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Abstract

The shunt reactor (SR) is applied in electrical systems to avoid the overvoltage and absorb the reactive power in transmission lines under
operation with no or low load conditions. To avoid magnetic saturation, an air gap is designed at the middle of core of SR. However, the size
and shape of air gap will influence directly in the distribution of leakage and fringing fluxes. This leads to uneven distribution of flux density
in the SR core and generate electromagnetic forces (EMFs) acting on the core and windings of the SR. The (EMFs) tend to push/compress
the SR core with the different directions, causing oscillation, vibration, and generating audible noise, affecting the operation of the SR.
Recently, many papers have studied the SR with one or several air gaps. For the one air gap, it usually has a large size, which leads to a
significant leakage and fringing fluxes. In the case of multiple air gaps, the leakage and fringing fluxes will be smaller, leading to reduction
of the EMF acting on the core blocks of SR. However, the use of multiple air gaps will encounter technological difficulties. In this paper,
the corner chamfer of SR core is proposed to investigate the distribution of magnetic fields along the core block and EMF acting on the core
block, as well. This development is performed with two steps: an analytical model is first presented to define main parameters of SR, then a
finite element method is applied to calculate and simulate the electromagnetic parameters such as magnetic fields and electromagnetic forces
of the SR. The presented method will be validated on a practical single-phase SR.
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Symbols 1. Introduction

Symbols Units  Description In order to avoid the overvoltage and maintain the stable volt-
A Wb/m Magnetic vector potential age at the end of transmission lines of 110 £V, 220 kV and
B T Magnetic flux density 500 £V under non-load or no-load operation, a shunt reactor
H A/m Magnetic flux intensity (SR) is used to absorb and balance the reactive power [1]-[5].
E V/m Electric field Recently, many papers used different methods to study the SR
Js A/m?  Electric current intensity with one or several air gaps. In [1], the SR with one air gap
u H/m Magnetic permeability usually has a large size, which leads to a significant leakage
c S/m Electric conductivity and fringing fluxes as pointed out in Figure 1. This develop-
(o S/m Electric conductivity ment was based on the Schwarz-Christoffel transformation [1]
Q Study domain and 2D finite element analysis to investigate the field distribu-
Q. Conducting region tion around the air gap.

Qg Non c.onductlng region In [2], the SR with multiple air gaps was presented. In this
H' (curl;Q) Function space study, the leakage and fringing fluxes will be smaller, reducing
() Volume integral the electromagnetic force (EMF) acting on the core blocks of
< - >T Surface integral

SR. However, the use of multiple air gaps will encounter tech-
nological difficulties. In [3], an analytical method was devel-
oped to compute the circuit dimensions and winding param-
Abbreviations eters of SR. The results obtained from the proposed method
were verified by the finite element method (FEM). In [4], the
authors applied the FEM to reduce losses caused by eddy cur-
rents in the winding of SR by optimizing the air gap clear-
ance in the winding. The approach of the method was carried
out in two steps: the calculation of the losses generated in the

SRs Shunt reactors
FEM Finite element method
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Figure 1. Modeling of the SR with an air gap [1].

winding is first considered. The average magnetic flux density
around the air-gap is then computed. In [5], the authors pre-
sented a way of the air gap arrangements along the core blocks
to reduce the influence of fringing fluxes around the air gaps.
In, a FEM was developed to compute the field distributions
around the air gaps, and the EMF on the core blocks of the
SR.

Figure 2. SR with air gap chamfer.

In this study, the air gap with different chamfers of SR core
is proposed as shown in Figure 2. This development is per-
formed with two steps: an analytical model is first presented
to define main parameters of SR, and then a FEM is applied
to investigate and simulate the distribution of magnetic fields
along the core block and EMF acting on the core, as well. The
proposed method will be validated on a practical single-phase
SR (Q = 16MVar; U = 500/+/3).

2. Background of theory

2.1. Electromagnetic problem by analytic analysis

As presented in [6]-[10], the electric current is defined via the
relation of FEM, magnetic flux and magnetic reluctance, that
is

L) B 1,
V2 o.N’
where B, is the maximum magnetic flux density in the core
(T), I, is the air gap length (m), NV is the turn numbers of the
winding and L is the permeability of the air gap H/m. The
B, is calculated via the below expression [6]:

[ ow
B = v @)

where Q is the reactive power of SR (MVar), f is the fre-
quency and V, is the air gap volume (m?). Based on the value

I=( ey

of magnetic flux density defined in (2), the EMF (F) acting
on the SR core is defined [7], [8], i.e.,

F= __mSc (N) (3)

where S, is the cross-section of the SR core (m?). From the
(3), the EMF density acting on the core surface is defined as

F 1B )
=—==-—"(N 4
V=5 g e /) )
In addition, the F; can be defined via the Maxwell stress ten-

sor, that is [5], [16]

1 1 2
Fi=—3H.VB=— HHY(N/m) 5)
The term of F; can be defined via the normal and tangential
components

1 1, B2

Fr=—3(H +H) Vi = —5CETH) VL N/?) ()
If the fringing flux is neglected, the the tangential component
(H;) is equal to zero. Thus, the equation (6) becomes

Fy=—5(=5) v u(N/m?) (7

2.2. Electromagnetic problem with the FEM

In this part, the FEM is developed to analyzed electromag-
netic parameters of the SR. Where the EMF (F') acting on the
core blocks is performed via the post-processing. The set of
Maxwell’s equations defined in Q (Q =Q, U QLC. is written as
(51, [11]-[13]:

curlH = Jg, divB=0, curlE = —9,B (8a-b-c)

These equations are solved with the behavior laws, i.e.,

B=uH,J =0E (9a-b)
The boundary conditions (BCs) are then expressed as
n-B|1—e=0,n><H|rh=O, (10a—b)

where n is the normal component.

Besed on the set of Maxwells equations and behavior laws
given in (8) and (9a-b), the term on B is expressed via the A,
that is

B =curlA (11)
By substituting (11) into (9a-b a), one has
curl (E+ jwA) =0 (12)

The weak form for magnetic vector potential formulations (A)
is established via the Ampere law (8 a)
(1 'curlA, curlA")g + (6E,A)q, + (n x H,A)r,

= (J;,A)q,,VA' € H} (curl;Q) (13)
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Table 1. Main parameters of the SR

No Parameter Symbol Value

1 Reactive power O(MVAr) 16

2 Rated voltage U(kV) 500/+/3
3 Rated voltage U(kV) 500//3
4 Total inductance L(H) 16,57
5 Fringing inductance L(H) 5,15

6  Air gap inductance L (H) 10,26
7  Core diameter Dy(m) 0.572
8  Core height H(m) 1,534
9  Core height H(m) 1,534
10 Length of air gap I (m) 0.256
11 Turn numbers N(turn) 2853
12 Winding width Wa(mm) 0211
13 Winding heigth Hy(mm) 1.264

The E in (13) is expressed via the magnetic scalar potential
(v), that is E = —jwA — gradv. Thus, the equation (13) is
rewritten as [16]:

(u'curlA,curlA")g + (64,4 )q, + jo(cgradv,A')q,

+{nx H,Ar, = (J5,A))q,, VA" € H} (curl;Q) (14)
The EMF (F) acting on the core blocks is now defined via the
post-processing, i.e.,

F =
Chiock

curl A % J - dT ey, = / ThioctB % J - Ty (15)

where [, is the surface of core block.

3. Application test

To verify the developed theoretical model, the practical ap-
plication problem is a practical single-phase SR. The main
parameters of the SR obtained by the analytical method are
given in Table 1. The geometric structure of the SR with a
chamfer corner of 45° is already described in Figure 1. The
3D mesh of the SR to achieve convergence of the solution is
presented in Figure 3.
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Figure 3. 3D mesh of the SR.

The distribution of fields (such as the magnetic vector poten-
tial and magnetic field) is pointed out in Figure 4. Figure 5 and
Figure 6 show the comparison of distribution of magnetic flux
density (B) in the air gap of SR along the 7172 and 7374, for
different chamfer corners with the reference solution. In the
case of an air gap with no chamfer corner, the results indi-
cate that for the 7172 axis, the B reaches its maximum value
(B = 0.34T) in the middle region of the core and decreases

sharply towards the edges of the core . At the 7374 axis posi-
tion, the B value reaches 0.78T (reaching saturation) and de-
creases to 0.357 in the edge region of the core (air gap), due
to the higher magnetic reluctance in this region compared to
the center position of the core. In the case of different cham-
fer corners, the B in the middle of the core decreases signifi-
cantly and gradually increases towards the edges of the core,
while decreasing gradually from the edges towards both sides.
It should be noted that the value on B is the smallest in com-
parison with the smaller chamfer corners and reference. The
distribution of B along the winding height (TS5 and T6; T7 and
T8), for the different chamfer corner is presented in Figure 7.
In a similar way to the previous explanation, the value on B is
the lowest for the chamfer corner of 45° and is the biggest for
the air gap with no chamfer corner.

Figure 4. Distribution of magnetic vector potential (leff) and mag-
netic field (right), for chamfer corner of 459.
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Figure 5. Distribution of magnetic flux density in the air gap of SR

along the T1 and T2, for different chamfer corners.

Figure 8 illustrates the distribution of B along the height of
the core (M1M2). For the air gap with no chamfer corner, the
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Figure 7. Distribution of magnetic flux density along the winding
height (TS and T6; T7 and T8), for different chamfer corners.

4 X .
-%-M1M2 chamfer 45°

-5-M1M2 chamfer 30°
M1M2 chamfer 15°
“FM1M2 reference

INd o
o w o

33
T

Magnetic flux density [T]
N

N\
05 o Ne,
a —& e
0 £Y =) B—d-—pg
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Distance [m]

Figure 8. Distribution of magnetic flux density in the air gap of SR
along the M1 and M2, for different chamfer corners.

result shows that along the winding, the B is relatively low due
to the higher magnetic reluctance.

Figure 9 illustrates the distribution map of the EMF (F) for a
chamfer corner of 45, In Figure 10, it can be observed that the
EMFs have the same direction but opposite in magnitude, ex-
erting a pushing and squeezing effect on the core along the air

Figure 10. Distribution of electromagnetic force in the air gap of SR
along the K1 and K2, for different chamfer corners.

gap. This can cause a misalignment of the core, affecting the
structure of the electromagnetic circuit and generating noise
during operation. In the case of a chamfered air gap, the EMFs
along the K1K?2 section exhibit fluctuations in the middle of
the core. It should be noted that the evenly distributed the EMF
corresponds to the case of a chamfered air gap at a 15°. With a
chamfer the corner of 115°, the flux leakage and fringing flux
reach the minimum value as the analyzed above.

4. Conclusion

In this paper, the two methods (analytical method and FEM
method) have been successfully presented for computing and
simulating the magnetic flux density distribution inside and
around the air-gap of the core blocks and the EMFs) acting on
the surface of the core blocks of the SR. In both methods, the
obtained results have showed that the EMF acting on the up-
per and lower surfaces of the core block is in the same direc-
tion but opposite in magnitude, approximately equal to each
other. This directly affects the separating plates between the
core blocks, causing structural deformation of the core blocks
and winding due to the high compressive force they have to
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endure. The results obtained from this study will serve as a
basis to help designers and manufacturers of SRs to develop
solutions for the structure of the separating plates between the
core blocks prior to production. Particularly, it provides the
appropriate choice of the chamfer corner in the steel core to
reduce the EMF acting on the surface of the core blocks and
the surfaces of the separating plates with the different cham-
fer corner. In particular, the paper has presented the electro-
magnetic fields with the chamfer corners of 150, 30° and 450,
where the suitable chamfer corner for the core block is 30°.
Based on this analysis, it will help the designer and manufac-
ture to improve electromagnetic parameters of the SR.
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