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Abstract

With the large-scale development of deep-sea offshore wind power, the insulation safety of 
high-voltage submarine cable outer sheaths faces severe challenges, yet the propagation 
characteristics and coupling mechanisms of cable-core overvoltages to the metal sheath 
remain unclear. To address this, a physical experimental platform was established for light-
ning impulse testing based on a 66 kV submarine cable, and the transient potential response 
characteristics of the metal sheath under various operating conditions were systematically 
investigated. The results indicate that under fully suspended conditions, the sheath voltage 
is primarily determined by the voltage division caused by the radial coaxial distributed 
capacitance. When a 30.6 kV lightning impulse voltage is applied, the overall potential of 
the sheath approaches that of the cable core; under conditions where the sheath is grounded 
at the end, the capacitively coupled charge is rapidly discharged, and the transient potential 
is then dominated by inductive coupling, with its variation strictly corresponding to the 
rate of change in the cable-core’s transient current; under conditions where the sheath is 
fully suspended and the cable core is grounded, the potential of the metal sheath exhibits a 
dynamic superposition of the radial capacitive common-mode voltage and the axial induc-
tive differential-mode potential difference. These findings demonstrate that metallic-sheath 
grounding conditions significantly influence the relative contributions of capacitive and 
inductive coupling to transient sheath overvoltages under lightning impulse excitation. The 
experimental results provide a physical basis for further investigation of sheath grounding 
arrangements and overvoltage protection strategies.

Keywords: submarine cables; overvoltage propagation; capacitive coupling; inductive 
coupling

1. Introduction
As the global energy structure accelerates its transition toward clean, low-carbon 

sources, wind power—a renewable energy source characterized by mature technology 
and strong economic viability—has become a core driver of the global energy transfor-
mation [1,2]. Compared to onshore wind power, offshore wind power offers significant 
advantages, including stable wind resources, high annual utilization hours, and no occu-
pation of land resources [3], and has entered a phase of rapid development worldwide in 
recent years [4]. According to data from the Global Wind Energy Council, by the end of 
2025, the global cumulative installed capacity of offshore wind power had reached 92.5 GW, 
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poised to surpass the 100 GW milestone [5]. Among these, China’s offshore wind power in-
dustry has shown particularly strong growth momentum [6–10], with cumulative installed 
capacity reaching 52 GW by the end of 2025. Offshore wind power is gradually transitioning 
from a supplementary and alternative energy source to a primary energy source [11–14].

Submarine cables are core components of offshore wind power transmission systems, 
playing a crucial role in efficiently transmitting wind energy from offshore wind farms 
to onshore load centers [15]. They offer technical advantages such as high transmission 
capacity, low line losses, and minimal susceptibility to environmental interference. However, 
submarine cables typically employ a solid-insulation structure [16], and insulation break-
down is irreversible [17]. Once a fault occurs, it directly triggers a forced shutdown of the 
transmission system and may even trigger large-scale disconnection of wind turbines from 
the grid, resulting in major power outages and economic losses amounting to hundreds of 
millions of dollars [18]. As offshore wind power expands into deeper waters, submarine 
cable voltage levels continue to rise, and line lengths continue to increase, significantly 
intensifying the system’s capacitive rise effect [19] and thereby rendering the threat of tran-
sient overvoltages increasingly severe [20–22]. Ensuring the insulation safety of submarine 
cables has thus become a core issue constraining the reliable operation of offshore wind 
power projects.

From the perspective of submarine cable insulation systems, the main insulation layer 
on the outer side of the cable core typically has a high design margin, and the risk of 
breakdown during normal operation and under most transient conditions is relatively 
low [23,24]. In contrast, the insulation structure of the outer sheath, located on the exterior 
of the metal sheath, is relatively weak and is a high-risk area for insulation failures in 
submarine cables [25,26]. Practical operational experience has shown that flexible DC 
submarine cable lines have experienced multiple failures of the Sheath Voltage Limiter 
caused by transient overvoltage surges.

Scholars have conducted extensive research both domestically and internationally on 
overvoltages in submarine cables, with the focus primarily on cable simulation modeling, 
system-level overvoltage characteristic analysis, and insulation configuration optimization. 
For example, P. Thararak et al. used the PSCAD/EMTDC electromagnetic transient sim-
ulation tool to establish a model of a 115 kV hybrid submarine–land cable system and 
conducted a comparative analysis of the distribution patterns of switching overvoltages 
and the suppression effectiveness of surge arresters [27]. Roberto Benato et al., using the 
380 kV AC interconnection project in southern Italy as a case study, employed EMTP-RV 
simulation software to establish a system model incorporating submarine and terrestrial 
cables [28]. VAIDEKI S et al. used ANSYS Maxwell (14.0) electromagnetic field simulation 
software to investigate the internal electric field distribution characteristics of high-voltage 
direct-current submarine cables under different insulation materials [29].

With regard to induced voltages in the metal sheaths of cables, existing research has 
primarily focused on terrestrial cables, while findings related to submarine cables are 
relatively scarce. Although the capacitive coupling method, commonly used in engineering, 
is computationally simple and widely applied, it is derived based on the assumption of a 
semi-infinite submarine cable. Consequently, its calculation results tend to be conservative 
and fail to accurately reflect the effects of factors such as the waveform of the incident wave, 
line length, and laying method on the induced voltage in the sheath [30].

In offshore wind power systems, lightning strikes on wind turbines, offshore substa-
tions, or connected overhead lines may generate steep-front overvoltages that propagate 
to the submarine cable terminations. Rapid voltage and current changes caused by such 
surges can induce transient voltages on the metal sheath through capacitive and inductive 
coupling, thereby potentially threatening the sheath insulation and related protective de-
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vices. Therefore, this paper employs a standard 1.2/50 μs lightning impulse to investigate 
the coupling mechanisms by which overvoltages propagate from the cable conductor to the 
metal sheath under different grounding conditions, providing an experimental basis for 
understanding transient voltage stresses on the metal sheath and improving overvoltage 
protection strategies.

2. Experimental Platform and Experimental Protocol
To investigate the propagation mechanism of overvoltage in the submarine cable core, 

this study established a lightning impulse test platform. The overall wiring diagram is 
shown in Figure 1.

Figure 1. Schematic diagram of the lightning-impulse test platform for submarine-cable overvoltage 
coupling experiments.

The core equipment of the platform is a lightning impulse voltage generator, which is 
primarily used for full-wave lightning impulse voltage testing of electrical equipment. A 
weakly damped capacitive voltage divider is connected in parallel across the output termi-
nals of the impulse voltage generator to monitor the actual lightning surge voltage applied. 
It serves as a standard voltage measurement device to calibrate the output voltage amplitude 
and monitor the waveform. The output of the low-voltage arm of the capacitive voltage 
divider is connected to an oscilloscope, and the high-voltage arm and low-voltage arm 
together provide a voltage division ratio of 1000:1, meeting the measurement requirements 
for high-amplitude impulse voltages. During the test, both the surge voltage generator and 
the capacitive voltage divider are reliably grounded.

The high-voltage output terminal of the impulse voltage generator was connected 
to the cable core of the submarine cable. The submarine cable was laid horizontally on 
insulated supports, with the metal sheath maintained at a distance of no less than 50 cm 
from the ground to minimize the influence of stray capacitance parameters. Before the 
experiment, a short section of the cable core and metal sheath at both ends of the submarine 
cable was stripped to facilitate equipment wiring.

The submarine cable specimen was 7 m long, with a rated voltage of 38/66 kV and 
a model designation of HYJQF41-F38/66-3×95+OFC+2×48B1.3. It is a three-core optical-
fiber composite submarine cable with water-blocked copper conductors, XLPE insulation, 
separate lead sheaths, and steel-wire armor. Each power conductor has a nominal cross-
sectional area of 95 mm2 , and the cable incorporates two optical-fiber units, each containing 
48 B1.3 single-mode fibers. The nominal XLPE insulation thickness is approximately 14 mm. 
The cross-sectional structure of the cable is illustrated in Figure 2, and its principal structural 
parameters are summarized in Table 1.
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Figure 2. Cross-sectional view of submarine cable structure.

Table 1. Structural parameters of the submarine cable.

Parameter Value

Conductor material Water-blocked copper
Nominal conductor cross-sectional area 95 mm2  per core

conductor diameter 12.12 mm
XLPE insulation thickness 14 mm

outer diameter of conductor screen, XLPE insulation, and insulation screen assembly 43.07 mm
outer diameter of semiconductive water-blocking layer 43.63 mm

outer diameter of lead sheath 48.28 mm
outer diameter of PE sheath 51.66 mm

lead sheath thickness 2.32 mm
Estimated lead sheath cross-sectional area 335.5 mm2 

Overall cable diameter 133.69 mm
Optical fiber configuration 2 × 48 B1.3 single-mode fibers

To accurately capture voltage signals from the cable core and metal sheath of a subma-
rine cable, this study configured a high-voltage probe connected to an oscilloscope to enable 
simultaneous acquisition of voltage waveforms. To minimize electromagnetic interference 
during the lightning impulse tests, the impulse voltage generator and the low-voltage mea-
suring instruments were physically separated by approximately 10 m. The oscilloscope 
was supplied through an isolation transformer equipped with a grounded electrostatic 
shield between its primary and secondary windings to reduce interference coupled through 
the power supply. Voltage measurements were performed using a Tektronix P6015A high-
voltage probe with a shielded coaxial signal cable, and the probe grounding lead was kept 
as short as practicable to minimize parasitic inductance and transient interference.

To measure the transient current in the cable core of a submarine cable, a non-inductive 
sampling resistor with a nominal resistance of 0.2 Ω was connected in series in the grounding 
circuit at the end of the cable conductor. The current waveform was calculated based on the 
measured voltage across the sampling resistor and its nominal resistance. The accuracy of 
the calculated current amplitude was affected by the resistance value of the sampling resistor 
and the uncertainty in voltage measurement. Since the resistance of the sampling resistor 
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was much smaller than the wave impedance of the submarine cable itself, its interference 
with the overvoltage propagation process can be neglected.

To ensure measurement accuracy, the key equipment was calibrated prior to each 
test. Specifically, the wavefront and wavetail resistances of the impulse voltage generator 
were adjusted to ensure that the output waveform complies with the 1.2/50 μs lightning 
impulse parameters specified in the IEC 60060-1 standard; the measurement accuracy of the 
oscilloscope and high-voltage probe was calibrated; and a multimeter was used to verify 
the actual resistance value of the sampling resistor.

This experiment was primarily divided into two groups. In the first group, both the 
cable-core terminal and the metal sheath were left floating. A standard lightning impulse 
was applied to the cable’s leading end, and high-voltage probes were used to measure the 
voltage at both the leading and trailing ends of the metal sheath. In the second group, 
the end of the cable core was grounded via a sampling resistor. Two test conditions were 
set up: one with the metal sheath suspended and the other with the end of the metal 
sheath grounded. A standard lightning impulse was applied to the cable’s leading end, and 
measurements were taken of both the voltage across the metal sheath and the voltage drop 
across the sampling resistor.

All tests were conducted using standard positive-polarity, non-oscillating lightning 
impulse voltages, with a 5 min interval between consecutive impulses. During each interval, 
the cable specimen was discharged using a discharge rod to release residual free charges 
from the conductor and metallic sheath, thereby reducing their influence on subsequent 
measurements. Five repeated tests were conducted for each experimental configuration 
under the same conditions. The principal waveform characteristics, including peak polar-
ity, temporal sequence, and oscillation trends, were consistent across the repeated tests, 
although some variations in peak amplitudes were observed. A representative waveform 
was selected from each group for presentation.

3. Analysis of Experimental Results
Based on the high-voltage impulse test platform described above, this section simulates 

the coupled operating conditions of the cable core and sheath under typical boundary 
conditions, measures and analyzes their transient response waveforms, and reveals the 
propagation patterns of overvoltage.

3.1. Capacitive Coupling
With both the cable core and the sheath fully suspended, a standard lightning impulse 

was applied to the leading end of the submarine cable. The voltage at the leading end of 
the cable core is shown in Figure 3, and the voltage across the metal sheath is shown in 
Figure 4.

As shown in Figure 3, the impulse voltage generator applies a standard lightning 
impulse voltage with an amplitude of 30.6 kV to the leading end of the cable core. Since the 
cable core is suspended, it can be approximated that the voltage across the entire length of 
the cable core is equal to the output voltage of the impulse voltage generator. As shown 
in Figure 4, the voltage waveforms and amplitudes at the leading and trailing ends of the 
sheath are nearly identical to those of the cable core. At this point, the sheath voltage 
relative to ground can be approximated as being caused by capacitive coupling of the 
cable-core voltage.
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Figure 3. Injection voltage when the cable core and sheath are suspended.

Figure 4. Sheath voltage when the cable core and sheath are suspended.
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The structure of a submarine cable naturally forms a series-connected, two-stage coaxial 
capacitor. In this case, the sheath-to-ground voltage 𝑈𝑠 strictly follows the voltage division 
relationship for capacitors:

𝑈𝑠 = 𝑈𝑐 ⋅
𝐶12

𝐶12 + 𝐶2𝑔
(1)

where 𝑈𝑐, 𝐶12, and 𝐶2𝑔 represent, respectively, the peak value of the impulse voltage between 
the cable core and ground, the distributed capacitance per unit length between the cable 
core and the metal sheath, and the distributed capacitance per unit length between the 
metal sheath and ground.

Because the cable’s primary insulation is thin and has a high relative permittivity—
with 𝐶12 being much greater than 𝐶2𝑔—the peak voltage at the sheath is approximately 
equal to the core voltage. As can also be seen in Figure 4, the peak voltage at the trailing end 
of the sheath is slightly lower than the core voltage, while the peak voltage at the leading 
end of the sheath is slightly higher than the core voltage.

Figure 5 shows the voltage difference between the leading and trailing ends of the 
sheath when the cable core and sheath are suspended. Although no continuous current 
flows through the cable core under steady-state conditions, the charging current of the 
cable-core’s distributed capacitance still generates a weak inductive coupling via mutual 
inductance during transient events. Since inductive coupling produces only a differential-
mode potential difference in the axial direction of the sheath, this results in the voltage 
at the leading end of the sheath being slightly greater than the voltage at the cable core. 
However, at this point, the common-mode capacitive component is much greater than 
the differential-mode inductive component. Therefore, it can be approximated that only 
capacitive coupling effects are present in the sheath.

Figure 5. Voltage difference between the leading and trailing end of the sheath when the cable core 
and sheath are suspended.

After clarifying the characteristics of pure capacitive coupling in a fully suspended 
state, subsequent experiments introduced a grounded boundary to further investigate the 
suppression effect of ground loops in practical engineering applications and to observe the 
dominant role of inductive coupling.
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3.2. Inductive Coupling
The end of the cable core was grounded via a sampling resistor, and the end of the 

metal sheath was grounded. A standard lightning impulse was applied to the leading 
end of the submarine cable. The voltage at the leading end of the cable core is shown in 
Figure 6. Because the cable core was directly grounded, the transient voltage was cut off 
before reaching its peak and rapidly dropped back to zero potential.

Figure 6. Injection voltage when the cable core and sheath are grounded.

Figure 7 shows the voltage at the leading end of the metal sheath when the trailing 
end of the metal sheath is grounded. The voltage waveform rises rapidly to a positive peak, 
then drops rapidly from the peak to 0 V, continues to decline from 0 V, reaches a negative 
peak, and finally rises slowly from the negative peak back to 0 V.

Figure 7. Voltage at the leading end of the metal sheath when the trailing end of the metal sheath 
is grounded.
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The current in the cable core of the submarine cable is shown in Figure 8. When the 
sheath is grounded at its trailing end, the voltage at the leading end of the metal sheath 
can be approximated as being caused by inductive coupling. The physical mechanism of 
inductive coupling lies in the time-varying spatial magnetic field produced by transient 
variations in the cable-core current. This varying magnetic field induces eddy currents 
in the surrounding area, which in turn act on the free charges within the sheath, thereby 
generating an induced electromotive force.

Figure 8. Cable-core current when the core and sheath are grounded.

The instantaneous value e(t) of the induced electromotive force satisfies Faraday’s law:

𝑒(𝑡) = −
𝑑Ψ
𝑑𝑡 = −𝑀 ⋅

𝑑𝑖
𝑑𝑡 (2)

where the negative sign indicates that the direction of the induced electromotive force is 
opposite to that of the current in the cable core. The direction of the induced electromotive 
force can be determined using Lenz’s law.

Figure 9 shows a comparison of the waveforms for the cable-core current and the 
sheath voltage. The current flowing from the cable head to the tail is defined as the positive 
direction. When the end of the sheath is grounded, the potential at point B is zero. Then 
the potential at point A is:

𝑢𝐴(𝑡) = 𝜑𝐴(𝑡) = 𝑀 ⋅
𝑑𝑖
𝑑𝑡 (3)

The current in the cable core follows an impulse waveform—it rises rapidly to its peak 
and then descends slowly. The rate of change in the current is divided into two phases, and 
therefore the potential at point A also corresponds to two phases.

The first stage is the rising edge of the current. At the beginning of the rising edge, 
the current starts from zero and increases; at this point, the rate of change in the current is 
greater than zero and reaches its maximum positive value, so the potential at point A also 
rises rapidly from zero to its positive peak. As the current amplitude continues to increase, 
the rate of change in the current continues to decrease. When the current reaches its peak, 
the rate of change in the current is zero; therefore, during this process, the potential at point 
A continues to decrease from its highest positive value and returns to zero at the moment 
the current reaches its peak.
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Figure 9. Cable-core current and sheath voltage.

The second stage is the falling edge of the current. At the beginning of the falling edge, 
the current is greater than zero but continues to decrease; at this point, the rate of change 
in the current is less than zero and reaches its maximum negative value, so the potential 
at point A also drops rapidly from zero to the negative peak. As the current amplitude 
continues to decrease, the absolute value of the rate of change in the current continues to 
decrease. When the current drops to zero, the rate of change in the current is zero; therefore, 
during this process, the potential at point A gradually rises from the negative peak and 
eventually returns to zero.

Figure 10 shows the induced voltage at the trailing end of the sheath when the leading 
end of the sheath is grounded. The potential at point A is zero. Therefore, the potential at 
point B is:

𝜑𝐵(𝑡) = −𝑀 ⋅
𝑑𝑖
𝑑𝑡 (4)

Comparing Figure 10 with Figure 7, it can be seen that because the integration directions 
at the start and end points are opposite, the induced voltages measured at both ends exhibit 
mirror symmetry with respect to the zero-potential axis. The induced voltage at the leading 
end is slightly higher due to traveling-wave oscillations and weak capacitive coupling. The 
submarine cable used in this experiment was relatively short, and one end of its metal 
sheath was grounded. Under these experimental conditions, the low-impedance grounding 
path significantly suppressed the sheath-to-ground voltage caused by capacitive coupling. 
At the same time, the measured axial sheath voltage was primarily attributed to inductive 
coupling resulting from rapid changes in the conductor current. However, distributed 
capacitance between the conductor and the metal sheath still exists. Therefore, capacitive 
coupling is merely suppressed rather than eliminated.
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Figure 10. Voltage at the trailing end of the sheath when the cable core and the leading end of the 
sheath are grounded.

3.3. Superposition Coupling
The end of the cable core was grounded via a sampling resistor, with the metal sheath 

left floating. A standard lightning impulse was applied to the leading end of the submarine 
cable. The voltage at the leading end of the submarine cable core is shown in Figure 11.

Figure 11. Injection voltage waveform with the cable core grounded and the sheath suspended.

The voltage at the leading and trailing ends of the sheath is shown in Figure 12. At this 
point, both capacitive coupling and inductive coupling are present on the sheath. The axial 
differential-mode electromotive force generated by inductive coupling is superimposed 
on the common-mode voltage generated by capacitive coupling. Comparative studies 
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indicate that the grounded condition eliminates the capacitive component, whereas the 
floating condition reveals the physical nature of the potential as a dynamic superposition 
of common-mode and differential-mode components.

Figure 12. Sheath voltage when the cable core is grounded and the sheath is suspended.

Figure 13 presents the cable-core current under the condition that the cable core is 
grounded and the sheath is suspended. Figure 14 shows the voltage difference between the 
leading and trailing ends of the sheath under the same conditions. Comparing Figure 13 
with Figure 8 reveals that the conductor current under different operating conditions is 
nearly identical. Similarly, comparing Figure 14 with Figure 7 reveals that the voltage 
difference between the leading and trailing ends of the sheath under different operating 
conditions is also nearly identical. This indicates that regardless of whether the metallic 
sheath is grounded or floating, the axial induced electromotive force difference across its 
ends is uniquely determined by the rate of change in the conductor’s transient current, the 
mutual inductance coefficient, and the physical length of the cable.
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Figure 13. Cable-core current when the cable core is grounded and the sheath is suspended.

Figure 14. Voltage difference between the leading and trailing ends of the sheath when the cable core 
is grounded and the sheath is suspended.

4. Conclusions
Based on the above study of lightning impulse overvoltages in submarine cables, the 

following conclusions can be drawn:
(1) When both the conductor terminal and the metal sheath were in a suspended state, 

the measured sheath-to-ground voltage exhibited a trend that is essentially consistent 
with that of the impulse voltage applied to the conductor. This indicates that, under 
the suspended operating conditions studied, radial capacitive coupling is the primary 
mechanism determining the transient potential of the metal sheath.
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(2) When the end of the conductor and one end of the metal sheath were grounded, the 
sheath-to-ground voltage caused by capacitive coupling was significantly suppressed. 
The transient potential difference along the axial direction of the sheath exhibited 
characteristics consistent with inductive coupling caused by rapid changes in the con-
ductor current. This indicates that the grounding conditions of the metal sheath have 
a significant impact on the relative contributions of capacitive and inductive coupling.

(3) When the conductor’s end was grounded and the metal sheath remained suspended, 
the measured sheath voltage exhibited characteristics resulting from the combined 
effects of capacitive and inductive coupling. Therefore, under the experimental con-
ditions studied, the sheath potential could be understood as the superposition of the 
common-mode component generated by capacitive coupling and the axial induced 
potential difference generated by inductive coupling.
From an engineering perspective, these findings highlight the importance of appropri-

ate metallic-sheath grounding and overvoltage protection arrangements. For single-point 
grounding configurations, the transient voltage at the ungrounded sheath end should 
be considered, and a suitably rated sheath voltage limiter may be required. For longer 
submarine cables, the electromagnetic induction model suggests that additional grounding 
points may help limit the accumulation of axial induced electromotive force by reducing 
the effective coupling length.
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