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Abstract—Shunt reactors are important components for high-

voltage and extra high voltage transmission systems with large 

line lengths. They are used to absorb excess reactive power 

generated by capacitive power on the lines when no-load or 

under-load occurs. In addition, they play an important role in 

balancing the reactive power on the system, avoiding overvoltage 
at the end of the lines, and maintaining voltage stability at the 

specified level. In this paper, an analytical method based on the 

theory of magnetic circuit model is used to compute the 

electromagnetic fields of shunt reactors and then a finite element 

method is applied to simulate magnetic field distributions, joule 

power losses, and copper losses in the magnetic circuit. In order 
to reduce magnetic flux and avoid magnetic circuit saturation, it 

is necessary to increase the reluctance of the magnetic circuit by 

adding air gaps in the iron core. The air gaps are arranged along 

the iron core to decrease the influence of flux fringing around the 

air gap on shunt reactors' total loss. Non-magnetic materials are 

often used at the air gaps to separate the iron cores. The ANSYS 

Electronics Desktop V19.R1 is used as a computation and 
simulation tool in this paper. 

Keywords-shunt reactors; air gaps; inductance; Joule power losses; 

copper losses; finite element method  

I. INTRODUCTION  

The shunt reactor is a widely used component that improves 
the stability and efficiency in power transmission systems. 
High-voltage and extra-high-voltage power transmission 
systems usually have relatively large line lengths. Under no or 
small load, parasitic capacitance will appear in the line, its 
value is quite large especially in long lines, which will increase 
the voltage along the line, causing overvoltage at the end of the 
line. This phenomenon is known as the Ferranti effect [1-3]. In 
order to maintain voltage stability at the specified level, it is 
necessary to use shunt reactors to absorb the excess reactive 

power generated by the line capacitance, balancing the reactive 
power in electrical systems [3-5]. 

The construction of shunt reactors is correlated with power 
transformers such as windings, magnetic circuits, insulation 
structures, or shields. The shunt reactor can be considered as a 
transformer working with no load. However, the main 
difference in the shunt reactor, is that each phase is a winding. 
In order to reduce the magnetic flux and avoid the saturation of 
the magnetic circuit, the reluctance is increased by creating 
horizontal gaps. This leads to increased energy stored in the 
gap areas. The volume of gaps depends on the reactive power 
and the selected magnetic inductance. However, the gaps are 
also reasons to flux fringing along the gaps [6-8] which 
increases the power losses in the shunt reactor. The gap needs 
to be divided into several smaller gaps to reduce the effect of 
the flux fringing, thereby reducing power losses in the shunt 
reactor.  

Shunt reactors have been extensively used, e.g. for the 
compensation reactive power in a power system [3, 4], the 
interaction between shunt reactors and the power system in 
different transient conditions [8, 9], and the vibration analysis 
[9, 10]. In this research, an analytical method based on the 
theory of magnetic circuit model and finite element method 
(FEM) were used to compute and simulate the electromagnetic 
parameters of shunt reactors.  

II. ANALYTIC METHOD 

A. Shunt Reactor Modeling 

The model of the shunt reactor is presented in Figure 1. 
Thanks to this model, when ignoring the leakage flux, it is 
possible to divide the magnetic circuit into different parts and is 
given in the equivalent magnetic circuit in Figure 2. 
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Fig. 1.  Modeling of the shunt reactor. 

 
Fig. 2.  Equivalent magnetic circuit. 

 
Fig. 3.  Reduced equivalent magnetic circuits. 

The electromotive force (EMF) generated by the current I 
in the N turns of windings is denoted by F = I.N (A.turn). Due 
to the symmetry of the magnetic circuit, the reluctances of the 
upper and lower yokes are determined by (1):  

�� � �� � �� � �� � 	 �� �	
����
�.�
.�
     (1) 

The reluctances of two sides and of the middle core can be 
defined by (2) and (3):  

�� � �� �	 �� ���
�
.�
     (2) 

�� � 		 �� �.����
�������      (3) 

where µ is the permeability of the ferromagnetic material and lg 
is the total gap length in the core. Wy, Dc, Hy, and Dy are the 
parameters given in Figure 1. 

The diagram in Figure 2, it can be transformed into Figure 
3. The equivalent reluctance of the reduced equivalent 
magnetic circuits is defined as: 

�� � �� � ��������� � �.����
�����.�.�� � �	
�����
����.�
.�
     (4) 

The reluctance of the gap in the iron core is calculated as: 

�� �	 �� �.���.��    (5) 

The reluctance Rc in (4) is very small in comparison with 
the reluctance of the air gaps. Thus, the Rc can be neglected in 
the equivalent magnetic circuit. 

B. Parameter Computations 

In this part, the single phase shunt reactor of 30.33MVar 

(500/√3 and 50Hz) is considered in Figure 1. The idea of this 
step is to increase the reluctance by adding air gaps in the iron 
core. The volume of the air gaps is defined via equations based 
on the magnetic circuit model. It should be noted that the 
volume of the air gaps depends on the main parameters of the 
shunt reactor, i.e. reactive power, magnetic flux density, 
winding inductance, frequency, and energy storage in the 
winding space air gaps. The reactive power is expressed by the 
electric current and the voltage, i.e.: 

# � $. %    (6) 

The winding resistance is normally very small in 
comparison with the inductance, thus it can be neglected when 
defining parameters of the magnetic circuits. The 
electromagnetic force and the electric current are defined as: 

& � '��√�( . ). *. +, � '��√�( . ). *. -, . .�    (7) 

% � .��/ � ' �√�( 01.��� ./     (8) 

where +, , -, ,.�, 3� , ��	and	μ8 are respectively the maximum 

magnetic flux, maximum flux density, area of the air gap, 
length of the air gap, air gap reluctance, and air permeability. 

Based on (7) and (8), the volume Vg is determined by the 
air gap length lg: 

9� � .�. 3� � :;< .=.01� 	    (9) 

where the reactive power, magnetic flux, and frequence are 
considered as constants and so the volume of the air gaps is 

also a constant. Hence, the .�	and	3� will be defined based on 

this air gap, because they are two important parameters that can 
be affected directly to total power losses and the size of shunt 
reactors. 

If the air gap area is equal to the core area, the dimension of 
core is written as: 

>� � ?�.@��     (10) 
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From (10), the yoke area can be defined as: 

>A � >�, BA � @��.�
    (11 a-b) 

and the winding inductance is computed by the reactive power 
and voltage as: 

C � D�
E.:	    (12) 

or  

C � *�. F8 . G@��� H � *�. I�     (13) 

From (13), the turns of the winding and the magnetic 
window are calculated as: 

* � J K
� .�L�M� �

,							.N � ON .BN � /.PQR .S	    (14 a-b) 

where TU is the filled factor of the windings in the magnetic 
window and V is the electric current density. 

In addition, it is seen that in a region around the air gap 
appears flux fringing as presented in Figure 4. 

 

 
Fig. 4.  Modeling of fringing flux around the air gap. 

Thus, the flux fringing is defined as [7]: 

+= � W -. X. � W � .Y����.Z . [. >�
\]M��8 X^     (15) 

The magnetic conducting can be defined via the MMF and 
fringing flux as: 

I= � F8 . >�. ln G1 � ��������.�� H    (16) 

The magnetic conducting taking the flux fringing into 
account is expressed as: 

I�= � I� �I=    (17) 

The turn number is finally written as: 

* � ? Ka�a�b    (18) 

The copper and core losses are defined as: 

IcU �	%�. T= . �d�     (19) 

for 

�d� � 	e. �fg@hR � 	e. �./.���	i��.ji�@hR   

IYk �	Tl. mno. po � n�. p�q    (20) 

where Tl is the auxiliary loss factor, no	and	n� are the losses in 

the core and yoke, and po	and	p� are the weights of the core 

and yoke. The calculated results of the shunt reactor are given 
in Table I. 

TABLE I.  OBTAINED RESULTS OF THE SHUNT REACTOR BY THE 

ANALYTIC METHOD 

Parameters Notation Results 

Reactive power Q (MVAr) 30.33 

Rated voltage U (kV) 500/√3 

Rated current I (A) 105 

Total inductance L (H) 8.7457 

Core dimension Dc (mm) 673 

Core height Hc (mm) 1758 

Total air gap lg (mm) 363 

Turn number N (vòng) 2166 

Winding width Ww (mm) 248 

Winding height Hw (mm) 1488 

Copper loss PCu (kW) 51.9038 

Iron loss PFe (kW) 20.4260 

 

III. FINITE ELEMENT METHOD 

A. Canonical Magnetodynamic Problem 

In this problem, the characteristic size of the studied 
domain r  with boundary sr  = 	t	= t h ∪  t e, is considered 
much less than the wave-length v � w/)  in each medium. 
Hence, the displacement current density is negligible. The 
problem is described by Maxwell’s equations [11-16]: 

curl	| � }so~,			curl	� � �� , div~ � 0    (21a-b-c) 

and the behavioral relations of materials: 

~ � F�,			� � �|    (22a-b) 

where ~ is the magnetic flux density, � is the magnetic field, | 
is the electric field, F  is the magnetic permeability, �  is the 
electric conductivity, � is the eddy current density belonged to 
the conducting part r� 	�r� ⊂ r�, and ��  is the imposed electric 
current density defined in the non-conducting Ω�c , 
with	r� = r� ∪ r�c. 

Equations (21a) and (21b) are to be solved with the 
Boundary Conditions (BCs) that the tangential component of 
the magnetic field on BC is � � �|�� , for n being the unit 

normal exterior to r. 

B. Magnetic Vector Potential Formulations 

Based on the Maxell’s equations along with the constitutive 
relations in (22), the weak form of Ampere’ law (22b) is 
written [5, 11, 13] as: 

W � ∙ curl� ��	XΩ � W � � � ∙ ��
Γ� XΓ� 	� W �� ∙���� XΩ�, ∀	�� ∈ �k8�curl; Ω�    (23) 
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In order to satisfy strongly the lower part of the Tonti’s 
diagram [14], the constitutive laws (23 a-b) have to be 
introduced in (12), i.e.: 

�� W ~ ∙ curl� ��	XΩ } σW | ∙	� ��	XΩ� � W � � � ∙
Γ��� XΓ� 	 � W �� ∙ ���� XΩ�, ∀	�� ∈ �k8�curl; Ω�    (24) 

By substituting b = curl a  and | � }�so� � grad	�� into 
(24), we get: 

�� W curl	� ∙ curl� ��	XΩ} σW so� ∙	� ��	XΩ� �σW grad	� ∙	� ��	XΩ� � W � � � ∙ ��
Γ� XΓ� 	 � W �� ∙ ���� XΩ�   

∀	�� ∈ �k8�curl; r�				    (25) 

where �k8�curl; r� is a curl-conform function space defined on r containing the basis functions for � as well as for the test 
function ��(at the discrete level, this space is defined by edge 
finite elements). The electric scalar potential � is only defined 
in Ω�.  

The energy and inductance are now defined via the 
magnetic flux density and magnetic intensity. This can be done 
in post-processing, i.e.: 

O, � ��W 	~ ∙ �	XΩ� ,  C � �.	1P�     (26) 

IV. NUMERICAL TEST 

The calculated parameters of the shunt reactor given in 
Table I were checked with the FEM developed in Section III, 
with the help of the Ansys Maxwell 3D. Ansys Maxwell is a 
part of the Ansys Electronics software package created by 
Ansys Inc. A 3D model of the single phase shunt reactor with 8 
air gaps is depicted in Figure 5. The distribution of the current 
density in the windings is pointed out in Figure 6. 

 

 
Fig. 5.  3D model of the single phase shunt reactor. 

 
Fig. 6.  Distribution of the current in the winding. 

 
Fig. 7.  Magnetic flux density and magnetic flux line distribution. 

The magnetic flux density and flux line distribution in the 
magnetic core are presented in Figure 7. In Figure 7, C1-C2 is 
the line at the middle of core blocks, G1-G2 is the line at the 
middle of air gap, H1-H2 is the line along the core height and 
H3-H4 is the line along the height of windings. The flux 
density variation along C1-C2 and H1-H2 are depicted in 
Figure 8 and 9 respectively. The flux density obtains maximum 
values near the edges and the corners of the air gaps (Figure 8) 
and it is distributed equally along the H3-H4 as shown in 
Figure 10. 

 

 
Fig. 8.  Flux density variation along the line at the middle of core blocks. 

 
Fig. 9.  Flux density variation along the height of the core. 

 
Fig. 10.  Flux density variation along the height of the windings. 



Engineering, Technology & Applied Science Research Vol. 11, No. 4, 2021, 7411-7416 7415 

 

www.etasr.com Minh et al.: Finite Element Modeling of Shunt Reactors used in High Voltage Power Systems 

 

Copper and core losses are shown in Figures 11 and 12 
respectively. The copper losses in the windings determined by 
the FEM are 52.2859kW whereas the analytical result in Table 
I is 51.9038kW, with the error being lower than 1%. It is seen 
that in order to avoid the increase of losses due to the fringing 
flux acting on the windings near to the gap area, it is necessary 
to divide a bigger gap into several smaller gaps. This reduces 
the fringing flux around the air gaps. 

 

 
Fig. 11.  Energy variation along the line G1-G2 at the middle of the air gap. 

 
Fig. 12.  Copper losses in the windings. 

 
Fig. 13.  Core losses of the shunt reactor. 

TABLE II.  INDUCTANCE VALUES COMPARISON BETWEEN FEM AND 

THE ANALYTIC METHOD 

Parameters FEM Analytic method Error (%) 

Total inductance L (H) 8.6619 8.7457 0.96% 

Gap inductance Lg (H) 5.6953 5.7819 1.50% 

Fringing inductance Lf (H) 2.0017 1.2212 63.91% 

Leakage inductane LL (H) 0.9578 0.8746 9.51% 

 

Similarly, the core losses obtained by FEM are 25.7556kW 
while the analytical result is 20.4260kW, with an error equal to 
26%. It can be seen that the analytical method cannot 
determine exactly the distribution of the magnetic flux density 
in the core and yoke, because the magnetic flux density at 
different positions leads to different losses. In addition, the 

fringing flux component at the gap areas towards the steel foil 
in accordance with the direction of magnetization at different 
angles causes eddy currents that increase the losses in the 
cores. Table II presents the result comparison between the 
FEM and the analytic method. The error on the gap inductance 
between the two methods is 1.5% and lower than 1% for total 
inductance. However, the inaccuracy on the fringing flux is 
very big (63.91%), because the fringing flux cannot be defined 
exactly by the analytic method. 

V. CONCLUSION 

In this study, the parameters of the shunt reactor were 
succesfully computed by the analytic method. Thanks to the 
calculated results from the analytic method, a finite element 
model has been proposed to survey and compare the 
distributions of the magnetic flux density, inductances (total, 
leakage, and fringing flux), and energy storage in the gaps, 
determining the power loss components in the shunt reactor. 
The error of the calculation results of the total inductance 
between the two methods is only 0.96%, showing a very good 
agreement. This test problem can help researchers and 
manufacturers to standardize the type of iron cores of the shunt 
reactors in practice. 
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