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ABSTRACT 

This paper introduces an evaluation of the flux air gaps of Shunt Reactors (SRs) to effectively mitigate 

fringing and leakage fluxes along the height of the iron core. The assessment of these discretely distributed 

flux air gaps in SRs is a rigorous and challenging process. To define their exact number, the case of one 

flux air gap is analyzed and investigated to observe/simulate the influence of the flux density distribution 

and the leakage flux along the air gaps on the reactive power and the operation conditions of the SR. Based 

on that, to reduce leakage flux, a large flux air gap is divided into smaller ones. Initially, an analytic model 
is presented to define the main parameters of the SRs. Then, a finite element method is developed to 

simulate electromagnetic quantities, such as the magnetic flux density, leakage flux, and electromagnetic 

force. The obtained results can help manufacturers define the exact number of flux air gaps along the iron 

core of the SR. From that, a suitable technology can be given in manufacturing high voltage SRs applied to 
high or super high voltage transmission lines.  

Keywords-shunt reactors; leakage flux; electromagnetic force; flux air gaps, analytical method; finite element 
method 

I. INTRODUCTION  

Shunt Reactors’ (SRs) purpose is to absorb voltage 
fluctuations resulting from variations in load and capacitive 
load on high-voltage transmission lines. The SRs can be 
continuously switched on based on the load condition of the 
power transmission lines. They play a crucial role in mitigating 
transients entering the circuit, with inrush current being a key 

consideration. So far, many applications of SRs in high-voltage 
power systems have been studied. Authors in [1, 3] applied the 
Finite Element Method (FEM) to study the properties and 
phenomena of the SRs used in high voltage systems. In [4-9], 
the FEM was developed to formulate the Maxwell stress tensor 
for calculating the electromagnetic parameters of the SR. The 
relation of leakage and fringing inducances were also 
established. In [10], the required parameters are defined via the 
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analytical approach based on the theory of magnetic circuit 
models. In [11], the arrangement of flux air gaps along the iron 
core was orchestrated toalleviate the impact of fringing and 
leakage fluxes around these gaps. However, this research has 
not shown the exact number of flux air gaps that need to be 
split from a large flux air gap into smaller ones, something that 
still constitutes a big challenge for researchers and designers.  

In this paper, the analytical computaion process is first 
considered to define the main parameters of the SR. Then, a 
finite element model is developed to investigate and evaluate 
the leakage and fringing flux distribution along the flux air 
gaps and the electromagnetic forces acting directly on the core 
blocks of the SR. Thus, the exact number of flux air gaps of the 
SR can be obtained helping researchers and manufactures to 
choose a suitable technology in designing and manufacturing 
SRs. The proposed method is applied and validated on the 
practical problem of 17 MVar, 500kV. 

II. BACKGROUND ON SHUNT REACTORS 

A. Determination of the Main Dimensions of the SR 

In this part, a single phase SR (reactive power of 17 MVar, 

voltage of 500/√3, frequency of 50 Hz) with a single and muti-
flux air gap is considered. The model of this SR is given in 
Figure 1.  

 

 

Fig. 1.  Model of the flux air gap of the SR. 

The electromagnetic force (EMF) and the electric current 
are provided in [12-14]. The volume of the air gap (Vk) is 
determined as [6, 12-14]: 

V� � A�. l� � 	
��.
.���     (1) 

The dimension of core block (D�� can be defined via the 
term A�: 

D� � ��.���      (2) 

The winding inductance is calculated by [3-5]: 

L � N�. μ� . �����  � !" #
$�.%&�'� �(

�
. ϕ�*+�  (3) 

where ϕ�*+�  is the leakage flux and l� is the thickness of the air 
gap. 

B. Analysis of the Flux Air Fap of the Shunt Reactor 

In this part, the impact of the number of flux air gaps on the 
iron core SR is analytically considered. Figure 2 shows an SR 

with a single flux air gap. From Figure 2, the flux density (B) at 
the flux air gap is computed by [10, 15]: 

B � $- ..%��/�.0�     (4) 

where F is the magnetomotive force (MMF) and r is the radius 
of the leakage flux (ϕ�*+�∗�.  

For a single flux air gap, the ϕ�*+�∗ can be defined as [6, 
10]: 

ϕ�*+�∗23 4 �567 �  μ9. D:. ln �1 = �.�>�.��   (5) 

where ls is the thickness of core block. 

For the multi-flux air gap, the ϕ?'@A�∗BCis defined as [10]:  

ϕ�*+�∗D3 � 4 �56. � 4 $-�E>F%GH3��>/G��/�.0I�JK� d0  

� $-.EJ� . ln �1 = �.�>%GH3��>/G��    (6) 

where g is the air gap number.  

The total magnetic flux (ϕM9M+�) takes the fringing flux into 
account and is expressed as: 

ϕM9M+� � ?N/?'@A�∗OCG = ϕ�*+�∗D3   (7) 

Based on the analytic theory developed above, the results of 
the main parameters of the proposed SR of 17 MVar are 
displayed in Table I. 

TABLE I.  ANALYTICAL RESULTS 

Parameter Symbol Value 

Reactive power Q (MVAr) 17 

Rated voltage U (kV) 500/√3 

Rated current I (A) 58.89 

Total inductance Ltotal (H) 15.6 

Fringing inductance Lfringing (H) 4,9 

Gap inductance Lgap (H) 9,6 

Core dimension Ds (mm) 572 

Height of core Hs (mm) 1579 

Total air gap lk (mm) 264 

Turn number N (turn) 2761 

Width of winding Wd (mm) 218 

Height of winding Hd (mm) 1309 

Gaps g 6 
 

III. FINITE ELEMENT METHOD  

A. Maxwell’s Equations 

The Maxwell’s equations and behavior laws are written in 
Euclidean space ℝQ as [10, 12]: curl U � V:     (11a) curl W � Xjω [    (11b) div [ � 0     (11c) [ � μU     (12a) V � σW     (12b) 
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where U is the magnetic field (A/m), [  is the magnetic flux 
density (T), W  is the electric field (V/m), V:  is the current 
density (A/m2), V  is the eddy current density (A/m2), and μ 
and σ are respectively the relative permeability and the electric 
conductivity (S/m). 

Equations (11a) and 11(b) are solved with boundary 
conditions (BCs) defined on Γ, they are expressed as [11, 12]:  a b U|de � 0    (13a) 

 a ∙ [|d@ � 0      (13b) 

where a is the unit normal exterior to Ω (with Ω � Ω� ∪ Ωi� ). 
Domain Ω�  is the conducting region and Ωi�  is the non-
conducting regions.   

The fields H, B, E, and J belong to the function spaces jk %curl; Ω� and j* %div; Ω� that are satisfied. Tonti’s diagram 
[6] is illustrated in Figure 2, with U ∈ jk %curl; Ω� , W ∈j* %curl; Ω�, V ∈ U %div; Ω� and [ ∈ j* %div; Ω�. 

 

 
Fig. 2.  Tonti’s diagram. 

B. Weak Formulations of Magnetic Vector Potential 

The field [ in (11c) is derived from a vector potential n: [ �  curl n           (14) 

From (11b) and (14), the field E can be defined via the 
electric scalar potential o: W �  X ∂Mn X grad ν     (15)  

Based on the Ampere’s law (11a), the weak formulation of 
magnetic vector potential is written as [10, 12]: 

3$ ∮ %curl n ∙  curl uv�dΩ Xw σ ∮ %∂Mn ∙  curl uv�dΩ� =wJσ ∮ %grad ν ∙  curl uv�dΩ� = 4 %a b U� ∙ uvdΓd �wJ   

∮ %Vx ∙ uv�dΩ:w>  , ∀ zv ∈ j{�%curl, Ω�     (16) 

where the function space j*�%curl, Ω� defined in Ω contains the 
basis functions for n and for the test function uv.  

The inductance value L is defined via the post processing: 

  } � ∮ U∙[~ 5w��      (17) 

IV. NUMERICAL TEST 

The tested problem is a single-phase high voltage SR with a 
power of 17 MVar, voltage of 500/√3 V and frequency of 50 
Hz. The main parameters of the SR are already designed in 
Table I. The model of the single phase SR is depicted in Figure 
3. The distribution of magnetic vector potential and magnetic 
flux density in the iron cored of the SR with a single flux air 
gap is presented in Figure 4.  

 

  

Fig. 3.  Modeling of a single phase 16 MVar SR. 

 
Fig. 4.  Distribution of magnetic vector potential. 

 
Fig. 5.  Distribution of different inductance components. 

It can be seen that the fringing flux appears in the air gaps 
along the core blocks and the height of the winding is very 
large, increasing the fringing/leakage inductance in the flux air 
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gaps as portrayed in Figure 5. The maximum value on 
magnetic flux density [ �  curl n  is 1.7 T. The obtained 
results indicate that when the circuit material has a high 
permeability and the air gap is sufficiently small, the magnetic 
flux is predominantly distributed within the core of the circuit 
without significant leakage. However, for a single flux air gap, 
the magnetic flux leakage will be very large, leading to a large 
leakage inductance. This influences directly the operational 
performance of the SR. In order to reduce the distribution of 
magnetic flux density ([ �  curl n) and leakage/fringing flux 
along the core block and the height of the winding, a divided 
technique of the flux air gap is performed. In this study, a 
single flux air gap is split into six portions. Each portion has 
magnetic flux density and eletromagnetic force acting directly 
on each core block. 

The distribution of flux density along the core blocks at 
lines T1T2 and T3T4 with the different flux air gaps is depicted 
in Figure 6. It can be seen that for one and two air gaps, the 
flux density reaches 0.8 T in the central region of the core 
blocks and strongly decreases towards both edges of the core 
blocks. When the flux air gap is bigger than two gaps, the flux 
density value is reduced to 0.75 T. Of course, the minimum 
value at the corner of the core block for the six flux air gaps is 
also reduced to 0.05 T.  

 

 

 
Fig. 6.  Flux density in lines T1T2 (top) and T3T4 (bottom) along the core 

block of the SR. 

The distribution of flux density along the core blocks in line 
T5T6 with different flux air gaps is exhibited in Figure 7. The 
maximum flux density is 0.55 T for a single flux air gap, and 
0.18 T for six flux air gaps, decreased by 70% compared to the 
case of a single-flux air gap. Figure 8 shows the flux density in 
the line Y1Y2 along the winding of the SR. It can be observed 
that the maximum flux density is 0.35 T for a single flux air 
gap, and 0.14 T for six flux air gaps, decreased by 60%. 

 

Fig. 7.  Flux density in the line of T5T6 along the core block of SR with 
different flux air gaps. 

 

Fig. 8.  Flux density in lines Y1Y2 along the core block of the SR with 
different flux air gaps. 

 
Fig. 9.  Flux density in lines K1K2 across the core block of the SR with 

different flux air gaps. 

The flux density in the lines K1K2 across the core block of 
the SR with different flux air gaps along the winding of the SR 
is presented in Figure 9. The results indicate that for six flux air  
gaps, the flux density is equal to 1.1 T at the corner of the core 
block and 0.8 T at the core middle, while for a single flux air 
gap, its value is 1.8 T at the corner and 1.75 T at the core 
middle. This means that it is reduced by 0.6 times compared to 
the single flux air gap case. In a similar analysis, the 
distribution of the flux density along the the core blocks at the 
line M1M2 with six air gaps is pointed out in Figure 10. The 
EMF on the segment K1K2 in the case of six flux air gaps is 
depicted in Figure 11. It can be seen that for one flux air gap, 
the force near the corner of the core block is very large and 
reaches approximately 3.1 × 105 N at the corner. It should be 
noted that when the number of air gaps increases, the force 
decreases. Specifically, when the number of air gaps is 5, the 
value of the force change is very small in comparison with the 
case of a single flux air gap. 
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Fig. 10.  Fluxensity in lines M1M2 along the core block of the SR with 

different flux air gaps. 

 

 
Fig. 11.  Electromagnetic force at the line K1K2 acting on the core block 

with six flux air gaps. 

TABLE II.  FLUX DENSITY AND INDUCTANCE WITH 
DIFFERENT FLUX AIR GAPS 

Air gap no B (T) Ltotal (H) Lgap (H) Lrated = Ltotal/Lgap 

2 0.230 18.44 10.24 1.80 

4 0.171 16.06 10.23 1.59 

6 0.154 15.32 10.22 1.50 

8 0.149 14.93 10.22 1.46 

10 0.146 14.77 10.22 1.44 

12 0.146 14.60 10.22 1.43 

16 0.146 14.86 10.47 1.43 

20 0.146 14.44 10.22 1.41 

25 0.146 14.38 10.21 1.41 

29 0.146 14.35 10.20 1.41 
 

 
Fig. 12.  Relationship between flux density and the number of flux air gaps. 

 

Fig. 13.  Relationship between the rated inductance and the flux air gap 

number. 

Based on these values, the suitable number of flux air gaps 
is proposed for researchers and munufactures who want to 
define the reactive power and current during the operation of 
the SRs.  

V. CONCLUSION 

The current article has successfully combined the analytical 
method and finite element modeling to determine the impact of 
the number of air gaps on flux density, electromagnetic force, 
and inductance values of the SR. To achieve this, the analytical 
method was first developed based on the results of previous 
studies to determine the required parameters of the SR as 
shown in Table I. Subsequently, a finite element model was 
proposed to simulate the electromagnetic parameters. The 
acquired results of the paper allow to: 

 Determine the exact number of air gaps based on the total 
inductance ratio to air gap inductance. 

 Analyze the distribution of the flux density from the 
winding in the air gap, both radially and along the coil 
winding and the core blocks. 

 Investigate the distribution of EMFss acting on the surface 
of the core blocks corresponding to different numbers of air 
gaps. 

 Establish the values of air gap inductance and explore the 
relationships between the inductance values and the number 

of air gaps. 
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The obtained results may serve as reference data, assisting 
researchers and manufacturers in selecting suitable flux air 
gaps and insulation materials for SRs in practice. 
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