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A B S T R A C T

This paper presents a solution to the observed ferroresonance (FRR) phenomenon for both energization
switching and load shedding conditions in an unconventional rural electrification system. The energy is
extracted from the electric field surrounding an extrahigh voltage transmission line. Ferroresonance occurs
in the power transformers of the distribution substation, and the existing solution cannot be directly applied.
The mitigation method consists of the insertion of a shunt resistor when the FRR starts. The robustness of the
method is shown in a time-domain simulation implemented in PSCAD/EMTDC.
1. Introduction

An electrical power system has characteristics that lead to defining
it as a complex network due to its composition, and it is possible to find
different subsets of electrical, mechanical, hydraulic, electronic and
control components. With an adequate configuration of this equipment,
it is feasible to send large blocks of power from generation centres to
several consumption centres, always aiming to minimize environmental
damage, reduce the ecological footprint, and seek the lowest invest-
ment and maintenance costs. Therefore, there must be high efficiency
and reliability of the transmission and/or distribution lines throughout
the useful lifetime of the system. However, even considering the best
conditions and projects, the initial investment cost to build transmission
lines is considered the highest and one of those with the longest-term
return on capital (more than 30 years) when compared with other
systems (water, gas, communication, among others) [1].

Developing electrification projects in rural communities without
access to electricity but close to a transmission line becomes unfeasible,
mainly due to the high cost of building a small-scale transformation
centre (hundreds of kVA) [2]. Additionally, an important aspect is the
eventual reduction of reliability and safety of a transmission system
when an intervention is implemented to attend to a small rural load.
In the literature, several proposals have been highlighted to overcome
this situation, such as the unconventional projects presented by [3–11].

In this research, the system studied corresponds to the model pro-
posed by [10], specifically, floating conductors are immersed in the
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electric field surrounding an extra high voltage transmission line to ex-
tract (harvest) electrical energy. The collector line is formed by isolated
cables, and an unconventional substation reduces the voltage to the
distribution level and stabilizes the voltage. The rural substation has a
step-down transformer, a tuning reactor and a step-up transformer. The
energy is supplied to the rural load through a regular rural feeder. Due
to capacitive coupling, the proposed generation system has a capacitive
response and is named the capacitive coupling source supply (CCS).

The system analysed in this paper is quite robust and provides
energy with the quality and reliability observed in the transmission
system, which means that the CCS quality is much higher than that
found in regular rural distribution systems. However, during some
specific switching, the ferroresonance (FRR) phenomenon [12] was
observed, namely, in the energizing and load rejection. The eventual
load variation can lead to transformer saturation.

The ferroresonance phenomenon can provoke different effects on
the system, especially if it is not promptly removed. Some of these
problems are the occurrence of overvoltages, overcurrents, transformer
overheating, and its eventual explosion, meaning that FRR can cause
severe damage to the assets [13].

It is essential that this phenomenon is prevented or promptly re-
moved. Currently, there are some proposals in the literature that are
normally applied in potential transformers (PTs), among which the
following stand out:

• Shunt resistors on the transformer’s low voltage side, [14].
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• Permanent damping resistors, [15].
• Air core shunt reactor on the transformer’s high voltage side, [16].
• Air core reactor connected in the tertiary winding of the power

transformer, [1].
• Air core neutral reactor on the transformer’s high voltage side,

[17].
• Activation of the surge arrester protections on the transformer’s

high voltage side when ferroresonance is detected, [18].

All these possible solutions can solve the ferroresonance
phenomenon, but none of them have been considered for unconven-
tional distribution substations. CCS is a new system with particular
characteristics, and it is necessary to evaluate how it can promptly
remove the FRR.

This paper can be divided into two parts. First, the phenomenon is
identified, and second, the mitigation method is proposed. The miti-
gation solution consists of inserting shunt resistors on the low voltage
side of the step-down transformer based on energy quality indices. Ad-
ditionally, the surge arrester located at the substation outgoing circuit
with adequate specification further improves the CCS performance.

The paper contributions are summarized below:

• Innovative ferroresonance mitigation method applied to CCS.
• Identification of the minimum load for safe energization switch-

ing and load shedding.
• Identification of the control method to insert a shunt resistor.
• Identification of optimal shunt resistance values.

2. Test system description

The unconventional rural electrification system described in [10]
is summarized below. The PSCAD/EMTDC was used to implement the
study.

2.1. Host transmission line and collector line

The host transmission line (HTL) from which energy is extracted
to feed the rural load is a 200 km long 230 kV line and transpo-
sition cycles of 1/6, 1/3, 1/3 and 1/6. The soil resistivity adopted
was 4000 Ω.m. The transmission line was represented with the phase
domain frequency-dependent model and has a surge impedance loading
(SIL) of 200 MVA. Additionally, the short-circuit level of the generation
equivalent system is 6 kA and that of the reception is 4.8 kA. The
equivalents have X/R ratios of 35 and 12 at the sending and receiving
terminals, respectively. In addition, the HTL has a 20 Mvar shunt
reactive compensation at each terminal, with a quality factor set to 400,
and a neutral reactor with 𝑋ℎ

𝑋𝑑
= 1.5 with a quality factor of 40.

A collector line (CL) composed of a bundle of two isolated steel
cables is located within the right of way (ROW) of the HTL. The
simulated model was represented as a four (04) phase line with the
shielding wires implicitly represented in the section where the CL
exists. The CL bundle was considered the fourth phase. Fig. 1 shows the
characteristics of the tower, conductors, shielding wires, and collector
wires.

As the CL is immersed in the electric field of the HTL, the voltage
induced in the CL corresponds to a natural capacitive divider that
depends on the voltage on the HTL and the spatial coordinates [11].
Spark gaps (SG) are installed to mitigate overvoltages on the collector
line. They are represented as a voltage-controlled switch with a 5 Ω
resistor. Three SGs are arranged, one at each end of the CL and another
at its centre, and they operate when |𝑣𝐿𝐶 (𝑡)| > 80kV [10]. Additionally,
if the SG is activated and |𝑖𝑆𝐺(𝑡)| > 20 A, the gap current continues
flowing until |𝑖𝑆𝐺(𝑡)| ≤ 5 A.

When the CL voltage varies with the rural load level, meaning that
when the CL is not connected to the substation (no-load condition),
the induced voltage is 40 kV. This value is the same as when supplying
100% of the rural load for the analysed system. The CL length is 20
km, leading to an equivalent capacitance of 0.2195 μF.
2

Fig. 1. Characteristics for HTL and CL towers, based on [11].

Fig. 2. Distribution substation, based on [9].

2.2. Unconventional distribution substation

To ensure voltage regulation at the rural load, an unconventional
distribution substation (SS) was designed. It is composed of a tuning
reactor of 1.0371 H and two single-phase 120 kVA transformers (𝑇1 and
𝑇2), with both windings grounded. The characteristics of the transform-
ers are as follows: leakage reactance 0.09 pu (quality factor of 100),
magnetizing reactance 0.2 pu, magnetizing voltage 1.15 pu, magnetiz-
ing current 1%, winding losses of 0.001 pu and transformation ratio of
40/8 kV and 7.9/20 kV, respectively. In Fig. 2, the SS equivalent circuit
is shown.

2.3. Rural feeder and the load

A single-phase feeder with metallic return was proposed in [10] to
attend the load, with a length of 50 km, nominal voltage of 20 kV,
and conductor type 4/0 AWG. The conductor parameters are as follows:
resistance of 0.1612 Ω∕ km, reactance of 0.4503 Ω∕ km and susceptance
of 3.6663 μS/km. The SS was located at 110 km of the HTL, and the
point of common coupling (PCC) is the middle of the CL.

The rural load is connected to the feeder through a distribution
transformer (𝑇3), with parameters similar to those presented of trans-
formers 𝑇1 and 𝑇2 and a transformation ratio of 20/0.11 kV. The target
load is 0.1 MW, which is similar to the HTL loss. This load was modelled
as constant impedance with a unitary power factor, considering that the
final consumers were residential users. Fig. 3 presents the single-line
diagram of the system.

2.4. Normal operating condition

To illustrate a normal operating condition, Fig. 4 shows the case
where the BRK breaker closes, energizing the substation together with
the full load. It can be observed that the voltage at the load reaches
normal conditions smoothly, and no overvoltage is observed.
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Fig. 3. CCS single-line diagram.
Fig. 4. CCS response for 100% load energization.

3. Critical operating conditions

Due to the topology of the unconventional distribution substa-
tion, some operating conditions can jeopardize the capacitive coupling
source system. As a fundamental frequency resonant circuit was de-
signed to strengthen the source, abrupt load supply changes can lead to
the ferroresonance phenomenon when the system is under light-loading
conditions. Specifically, two conditions must be carefully studied:

• Substation energization (at no load condition or with light load).
• Load shedding (partial or full load).

To allow a clear view of the phenomenon, the CL spark gaps were
removed; otherwise, they would clip the overvoltages.

In Fig. 5, two substation energization cases are presented, namely,
the no-load condition and energization with a 20 kW load, both with
the circuit-breaker closing at 𝑡 = 160 ms. For the no-load case (Fig. 5.a),
it is possible to observe a sustained subsynchronous ferroresonance
phenomenon with very high overvoltage (3.8 pu). For the 20 kW
case (Fig. 5.b), the response is slightly different. The subsynchronous
ferroresonance phenomenon appears, but it is a transient phenomenon
that changes towards a fundamental ferroresonance response severely
distorted due to transformer saturation. Very high overvoltages are
observed, specifically 2.0 pu at the CL and above 1.8 pu at the load.

As we have seen that no FRR phenomenon occurs when the SS is
energized with full load, it is expected that there is a minimum load
that will prevent or remove the FRR phenomenon. This will be properly
analysed in the following section.

Another important operating condition is load shedding. For exam-
ple, consider the system operating at full load, and at 𝑡 = 160 ms there
3

Fig. 5. Substation energizing in no-load condition (a) and with a 20 kW load (b).

Fig. 6. Load shedding event. Initial load: 100 kW; final load 40 kW.

is a change to 40 kW. Fig. 6 shows the voltage waveforms at the CL
and at the load. It can be observed that this response is similar to the
20 kW energization case, with the main difference being the duration
of the subsynchronous ferroresonance phenomenon, which in this case
does not last as long.

Therefore, when the CCS system is driven to a light load operating
condition, the FRR phenomenon appears. It is necessary to identify the
load range for both energization and load rejection that guarantees the
normal operation of the rural electrification system.
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Fig. 7. Substation energization varying load values. No mitigation method. Observing
quality parameters.

3.1. Substation energization switching - load characterization

To study the interaction between the load level and the FRR phe-
nomenon during substation energization switching, the load was varied
in the range of [1:100] kW in steps of 1 kW. Some data were analysed,
such as the transient duration, the rms load voltage, and the THD
(total harmonic distortion) at the load voltage. As can be verified in
Fig. 7, these parameters allow a clear identification of the minimum
load that ensures a stable operating condition. Furthermore, these data
can be used to identify when it is necessary to implement a mitigation
procedure.

Specifically, for loads below 40 kW, the system is unstable, resulting
in deteriorating variables as the load decreases. The transient duration
is limited to the simulation time, and the FRR will not vanish by itself.
Similarly, the THD is very small when the system is in a stable condition
(3.9%), and it changes abruptly to over 60% when the load is below
the safe minimum value. An important finding is that the transient
duration is below 200 ms for the stable cases, and this value is adherent
to distribution quality standards [19].

3.2. Load shedding - load characterization

Similarly, the CCS performance was studied for the load shedding
condition, starting with the system operating at full load, and even-
tually the load was reduced in the range of [99:1] kW in steps of
1 kW. In this case, the critical value of load that can be disconnected
while maintaining the normal operating condition of the rural system
is 47 kW. Fig. 8 shows the response of the same parameters analysed in
the previous section: the transient duration, the rms load voltage, and
the load voltage THD. They allow a proper identification of the safe
load shedding range.

Again, the transient duration is limited by the simulation time, as
the FRR will not vanish if no mitigation procedure is implemented.
The THD data are very robust and can definitely be used to trigger the
mitigation method.

3.3. Main results

In summary, Table 1 is considered for the characterization of the
substation energization switching and load shedding conditions.
4

Fig. 8. Load shedding varying load values. No mitigation method. Observing quality
parameters.

Fig. 9. CCS single-line diagram — Surge arrester and shunt resistor positions.

Table 1
Load limits for the substation energization and load shedding.

Condition Load range (kW) Is stable?

Energization switching [1–39] No
[40–100] Yes

Load shedding [99–48] No
[47–1] Yes

An important remark is that the obtained values of load limits are
adequate for the proposed system. They cannot be generalized. How-
ever, the proposed methodology can be applied to new unconventional
rural distribution systems.

4. Proposed mitigation procedure

Several methods were considered to mitigate the ferroresonance
phenomenon, and the use of shunt resistors (SR), based on [14], was the
most effective. A surge arrester (SA) [18] was installed at the outgoing
circuit of the substation. This device was not considered in the above
analysis because it would prevent a clear view. Different locations were
analysed for the SR, and the selected one was positioned at the low
voltage side of the 𝑇1 transformer, specifically between 𝑇1 and the
tuning reactor. The new CCS configuration is shown in Fig. 9.

The proper specification of the shunt resistor and the surge arrester
data are of major importance. The SA is very important to further
reduce the transient FRR phenomenon, and its parameters are shown
in Table 2 [20,21], and [22]. The reference voltage is 24 kV and its
energy capability is 5 kJ/kV, totalling 120 kJ.
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Table 2
Surge arrester V-I curve.

V (pu) I (kA)

1.1 0.0000001
1.28 0.000001
1.33 0.00001
1.37 0.0001
1.39 0.001
1.42 0.01
1.52 0.1
1.65 1
1.75 3.816
1.9 10
3.8 100

Fig. 10. Substation energization with 7 kW and SR = 700 Ω mitigation method.

The collector line spark gaps were represented in the system to
obtain the real response of the rural system. They actually contribute
to removing the transient FRR, but only when the adequate SR method
is applied.

As observed in the previous section, the voltage THD can be used to
initiate the mitigation method, namely, to close the shunt resistor. As
the stable condition has a very low voltage THD value, it was specified
that the shunt resistor will be energized after a delay of 100 ms of the
circuit-breaker (BRK) closing operation (SS energization switching) or
when there is a load rejection (outgoing power changes abruptly), and
the voltage distortion at the outgoing circuit goes above a threshold
(THD𝑉𝑇 2 > 5%). When the digital closing signal increased, an additional
60 ms closing delay was issued to represent the mechanical response of
the circuit breaker.

4.1. Energization case

The minimum load to be energized to maintain the CCS normal
operation is 40 kW, which represents a resistance of 1600 Ω on the 𝑇1
low voltage side. Taking this value as a reference, an SR variation range
of [500–1600] Ω in steps of 100 Ω was considered. The load was varied
as [1–39] kW in steps of 2 kW.

Similar to the characterization cases, the following premises are
considered:

• Transient duration ≤ 500 ms.
• 0.9 pu ≤ 𝑉𝑇 2𝑟𝑚𝑠 ≤ 1.1 pu.
• 𝑇𝐻𝐷 ≤ 5 %.
5

𝑉𝑇 2
Fig. 11. Success matrix for SRs values — SS energization cases.

Fig. 12. Substation energization varying load values — With mitigation procedure.

To illustrate the control performance, Fig. 10 shows a 7 kW ener-
gization with SR = 700 Ω.

System energization occurs when 𝑣𝐶𝐿(𝑡) = 0 V at t= 166 ms
(turquoise vertical line), presenting transient instability, which causes
SG operation. The FRR control is activated after 100 ms (purple vertical
line). At approximately t = 320 ms (green vertical line), the BRKE
switch closes energizing the SR. When the FRR phenomenon is sup-
pressed, the SGs stop conducting, and the system becomes stable. The
SS output voltage waveform presents a quasiperiodic FRR phenomenon
caused by the gap operation. The maximum observed voltage is 1.25
pu, and the maximum energy absorbed by the SA for this case is 3.78
kJ. The THD graphic shows that after the transient period, THD𝑉𝑇 2 ≤
1%.

Fig. 11 summarizes the obtained results, with the orange cells being
failed results (did not respect all the objectives) and the green cells
being successful results. Thus, a 700 Ω value for loads smaller than
11 kW and a 1300 Ω SR for the remainder range were adopted.

The simulation process was refined for load steps of 1 kW (results
in Fig. 12) considering the proposed solution. Most of the cases have
transient durations lower than 400 ms; however, for some scenarios
(12 kW and 14 kW), the transient time is above 400 ms. These cases
are on the verge of normal operating conditions.
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Fig. 13. Load shedding event. Initial load: 100 kW; final load 1 kW and 700 Ω SR
mitigation method.

Table 3
Critical operating conditions and specified shunt resistors.

Condition Load range (kW) SR value (Ω)

Energization switching
[0–11] 700
[12–39] 1300
[40–100] Not required

Load shedding

[100–91] 700
[90–66] 1300
[65–48] 2200
[47–1] Not required

4.2. Load shedding case

Similar to the energization condition, the load shedding was varied
as [48:99] kW in steps of 3 kW. The SR range considered is [500-2200]
Ω in steps of 100 Ω.

Fig. 13 shows a successful case for 99 kW load shedding with
SR = 700 Ω. The load shedding occurs at t = 166 ms with a maximum
voltage peak of 1.69 pu. The SGs operate, which results in a maximum
𝑣𝐶𝐿 value of 1.41 pu. At 326 ms, the circuit-breaker BRKE energizes
the 700 Ω SR. From this point on, the system tends towards a stable
response that is reached after t = 400 ms. The maximum energy
absorbed by the SA for this case was 3.6 kJ.

After simulating all possible combinations of load shedding and
SR values, and taking into account the above criteria, the mitigation
method was set to a 700 Ω SR for load rejected values greater than
90 kW, SR = 1300 Ω for a load shedding range of [66:90] kW, and
2200 Ω SR for load shedding at [48:65] kW. Fig. 14 shows the CCS
response for the proposed load shedding mitigation method.

There are two cases where the SR value objectives are not com-
pletely adherent, specifically for 74 kW and 89 kW load rejections.
However, this inconsistency is only for the strictly specified transient
duration that can be adjusted accordingly with the local distribution
standard.

5. Discussions

The results obtained in this research are adequate for the power
system studied. The appropriate shunt resistor values for each FRR
condition are shown in Table 3.

The shunt resistor insertion and removal procedure is triggered by
the outgoing circuit voltage and THD.
6

Fig. 14. Load shedding varying load values — With mitigation procedure.

The ferroresonance phenomenon was removed for substation ener-
gization with light load or no-load conditions and for important load
shedding events with the use of an appropriate shunt resistor and surge
arrester. The results obtained validate the proposed mitigation method
that brings robustness and reliability to the unconventional capacitive
coupling rural electrification system.

The objectives established to identify the most adequate values of
SRs can be refined based on the local distribution regulations where the
rural system is installed. As an example, the Brazilian distribution sys-
tem standard [19] is copied below. Accordingly, the previous objectives
could be more flexible.

• Transient duration ≤ 3 s.
• 0.93 pu≤ 𝑉𝑇 2𝑟𝑚𝑠 ≤1.05 pu.
• THD𝑉𝑇 2 ≤ 10%.

If new objectives were adopted, different SRs could be installed.
This must be carefully considered when designing the SR mitigation
method.

6. Conclusions

The unconventional rural electrification system proposed in [10] is
a robust solution to provide energy to remote villages in the vicinity of
an extra high voltage transmission line corridor. As it is basically a ca-
pacitive source connected to a substation composed of transformers and
a series reactor, the system is prone to the ferroresonance phenomenon
under light-loading conditions.

To remove the undesired FRR phenomenon, a shunt resistor located
at the low voltage side of transformer T1 is connected when the
outgoing circuit voltage distortion goes above a defined level. A group
of shunt resistor values were identified for each operating condition,
which provides robustness to the system promptly. A surge arrester
located at the substation outgoing circuit further enhances the system
performance.

The values presented in this manuscript are adequate for the studied
system. Specific values should be identified for other power systems and
rural distribution loads, including the distribution feeder.

The methodology presented can be applied to any new system, and
the following steps should be followed:

• Characterization of the minimum load for substation energization
switching and load shedding.
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• Characterization of shunt resistor values and surge arrester data.

It is expected that a substation outgoing circuit voltage THD thresh-
old of 5% should be adequate for all systems.

Shunt resistor control is being enhanced, and new results will be
presented in the near future.

CRediT authorship contribution statement

R.E. Rojas: Conceptualization, Methodology, Investigation, Writing
– original draft. J.S. Chaves: Conceptualization, Methodology, Super-
vision, Writing – review & editing. M.C. Tavares: Conceptualization,
Supervision, Writing – review & editing.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
Raul Enrique Rojas Varela reports financial support was provided by
Natonal Council for Scientfc and Technological Development. Maria
Cristna Dias Tavares reports financial support was provided by Coor-
dinaton of Higher Educaton ersonnel Improvement. Maria Cristna Dias
Tavares reports financial support was provided by State of Sao Paulo
Research Foundaton.

Data availability

Data will be made available on request.

References

[1] S. Ang, Z. Wang, P. Jarman, M. Osborne, Power transformer ferroresonance
suppression by shunt reactor switching, in: 2009 44th International Universities
Power Engineering Conference (UPEC), Glasgow, United Kingdom, 2009, pp.
1–11.

[2] L. Mandeno, Rural power supply especially in Back Country Areas, in: Welling-
ton: Proceeding of the New Zealand Instituition of Engineers, vol. 33, 1947, pp.
234–287.

[3] F. Iliceto, F.M. Gatta, S. Lauria, M. Debebe, M. Hussen, Rural electrification
in ethiopia with the Shield Wire Scheme, in: CIRED 2005 - 18th International
Conference and Exhibition on Electricity Distribution, 2005, pp. 1–10, http:
//dx.doi.org/10.1049/cp:20051327.

[4] A. D’Ajuz, M. Martinez, F. Pazo Blanco, Supplying small loads at reasonable cost,
IEEE Spectr. 33 (6) (1996) 34–35, http://dx.doi.org/10.1109/6.499945.
7

[5] H. Sarmiento, R. de la Rosa, V. Carrillo, J. Vilar, Solving electric energy supply
to rural areas: the capacitive voltage divider, IEEE Trans. Power Deliv. 5 (1)
(1990) 259–265, http://dx.doi.org/10.1109/61.107282.

[6] N. Hosseinzadeh, J. Mayer, P. Wolfs, Rural Single Wire Earth Return distribution
networks – Associated problems and cost-effective solutions, Int. J. Electr. Power
Energy Syst. 33 (2) (2011) 159–170, http://dx.doi.org/10.1016/j.ijepes.2010.08.
009.

[7] M. Chaves, A contribution to the study of the use of unconventional techniques
for the supply of small loads in the vicinity of high voltage transmission lines
(Ph.D. thesis), State University of Campinas, Campinas, Brazil.

[8] R. Karhammer, Sub-Saharan Africa: Introducing low cost methods in electricity
distribution networks, ESMAP Technical Paper, (106/06) 2006, p. 427.

[9] J. Chaves, M. Tavares, Rural electrification based on capacitive coupling using
a collector line, in: International Conference on Innovative Applied Energy
2019, Oxford, United Kingdom, 2019, http://dx.doi.org/10.1109/APPEEC.2016.
7779955.

[10] J. Chaves, Rural electrification method based on induced voltage using a collector
line (Ph.D. thesis), State University of Campinas, Campinas, Brazil.

[11] J. Chaves, M. Tavares, Transient switching analysis of a nonconventional rural
generation system, Electr. Power Syst. Res. 196 (2021) 1–6, http://dx.doi.org/
10.1016/j.epsr.2021.107245.

[12] P. Boucherot, Surtensions par câbles armés et les moyens d’y parer, in: Reveu
Générale de L’électricitÉ, vol. VII, (21) 1920, pp. 675–689.

[13] J. Martinez-Velasco, Transient Analysis of Power Systems: A Practical Approach,
first ed., John Wiley & Sons, 2020.

[14] Y. Li, W. Shi, R. Qin, J. Yang, A systematical method for suppressing ferroreso-
nance at neutral-grounded substations, IEEE Trans. Power Deliv. 18 (3) (2003)
1009–1014, http://dx.doi.org/10.1109/TPWRD.2003.813858.

[15] P. Ferracci, Ferroresonance, in: Cahier Technique N◦ 190, 1998, pp. 1–30.
[16] D. Jacobson, D. Swatek, R. Mazur, Mitigating potential transformer ferrores-

onance in a 230 kV converter station, in: Proceedings of 1996 Transmission
and Distribution Conference and Exposition, Los Angeles, California, 1996, pp.
1206–1212, http://dx.doi.org/10.1109/TDC.1996.545946.

[17] T. Zhang, S. Tian, X. Liu, H. Liu, R. Li, Numerical and experimental simulation
researches on effectiveness of anti-ferroresonance measures in distribution power
grid, in: 2016 IEEE PES Asia-Pacific Power and Energy Engineering Confer-
ence (APPEEC), Xi’an, China, 2016, pp. 2584–2587, http://dx.doi.org/10.1109/
APPEEC.2016.7779955.

[18] P. Bornard, V. Collet Billon, C. Kieny, Protection of EHV equipment against
ferroresonance, in: Session Papers & Proceedings, CIGRE, 1990, pp. 34–103.

[19] ANEEL, Procedures of Electrical Energy Distribution in the National Electric
System – PRODIST (Brazil), Module 8 – Power quality, 2021.

[20] Modeling of metal oxide surge arresters, IEEE Trans. Power Deliv. 7 (1) (1992)
302–309, http://dx.doi.org/10.1109/61.108922.

[21] IEEE guide for the application of metal-oxide surge arresters for alternating-
current systems amendment 1: Supplement to consider energy handling
capabilities, in: IEEE Std C62.22a-2013 (Amendment To IEEE Std C62.22-2009),
2013, pp. 1–17, http://dx.doi.org/10.1109/IEEESTD.2013.6544542.

[22] High Voltage Surge Arresters buyer’s Guide, ABB, Ludvika, Sweden, 2008.

http://refhub.elsevier.com/S0378-7796(23)00479-0/sb1
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb1
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb1
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb1
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb1
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb1
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb1
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb2
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb2
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb2
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb2
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb2
http://dx.doi.org/10.1049/cp:20051327
http://dx.doi.org/10.1049/cp:20051327
http://dx.doi.org/10.1049/cp:20051327
http://dx.doi.org/10.1109/6.499945
http://dx.doi.org/10.1109/61.107282
http://dx.doi.org/10.1016/j.ijepes.2010.08.009
http://dx.doi.org/10.1016/j.ijepes.2010.08.009
http://dx.doi.org/10.1016/j.ijepes.2010.08.009
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb7
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb7
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb7
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb7
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb7
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb8
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb8
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb8
http://dx.doi.org/10.1109/APPEEC.2016.7779955
http://dx.doi.org/10.1109/APPEEC.2016.7779955
http://dx.doi.org/10.1109/APPEEC.2016.7779955
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb10
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb10
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb10
http://dx.doi.org/10.1016/j.epsr.2021.107245
http://dx.doi.org/10.1016/j.epsr.2021.107245
http://dx.doi.org/10.1016/j.epsr.2021.107245
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb12
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb12
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb12
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb13
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb13
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb13
http://dx.doi.org/10.1109/TPWRD.2003.813858
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb15
http://dx.doi.org/10.1109/TDC.1996.545946
http://dx.doi.org/10.1109/APPEEC.2016.7779955
http://dx.doi.org/10.1109/APPEEC.2016.7779955
http://dx.doi.org/10.1109/APPEEC.2016.7779955
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb18
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb18
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb18
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb19
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb19
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb19
http://dx.doi.org/10.1109/61.108922
http://dx.doi.org/10.1109/IEEESTD.2013.6544542
http://refhub.elsevier.com/S0378-7796(23)00479-0/sb22

	Ferroresonance mitigation for the unconventional rural electrification system
	Introduction
	Test System Description
	Host Transmission Line and Collector Line
	Unconventional Distribution Substation
	Rural Feeder and the Load
	Normal Operating Condition

	Critical Operating Conditions
	Substation Energization Switching - Load Characterization
	Load Shedding - Load Characterization
	Main Results

	Proposed Mitigation Procedure
	Energization Case
	Load Shedding Case

	Discussions
	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


