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Abstract 
In a 400-kV single-circuit high-voltage transmission line, the proximity of phase conductors induces a circulating current in the ground 
wire. These current forms a closed loop through the tower footing grounding system, which provides its return path [1]. In this study, the 
induced circulating current is modeled and analyzed. The modeling has been carried out in the MATLAB environment.  The results indicate 
that the circulating current and the induced voltage on the ground wire exhibit an approximately linear relationship with the phase-conductor 
currents, and their magnitudes are influenced by the tower grounding resistance 𝑅𝑅𝑔𝑔 and soil resistivity 𝜌𝜌. Furthermore, power losses in the 
ground wire reach significant levels under high current conditions. These findings highlight the importance of optimal grounding-system 
design, proper selection of ground-wire characteristics, and the implementation of methods for reducing circulating currents to enhance 
performance and reduce losses in high-voltage transmission lines. 
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Investigación y modelado de pérdidas por corriente circulante en 
sistemas de puesta a tierra de torres de alta tensión 

 
Resumen 
En una línea de transmisión de alta tensión de circuito único de 400 kV, la proximidad de los conductores de fase induce una corriente 
circulante en el conductor de tierra. Esta corriente forma un circuito cerrado a través del sistema de puesta a tierra de la base de la torre, 
que proporciona su ruta de retorno [1]. En este estudio, se modela y analiza la corriente circulante inducida. El modelado se realizó en el 
entorno MATLAB.Los resultados indican que la corriente circulante y la tensión inducida en el conductor de tierra presentan una relación 
aproximadamente lineal con las corrientes de los conductores de fase, y sus magnitudes se ven influenciadas por la resistencia de puesta a 
tierra de la torre R_g y la resistividad del suelo ρ. Además, las pérdidas de potencia en el conductor de tierra alcanzan niveles significativos 
en condiciones de alta corriente. Estos hallazgos resaltan la importancia de un diseño óptimo del sistema de puesta a tierra, una selección 
adecuada de las características del conductor de tierra y la implementación de métodos para reducir las corrientes circulantes con el fin de 
mejorar el rendimiento y reducir las pérdidas en las líneas de transmisión de alta tensión. 
 
Palabras clave: corriente circulante; corriente inducida; cable de tierra; resistencia de puesta a tierra; líneas de transmisión; alta tensión. 

 
 
 

1 Introduction 
 
High-voltage power transmission lines, particularly 

400-kV systems, play a vital role in ensuring system 
stability and reliability. In the design of these lines, the 
ground wire is installed above the phase conductors as a 
protective element to prevent direct lightning strikes to 
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current-carrying conductors and to provide a safe discharge 
path for lightning currents to the ground. However, under 
normal operating conditions, electromagnetic induction 
resulting from current flow in the phase conductors can generate 
induced voltages and circulating currents in the ground wire. 
These currents—commonly  

referred to as induced circulating currents—may lead to 
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increased losses, excessive heating of the ground wire, 
interference with nearby communication systems, and 
even a reduction in the useful life of equipment. 

In the configuration considered in this study, the return 
path of the induced current in the ground wire is the tower-
footing grounding system. This return path forms closed 
electrical loops and creates a complete circuit for the 
circulating current. The grounding resistance of each 
tower, the electrical characteristics of the soil, and the 
spacing between towers all significantly influence the 
magnitude and distribution of these currents. 

 
2 Electromagnetic Induction 

 
The phenomenon of electromagnetic induction, 

according to Faraday’s law, states that a change in the 
magnetic flux passing through a closed loop induces a 
voltage in that loop: 

 

(1) 𝑒𝑒(𝑡𝑡) = −
𝑑𝑑Φ(𝑡𝑡)
𝑑𝑑𝑑𝑑  

 
Where 𝑒𝑒(𝑡𝑡) denotes the induced voltage and  Φ(𝑡𝑡) 

represents the magnetic flux passing through the loop. 
When an AC-carrying phase conductor is located near the 
ground wire, the time-varying magnetic field induces a 
voltage in the ground wire. For the induced voltage to 
result in a circulating current, a closed path is required. In 
this configuration, the ground wire forms the main path for 
the induced current along the transmission line, while the 
tower-footing grounding system provides the return path. 
Together, they create a closed loop that converts the 
induced voltage into a circulating current. The magnitude 
of this current depends on the equivalent resistance of the 
loop and the induced voltage, expressed as: 

 

)2 (  𝐼𝐼𝐼𝐼 =
𝐸𝐸ind

𝑅𝑅loop
 

 
where 𝐼𝐼𝐼𝐼 is the circulating current, 𝐸𝐸ind  is the total 

induced voltage of the loop, and 𝑅𝑅loop is the equivalent 
resistance of the circulating-current path. 

 
3 Importance of grounding resistance 

 
The grounding resistance at the tower footings is one 

of the most critical parameters in determining the 
magnitude of the circulating current. Lower grounding 
resistance results in a closed path with reduced voltage 
drop, thereby increasing the circulating current, whereas 
higher grounding resistance limits the magnitude of this 
current. The grounded conductor, or ground wire, which is 
buried at the base of high-voltage transmission towers, is 
continuously exposed to the soil environment in addition 
to its protective role against lightning and induced current 
discharge [2,3]. The presence of moisture, dissolved salts, 
localized potential differences, and passing currents makes 
this conductor susceptible to electrochemical corrosion. 
Corrosion of the grounding conductor not only increases 
the resistance of the grounding system but also alters its 

electrical behavior in the modeling of induced and circulating 
currents, potentially reducing the accuracy of computations 
related to the induced voltage on the ground wire [4, 5, 6].When 
a copper or galvanized conductor is in permanent contact with 
soil, a natural electrochemical cell is formed. This cell consists 
of three components: 

 
3.1 Metal electrode (grounding conductor) 

 
When a metal is exposed to moisture and impurities present 

in the soil, it becomes more prone to releasing ions and losing 
electrons. If the current density through the grounding path is 
high—such as during lightning discharge or the flow of induced 
return currents—this process accelerates, resulting in increased 
corrosion rates. 

 
3.2 Electrolyte (soil environment) 

 
The moisture in the soil acts as an ion-carrying medium, and 

factors such as salt content, pH level, temperature, and oxygen 
diffusion play essential roles in determining the severity of 
corrosion. Moist clay soils or saline soils, due to their high 
electrolytic conductivity, significantly increase the corrosion 
rate [7,8]. 

 
3.3 Potential difference 

 
Differences in potential between various sections of the 

conductor or between the conductor and the surrounding soil 
cause electrons to move along different paths. Under these 
conditions, certain points on the wire become anodic regions 
where the highest rate of corrosion occurs, while other points 
act as cathodic regions. This leads to the formation of a weak 
but continuous electrochemical current around the conductor, 
which gradually dissolves and reduces the metal over time. 

 
3.4 Role of soil moisture in accelerating corrosion 

 
Soil moisture is the primary factor that increases the 

conductivity of the surrounding environment and directly 
influences corrosion severity. Higher moisture levels facilitate 
ion exchange, increase soil electrical conductivity, and 
therefore promote electrochemical reactions more readily [7,8]. 
In 400-kV transmission lines, induced currents and lightning 
currents are also discharged through the tower grounding 
network. In such conditions, increased soil moisture leads to a 
higher current injected into the ground, and this increased 
current intensifies the anodic degradation process of the 
grounding conductor. 

 
4 Simulation of induced circulating current in the 

ground wire 
 
For analysis of the circulating current in the ground wire, 

the system is modeled as a set of parallel conductors consisting 
of three phase conductors and two ground wires, together with 
the footing resistance of each tower, as shown in Fig. 1 The 
electrical characteristics of these conductors are defined using 
the per-unit-length impedance matrix (Z): 
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)3 (  𝑍𝑍 = 𝑅𝑅ac + 𝐿𝐿𝐿𝐿𝐿𝐿  

 
Where Rac represents the AC resistance, L denotes the self 

and mutual inductances, Rground is the grounding resistance, 
and C is the mutual capacitance between the conductors. 

 
Figure 1. 400-kV Transmission Line 
Source: Created by the authors 

 
 

4.1 Geometric parameters and conductor 
arrangement 

 
In this model, the induced voltage in the ground wire is 

generated by the magnetic field produced by the current 
flowing in the phase conductors. With the presence of a return 
path through the tower-footing grounding resistance, this 
induced voltage is converted into a circulating current. At each 
tower location, the ground-wire node is connected to earth 
through the grounding resistance Rground. This configuration 
forms a complete loop that allows the circulating current to 
flow. The circulating current in each section is determined by 
dividing the induced voltage by the equivalent resistance of the 
loop. Variations of this current along the line reflect the 
influence of parameters such as phase-conductor current, 
grounding resistance, and the geometric arrangement of 
conductors. The case study considers a 400-kV single-circuit 
high-voltage transmission line consisting of three phase 
conductors and two overhead ground wires. This 
configuration is selected based on reference [9] and modeled 
in MATLAB. Table 1 presents the geometric parameters of the 
tower, and Fig. 2 illustrates the conductor arrangement. 

 
4.2 Operating conditions 

 
The simulation scenario considers tower-footing 

grounding resistances of 5, 10, and 15 ohms. The line is 
energized with balanced three-phase currents of 1.4 kA. 
The system operating frequency is 50 Hz, and the 
conductors are of the Martin type. To realistically 
represent the current return path, the line is divided into 
sections equal to the span length between towers, taken as 
400 meters. These values are used in the calculation of the 
ground-return impedance Zearth in MATLAB (Fig. 3). 

 

 
Figure 2. Geometric specifications of the tower 
Source: Created by the authors  

 
 

Table 1. 
Geometric parameters of the transmission-line tower 

Model In meters 
𝑥𝑥15 4 
𝑥𝑥25 6 
𝑥𝑥24 6 
𝑥𝑥34 4 
𝑥𝑥12 10 
𝑥𝑥23 10 
ℎ1 20 
ℎ2 20 
ℎ3 20 
ℎ4 4 
ℎ5 6 

Source: Created by the authors 
 
 

Figure 3. MATLAB modeling diagram 
Source: Created by the authors 
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Table 2. 
Simulation parameter results 

15 10 5 Rground 

16.17 11.48 5.99 Vguard 1 
16.10 11.45 5.97 Vguard 2 
1.078 1.148 1.198 Iguard 1 
1.074 1.145 1.195 1guard 2 

0.5407 0.5757 0.6002 Iground 
40.80 30.91 16.83 Ploss  (watt) 

Source: Created by the authors 
 
 

 
Figure 4. Voltage induced in cable 1. 
Source: Created by the authors 

 
 

 
Figure 5. Induced voltage in Ground Wire 2 
Source: Created by the authors 

 
 

5 Analysis of simulation results 
 
Using the model introduced in the previous sections, 

the induced circulating current in the two ground wires was 
calculated and analyzed in the MATLAB environment. 
The aim of this analysis was to investigate the magnitude 
of the circulating current, the ground-wire voltage, and 
power losses as the grounding resistance at each tower 
varied. Table 2 presents the simulation results. 

 
5.1 Induced voltage in the ground wire 

 
Figs. 4 and  5 illustrate the induced voltage for this 

scenario. As expected, the phase-conductor currents induce a 
proportional voltage in the ground wires, which is equal in 
magnitude for both ground wires but with a phase difference.  

The results also show that increasing the grounding 
resistance leads to an increase in the induced voltage. 

 
5.2 Circulating current in the ground wire 

 
Figs. 6 and 7 depict the induced current in the ground 

wires. The induced voltage circulates as a current proportional 
to the phase-conductor current. In this scenario, the circulating 
currents in the two ground wires are equal in magnitude but 

exhibit a phase difference. Fig. 8 illustrates the return current to 
ground. The results indicate that increasing the grounding resistance 
reduces the magnitude of the circulating current. 

 
5.3 Power losses 

 
Power losses in the ground wires and grounding resistances 

were calculated using equation 4. Fig. 9 shows the power loss for 
various grounding resistance values. The results demonstrate that 
increasing the grounding resistance leads to higher power losses. 

 

𝑃𝑃loss = ��𝐼𝐼𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑖𝑖)�
𝑁𝑁

𝑖𝑖=1

× �𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑖𝑖)� (4) 

 

  
Figure 6. Induced current in Ground Wire 1 
Source: Created by the authors 

 

 
Figure 7. Induced current in Ground Wire 2 
Source: Created by the authors 

 

 
Figure 8. Ground return current  
Source: Created by the authors 

 

 
Figure 9. Power losses for different grounding resistance values 
Source: Created by the authors 
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6 Conclusion 
 
The analysis of the results shows that the magnitude of 

the circulating current and the induced voltage in the 
ground wire exhibits an approximately linear relationship 
with 𝑅𝑅ground. The reduction in circulating current with 
increasing grounding resistance is significant. As a 
practical solution, employing a weak surge arrester at the 
connection point between the ground wire and the tower 
offers an effective approach for eliminating circulating 
currents under normal operating conditions while 
maintaining a reliable discharge path during lightning 
events. In normal system operation, the continuous 
grounding of the ground wire to the towers can form closed 
loops that allow low-amplitude but persistent induced 
currents to flow, leading to losses, electromagnetic 
interference, and even electrochemical corrosion. By 
inserting a device between the ground wire and the tower 
that behaves as an open circuit at power frequency but 
becomes conductive only in response to impulse surges, 
these circulating currents can be eliminated while still 
ensuring a fast-response grounding path during lightning. 
A suitable surge arrester for this purpose must have a 
precise spark-over threshold, sufficient energy-handling 
capability, and reliable transient behavior, so that 
unwanted operation during routine switching is avoided 
while still conducting before the voltage reaches the 
insulator breakdown level [11]. 

In designing such a solution, insulation coordination is 
the primary requirement. The surge arrester’s conduction 
threshold must be higher than the peak of normal induced 
voltages yet lower than the BIL level of the insulator 
strings to reduce the risk of backflashover. Power-
frequency faults must be analyzed in advance, as 50-Hz 
components during nearby ground faults may cause the 
arrester to conduct unintentionally. For this reason, 
thermal evaluation and proper energy-class selection—
especially for standard waveform profiles such as 8/20 and 
10/350—are essential. The quality of the grounding 
system remains a key factor; reducing the tower grounding 
impedance limits potential rise and thereby lowers the 
likelihood of backflashover [12]. 
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