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Abstract—This paper presents a method for the sizing of a 
gapped-core nonlinear shunt reactor used for mitigation of 
overvoltages in a medium voltage distribution network with a 
high level of distributed generation. The study of the transient 
phenomena that occurs during reactor switching-in is also 
carried out. These phenomena include (i) inrush currents during 
switching due to saturation of the magnetic core, which is a 
silicon-steel (SiFe) iron core, and (ii) also the resulting voltage 
drop due to these high currents. The study shows the design a 
1.4 Mvar shunt reactor with steps of 0.2 Mvar and presents 
inrush currents for the various steps.  

Index Terms—Shunt reactor, reactive power, electromagnetic 
transient,  saturation, inrush current, medium voltage (MV)  

I. INTRODUCTION 

The high variability and uncertainty introduced in modern 
power distribution systems due to decentralized renewable 
energy generators requires new solutions for grid 
management and power quality assurance. DSO should be 
able to guarantee at all instant a voltage level in the range of 
0.95 p.u ≤Vmax_node ≤ 1.05 p.u on the medium voltage network 
and 0.90 p.u ≤Vmax_node ≤ 1.10 p.u on the low voltage network 
[1]. In the present paper we focus on the overvoltage 
constraints resulting from the integration of photovoltaic 
generation into the existing grid and the installation of 
underground cables which produces much more reactive 
power than overhead lines. This issue is likely to become 
more frequent in the future with the expected growth of local 
generation. It will be a key issue for the DSOs who need to 
optimize their investments and must be enablers of the 
distributed generation development. The solution 
investigated is the use of shunt reactors to mitigate 
overvoltages. [2] They are widely used in transmission 
networks and they can also provide a solution for voltage 
control in distribution systems as well. 

The sizing of an iron core shunt reactor with airgap is studied 
in [3], [4], [5]. A proposed model for reactor sizing is going 
to be detailed here, with the analysis of inrush currents during 
switching-in, and the resulting voltage drop. 

Considering a sinusoidal voltage source e(t), when energizing 
the reactor, the flux ϕ(t) will evolve with the voltage such that 

 𝑒𝑒(𝑡𝑡) = 𝐸𝐸√2𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝑡𝑡 + 𝜃𝜃0) (1) 
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Let’s note ϕm the maximum flux in steady state, then the peak 
flux ϕpeak during the energization depends on the switching 
time and on the residual flux. 

If energizing is done at the zero crossing of the voltage, the 
peak flux is equal to twice the maximum flux plus the residual 
flux ϕr. 

 𝜃𝜃0 = 0               𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑑𝑑𝑟𝑟 + 2𝑑𝑑𝑚𝑚 (3) 

On the other hand, if the energizing is done at the maximum 
voltage, the peak flux is equal to the maximum flux plus the 
residual flux. 

 𝜃𝜃0 =
𝜋𝜋
2

                𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑑𝑑𝑟𝑟 + 𝑑𝑑𝑚𝑚 (4) 

Figure 1 below (as described in [5]) shows the variation of the 
flux generated according to the switching time of the shunt 
reactor with respect to the supply voltage. 

 
Figure 1 : Voltage - Flux variations for a ferromagnetic core [5] 



II. SIZING OF SHUNT REACTOR 

A. Determination of the number of turns and core cross 
section 

The reactors have ferromagnetic cores with integrated air 
gaps. Due to these air gaps, the cores cannot be significantly 
saturated, and will have a reasonably linear behavior during 
switching-in events. Sizing with air gaps allows for 
reasonable physical characteristics, limits core saturation, 
therefore reduces reactor iron losses with lower remanent 
flux. Figure 2 shows the three arms of the core with equally 
sized air gaps with the turns wound around the core. 

 
Figure 2 : Magnetic core with air gap 

To determine the current-flux characteristics of the magnetic 
material it is necessary to determine the number of turns and 
the cross section of the iron core. The inductance value is 
defined from the requested reactive power given by; 

 𝐿𝐿𝜔𝜔 =
𝑈𝑈2

𝑄𝑄
 (5) 

 ℛ =
𝑠𝑠2

𝐿𝐿
 (6) 

Where L is the inductance, Q the reactor’s reactive power 
available, U the grid voltage, n the number of turns, ℜ the 
magnetic reluctance, and ω the angular frequency. 

To determine the number of turns we start from Ampere's law 
considering the difference of the flux intensity in the 
ferromagnetic core and in the air. 

 𝐻𝐻𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖 ∗ 𝑙𝑙𝑝𝑝 + 𝐻𝐻𝑝𝑝𝑖𝑖𝑟𝑟 ∗ 𝑒𝑒 = 𝑠𝑠 ∗ 𝑠𝑠 (7) 

 𝐵𝐵𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖 = 𝐵𝐵𝑝𝑝𝑖𝑖𝑟𝑟 (8) 

Where Hiron and Hair are the magnetic field intensity in the 
iron core and in air respectfully, Biron and Bair the magnetic 
flux density, le the field length, e the length of the airgap and 
i the current flowing in the turns.  

From the reluctance in (6) and magnetomotive force in (7), 
we obtain the following relationship between the flux and 
current in the coils; 

 𝑠𝑠 ∗ 𝑠𝑠 = ℛ ∗ 𝜑𝜑 = ℛ ∗ 𝐵𝐵𝑝𝑝𝑖𝑖𝑟𝑟 ∗ 𝑠𝑠 (9) 
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The iron core used in this study is made of silicon-steel alloy 
with a cross-section s to be determined. The relative 
permeability 𝜇𝜇r of iron-silicon is 54 ∗ 103  at room 
temperature [6] and according to the size of the air gap we 
find that ; 

 ℛ =
𝑒𝑒
𝜇𝜇0𝑠𝑠

  𝑤𝑤𝑠𝑠𝑡𝑡ℎ  𝒍𝒍𝒍𝒍 ≪  𝒍𝒍𝒆𝒆𝒓𝒓 (11) 

Typically for an air gap of 0.01 m, the magnetic field length is 
negligible compared to the product e𝜇𝜇r which will be; 

 𝑒𝑒𝜇𝜇𝑟𝑟 ≈ 500 𝑚𝑚 (12) 

Finally, we find the number of turns necessary for reactive 
power level Q to be absorbed by the reactor is found as 
follows; 

 𝑠𝑠 = �3
2
𝑈𝑈 ∗ 𝐵𝐵
𝑄𝑄

∗ �
𝑒𝑒
𝜇𝜇0
� (13) 

For le ≪ e𝜇𝜇r and for a given reactor power level, the sizing 
factor is the air gap size. Optimization of the air gap size for 
a reactor power can be done to limit copper losses since the 
number of turns depends on the air gap size. The cross-
section of the core is 

 𝑠𝑠 = �2
3

𝑈𝑈
𝜔𝜔 ∗ 𝐵𝐵 ∗ 𝑠𝑠

 (14) 

Table 1 below summarises the number of turns and the core 
cross-sections determined for the different reactor sizes. 
These parameters allow to find the flux-current 
characteristics of the reactors. The dimensions are physically 
realisable. 

Table 1 : Number of turns and core cross section 

Q 
[Mvar] 

Inductance L 
[H] 

Turns 
[n] 

Cross-section S 
[m2] 

0.2 6.37 1023 0.05 

0.4 3.18 512 0.10 

0.6 2.12 341 0.16 

0.8 1.59 255 0.21 

1 1.27 204 0.26 

1.4 0.91 146 0.37 

B. Flux-current  characteristics 
The magnetization curve is plotted for a maximum 

magnetic induction of 1.5 T. The magnetic field intensity 
defined at the beginning of the saturation is given by; 

 𝐻𝐻𝑠𝑠𝑝𝑝𝑡𝑡_𝑠𝑠𝑡𝑡𝑝𝑝𝑟𝑟𝑡𝑡 = 𝐵𝐵𝑠𝑠𝑝𝑝𝑡𝑡_𝑠𝑠𝑡𝑡𝑝𝑝𝑟𝑟𝑡𝑡 (𝜇𝜇0𝜇𝜇𝑟𝑟)⁄  (15) 

A good approximation of the curve for saturation is the 
hyperbolic tangent [7] defined for the beginning of saturation 
and the maximum saturation; 

 𝑎𝑎 = 𝑎𝑎𝑡𝑡𝑎𝑎𝑠𝑠ℎ(𝐵𝐵𝑠𝑠𝑝𝑝𝑡𝑡_𝑠𝑠𝑡𝑡𝑝𝑝𝑟𝑟𝑡𝑡/𝐵𝐵𝑠𝑠𝑝𝑝𝑡𝑡)/𝐻𝐻𝑠𝑠𝑝𝑝𝑡𝑡_𝑠𝑠𝑡𝑡𝑝𝑝𝑟𝑟𝑡𝑡  (16) 

 𝐵𝐵𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑟𝑟 = 𝐵𝐵𝑠𝑠𝑝𝑝𝑡𝑡 ∗ 𝑡𝑡𝑎𝑎𝑠𝑠ℎ (𝑎𝑎 ∗ 𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑟𝑟) (17) 



Where ‘a’ is non-linearity coefficient between Bsat_start and 
Bsat, Hnonlinear is the field defined with respect to the beginning 
of saturation. 

Figure 3 is the saturation curve obtained from MATLAB 
implementation for a ferromagnetic iron-silicon material with 
a permeability of 54 ∗ 103. 

 
Figure 3 : Theoretical saturation curve silicon steel 

From Ampere's theorem we deduce that 

 𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑟𝑟 =
𝜇𝜇𝑟𝑟 ∗ 𝑒𝑒
𝑠𝑠

∗ 𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑟𝑟 (18) 

 𝜑𝜑𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑟𝑟 = 𝐵𝐵𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑟𝑟 ∗ 𝑠𝑠 ∗ 𝑠𝑠 (19) 

Figure 4 below gives the flux/current characteristics for 4 
steps of reactor power. These characteristics are used to 
model the nonlinear behaviour of inductance in a Simulink 
model. 

 
Figure 4 : Flux- current saturation curves for reactor sizes 

III. INRUSH CURRENT AT REACTOR ENERGIZATION 
The calculation of switching transients requires proper 

modeling of the nonlinear flux-current curve of the reactor 
for a given reactive power. The nonlinearity is caused by the 
magnetization characteristics of the iron core of the shunt 
reactor. [8]  

A. Simulink reactor model 
The model presented in Figure 5 is that of a three-phase 

shunt reactor design inspired from a model proposed by the 
Center of Excellence for Transformers [8] which realized a 
100 Mvar nonlinear shunt reactor for the Croatian network. 

 
Figure 5 : Non-linear shunt reactor model 

Each phase of the three-phases of the reactor is modelled as a 
nonlinear inductance L, with a series-connected resistor Rcu 
representing the copper losses of equal values for the three 
branches. A good approximation of the value of this 
resistance is the estimate of the length of the turns lcu around 
a square core and a copper section Scu of the turns necessary 
to support the nominal current of the reactor. 

 𝑙𝑙𝑐𝑐𝑐𝑐 = 1.1 ∗ 4𝑙𝑙 (20) 

 𝑅𝑅𝑐𝑐𝑐𝑐 = 𝜌𝜌
𝑙𝑙𝑐𝑐𝑐𝑐
𝑠𝑠𝑐𝑐𝑐𝑐

 (21) 

A resistance RFe, connected in parallel, represents the iron 
losses. At low frequencies (50 Hz) the iron losses are 
negligible compared to the copper losses since the iron losses 
are more important at high frequencies according to the 
Steinmetz equation. Typically, for a 2000 kVA MV 
transformer, the iron losses are 0.13% [9]. For the purpose of 
the simulation, a high resistance represents RFe. The magnetic 
coupling between the three star-connected phases is 
represented by linear transformers with a transformation ratio 
of 1 and a zero-sequence inductance L0 that provides a path 
for the zero-sequence current. 

B. Inrush current for a 1.4 Mvar reactor 
The actual magnitude of the inrush current due to the 

energization of the reactor depends on the linearity range of 
the core and the instant of switching as described in the 
introduction. Connection operations at times close to zero 
voltage can cause inrush currents which can reach high 
amplitudes and have long time constants. Beyond the 
saturation point, the current increases much faster than the 
flux. Figure 6 shows the inrush current observed during 
switching at zero-voltage and the peak current is 710 A on 



phase B. Figure 7 shows the inrush current for a maximum 
voltage switching. The peak current on phase B at this instant 
is 54 A. 

 
Figure 6 : Inrush current for switching in at V = 0 V on phase B 

 
Figure 7 : Inrush current for switching in at V = Vmax V on phase B 

IV. CASE STUDY: REACTIVE POWER COMPENSATION 
VOLTAGE CORRECTION ON MV NETWORK 

The DSO proposed three sizes (reactive power level) for 
the shunt reactors that are required to mitigate the 
overvoltages on the network. The reactors are connected to 
three nodes with reactive power of 1.4 Mvar at node 2 and 
node 3, and 0.4 Mvar at node 3. An optimisation was carried 
out with the PSO (particle swarm optimisation) algorithm to 
identify the point of connexion of the reactors. Figure 8 
shows the network studied and the point of connection of the 
reactors.  

 
Figure 8: Point of connection of shunt reactors on the network 

studied 

A.  Reactor energization 
The network was modelled on MATLAB Simulink with 

an operating point for renewable energy production set at 100 
% of generation capacity (5.14 MW) and power consumption 
at 4 % of client subscribed power (18.25 MW). This 
configuration corresponds to the most constraining voltage 
rise situation and if overvoltages are corrected for this 
operating point, then they will be corrected for less 
constraining points. All the reactor steps are switched-in in 
the results presented here. For intermediate 
production/consumption levels, the reactor power levels are 
switched-in in accordance. The non-linear reactors are 
studied on this network to verify their power levels, the 
correction of overvoltages and also the voltage dips when 
they are energized. The switching-in on the three phases is 
done at t = 60 ms. Table 2 below shows the voltage measured 
on each node on which the reactors are connected before and 
after switching-in. 

Table 2 : Node voltages before and after reactor switching  

 Node 1 Node 2 Node 3 

Voltage without 
reactors V p.u. 1.056 1.061 1.066 

Voltage with 
reactors V p.u. 1.006 1.009 1.005 

 

Figure 9 shows the measured reactive power at the substation 
without reactors for t < 60 ms and with reactors switched in 
for t > 60 ms. The difference in reactive power measured after 
switching-in is 3.29 Mvar. This power corresponds to the sum 
of the reactive powers consumed by the reactors. This 
measurement validates the sizing and it verifies that the 
power absorbed on the nodes to which the reactors are 
connected correct the overvoltages. 



 
Figure 9 : Reactive power at substation 

B. Measurement of voltage dips 
The voltage dip is generally defined as a drop from 10% 

to nearly 100% of the nominal voltage value for a time 
between 10 ms and a few seconds. As the inrush current is 
high, it is necessary to check that this current does not cause 
a voltage dip of more than 5% of the nominal voltage; 

 𝑉𝑉𝑟𝑟𝑝𝑝𝑝𝑝𝑐𝑐𝑡𝑡𝑖𝑖𝑟𝑟_𝑖𝑖𝑖𝑖𝑛𝑛𝑝𝑝 ≥ 0.95𝑝𝑝𝑝𝑝 (22) 

The reactor step that is the most constraining to engage is the 
step at 0.2 Mvar because the inductance is the most important 
as specified in Table 1. Figure 10 shows the RMS value of 
the voltage (calculated through a sliding period of 20 ms) on 
phase A for a step of 0.2 Mvar on a feeder node. There is a 
voltage drop on phase A and C at reactor switching-in and for 
a duration of 100 ms. The voltage limit is respected. 

 
Figure 10: The normalised single-phase voltage 

V. CONCLUSION 
This study focuses on the optimization of smart 

distribution networks. Due to the increasing presence of 
decentralised energy production and underground cables on 
these networks DSOs are facing more overvoltage issues. In 
this paper, a methodology is presented for the design of 
gapped-core shunt reactor used for correction of overvoltages 
in distribution networks. From a theoretical B-H curve for 
silicon steel, it was possible to derive the flux-current 
characteristics for rated shunt reactor powers. These 
characteristics implemented in a Simulink model and tested 
on a on distribution network gives rise to a peak current of 
710 A when switching-in at V = 0 V and no saturation current 
when switching-in is at V = Vmax with Ipeak = 54 A measured 
on phase B. The voltage dip resulting from saturation current 
did not exceed voltage limit during reactor switching-in. The 
models of non-linear reactors designed here meet the 
expectations, the power levels for which they are 
dimensioned are respected. This approach can be used to 
design higher power shunt reactors.  
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