations, and the inductance matrix can be written as:

[ M1, —Mip — My
—M> 1, Moy M
M= ey
(=DM,
L —Mm,1, Mm,2 Mm,m

(-xvy:17293_a"'m) (10)

According to the combined thermal and electromagnetic
optimization results, the heat flux distribution of the encap-
sulation surface can be calculated, as shown in Fig.6.

In Fig.6, the heat flux of the inner encapsulation surface
are basically the same, but the outer encapsulation (including
encapsulation 1, 2 and encapsulation 12) are obviously lower
in terms of heat flux than the inner encapsulations, so the
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FIGURE 7. The heat flux distribution of encapsulation surface with the
heat load optimization method.

metal conductor is not fully utilized for the outer encapsu-
lations.

Taking the outer encapsulations of the coupling reactor as
the object to be optimized, when the heat flux of an outer
encapsulation is equal to that of an inner encapsulation under
a two-arm flow current, the heat dissipation conditions of
each encapsulation are basically the same, so the equation
constraint condition can be written as:

gwe =qw (c=1,2,12) (11D

where, gw is the heat flux of the inner encapsulation, and gw,
is the heat flux of the outer encapsulation.

According the heat load optimization results, the equal
height and unequal heat flux are adopted considering the heat
flux of each encapsulation is different, and the constraint
conditions are:

m
Z WiWifiil; = Lolp

i=1,2,---m
J=1 ) ) (12)
keil 7 WifSi = ke jl7Wj/S;
H=H=H ij=1,2,-m

where, k._; is the adjustment factor of heat flux for encapsu-
lation i.

From the equation (12), the optimization design results of
the coupling reactor can be obtained, the metal conductor
usage is 4.0 t, and it is only 63% compared with the initial
design parameters. The heat flux distribution of the encapsu-
lation surface can also be calculated, as shown in Fig.7.

In Fig.7, it can be found that the heat flux of each encap-
sulation are basically the same, so the carrying capacity of
outer encapsulation are obviously increased with the heat load
optimization method.

The optimization design of the coupling reactor includes
two main aspects: combined thermal and electromagnetic
optimization and heat load optimization. The overall opti-
mization flowchart is shown in Fig.8.
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FIGURE 8. The overall optimization flowchart.

IV. SIMULATION VERIFICATION

To verify the correctness of design results for the single-
arm inductance, coupling factor and temperature increase,
the electromagnetic field and temperature field simulation
models are established.

A. INDUCTANCE AND COUPLING FACTOR

According to the design results of the coupling reactor,
a field-circuit coupled finite element method is adopted
to calculate the single-arm inductance and coupling fac-
tor [17]-[19], the circuit model and coil model are shown
in Fig.9.

Some simplification has been done, the coupling reactor is
equivalent to axisymmetric model, the encapsulation height,
air ducts width, turn number and radial width are setting
accordance with the actual structure size, the metal conductor
material and insulation material are based on those of actual
materials.

The boundary conditions are essential to the simulation
calculation, and the setting are as follows: the left boundary
line of the model is set as the symmetry axis, and the upper,
lower and right boundary lines are set as balloon boundary.

The voltage waveform of the single-arm limiting current
can be obtained when the current source is set at 160.65 kKA,
as shown in Fig.10.

Similarly, the voltage waveform with two-arm flow current
can be obtained when the current source is set at 216.75 kA,
as shown in Fig.11.

It can be calculated that the inductances of arms I and
II are 3.1 mH and 3.1 mH, respectively, and the coupling
factor is 0.98; so the simulation results show that the single-
arm inductance and coupling factor meet the performance
requirements of the coupling reactor.

B. TEMPERATURE INCREASE

Temperature increase is an important parameter of the cou-
pling reactor. The FEM (finite element method) is widely
used to calculate the temperature rise, and the correctness
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FIGURE 9. The field-circuit coupled simulation model. (a) The circuit
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FIGURE 10. The voltage waveform of I arm limiting current.

of the approach described in this paper has been verified by
experimental results [20], [21]. According to the optimization
design results of the coupling reactor, a fluid-thermal coupled
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FIGURE 12. The temperature field simulation resuit.

finite element model is established based on the ANSYS
simulation platform, and some simplification has been per-
formed.

Considering only a steady-state thermal process, the influ-
ences of the spider arm and stay bar on the temperature
increase of the reactor are ignored. The reactor is equiva-
lent to a 2D axisymmetric model, and the air ducts width,
encapsulation height and radial width are basically iden-
tical to the design parameters. Meanwhile, the size and
properties of the insulation materials are set to be propor-
tional to the parameters of the actual materials; the whole
computational domain is the 3 times the radial length and
2.5 times the axial height of the reactor in the model.
The governing equation, heat source loading, mesh gener-
ation and boundary condition settings are taken from the
literature [22].

The temperature field simulation result is achieved when a
two-arm flow current is used, as shown in Fig.12.

In Fig.12, it can be seen that the temperature increase
of each encapsulation are basically the same, the maximum
temperature increase is 44.6 °C, which is basically equal to
the temperature increase associated with the initial design
parameters, so the design results meet the flow capacity
requirements of the coupling reactor.
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V. CONCLUSION

The structure of a coupling reactor is given according to the
requirements of a parallel-type circuit breaker, and an opti-
mization method is proposed to minimize metal conductor
usage. The following conclusions can be obtained.

(1) The coupling factor gradually increases with increasing
inner radius, encapsulation height and encapsulation number,
and the coupling factor reaches 0.98 when the encapsulation
number is 10, but the air ducts width has the opposite effect.

(2) The combined thermal and electromagnetic optimiza-
tion, heat load optimization are used in the design of the
coupling reactor. The metal conductor usage is only 63%
compared with a design based on the initial design parame-
ters, which can significantly improve the utilization of metal
conductors.
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