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ABSTRACT This paper studies the mechanism and influencing factors of resonance overvoltage of EHV
transmission lines caused by lightning. By analyzing the time domain steady state of the simplified resonance
circuit, the physical mechanism of resonance is revealed. The characteristics of resonance transient process
and overvoltage waveform are analyzed by using electromagnetic transient simulation. The main influencing
factors of overvoltage amplitude are also studied. The results show that: 1) During uneven open-phase
conditions, resonant circuit involving shunt inductors and line equivalent capacitor obtains energy from
lightning strikes, which may lead to resonance. 2) the transient process of resonance can be divided into three
stages, including lightning stage, lightning-resonance conversion stage and steady-state resonance stage,
among which the voltage of the first two stages are higher; 3) the lightning strike time, lightning current
parameters and subsequent lightning strike affect on the overvoltage amplitude, which leads to the random
amplitude in overvoltage.

INDEX TERMS Resonance overvoltage, EHV transmission line, lightning strike, shunt inductor.

I. INTRODUCTION
In recent years, China has recorded several faults caused by
resonance overvoltage occurred during uneven open-phase
conditions in 500kV transmission lines with shunt compen-
sation reactor. These resonances were stimulated by lightning
strikes on the conductor of tripped phase, and differ from
typical resonant overvoltage mechanism [1]. Transmission
lines in areas prone to thunderstorms are vulnerable to light-
ning strikes. Due to the parameter design of shunt reactor
and neutral reactor, the amplitude of induced voltage on
fault phase line is low. However, the subsequent lightning
strike that hits the faulty phase wire again provides energy
for the resonant circuit. The working conditions of arrester,
shunt reactance and neutral reactor are complicated because
of lightning and resonance, which result in high risk of
fault.

The resonance mechanism of high voltage transmission
line is analyzed systematically [2]–[7]. Shunt reactors are
usually applied to compensate for the effect of distributed
line capacitance for long EHV transmission lines. Since the
impedance values of reactor and line capacitor are similar at

The associate editor coordinating the review of this manuscript and

approving it for publication was Andrei Muller .

power frequency, resonance may occur during uneven open-
phase conditions [8], [9]. Various methods have been used to
mitigate resonance effect [1], [10], [11]. The commonmethod
is to install neutral reactor to make the equivalent phase-
to-ground impedance of shunt reactor inductance and line
capacitance capacitive. However, This resonance mechanism
only considers the energy provided by the system power
supply, and does not account for input of energy from external
sources.

Lightning is the main external energy source of resonant
circuit. According to the statistics of the State Grid Corpo-
ration, lightning trip accounts for 39.4% to 50.8% of the
total trips in 330kV and above AC transmission lines [12].
Lightning trip out is more serious in the areas with more
thunderstorms. The lightning trip rate of 500kV transmission
lines in some provinces exceeds 0.3 times per 100 km per
year. Lightning trip is not the final form of fault. According to
lightning parameter statics among several countries, a typical
cloud-to-ground flash is composed of 3-5 strikes [13]–[17].
The measured data of State Grid Corporation shows that the
number of return strikes can reach up to 20. The amplitude
of lightning current of subsequent return strike is low, so it
won’t easily cause insulation flashover again, which makes
all energy injected into the resonant circuit. At present, there
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FIGURE 1. Simplified resonance circuit.

is no relevant research on transmission line resonant overvolt-
age induced by multiple lightning strikes.

In this paper, the resonancemechanism of transmission line
with high reactance caused by lightning strike is given, and
the characteristics and influencing factors of resonance over-
voltage are studied. In the second section, the steady-state and
transient processes of resonance are analyzed theoretically.
In the third section, the influencing factors of resonant over-
voltage are studied, including lightning parameters, lightning
strike time and continuous return strikes. The forth section
gives a case study.

II. RESONANCE MECHANISM
A. STEADY STATE ANALYSIS
In the case of external energy injection, a circuit with energy
storage element might resonate. For the simplest resonant
circuit composed of one capacitor and one inductor, the max-
imum capacitance voltage is as follows.

Umax =

√
2E
C

(1)

where Umax is the maximum voltage, E is the injection
energy, C is the capacitance. The time domain steady state
expression of voltage is as follows.

U (t) = Umax sin(
2π
√
LC

t) (2)

Figure 1 shows the simplified circuit of 500 kV Line after
phase A trip. According to Thevenin’s theorem, the steady-
state solution of reactor voltage can be decomposed into
voltage caused by system power supply and voltage caused
by external energy, as shown in Figure 2.

The calculation formula of voltage component U1 caused
by system power supply is as follows.

U1(t) =
√
2UA sin(ωst)

ω2
s · L · Cp−p

1− ω2
s · L · (Cp−g + 2Cp−p)

(3)

where UA is the RMS voltage of fault phase A, ωs is the
system angular frequency, L is the reactance of shunt reactor,
Cp−p is the capacitance between lines, Cp−g is the capaci-
tance between lines and ground.

FIGURE 2. Equivalent subcircuit.

Whether the circuit resonates under the system power
supply depends on whether the equivalent impedance Z is
capacitive or inductive under the system power supply fre-
quency. When Z is capacitive, the system will not resonate.
The expression of Z is as follows.

Zeq =
1

j(ωs · C0)
||j(ωs · L) =

j(ωs · L)
1− ω2

s · L · C0
(4)

The calculation formula of voltage component U2 caused
by external energy is as follows.

U2(t) =

√
2E

(2Cp−p+Cp−g)
sin(

1√
L(2Cp−p + Cp−g)

t +1ϕ)

(5)

where 1ϕ is the phase difference between U2 and U1. It is
determined by the external energy injection time.

Combining formula 3 and formula 5, the steady-state
expression of reactor voltage is as follows.

U (t) = U1(t)+ U2(t)

=
√
2UA sin(ωst)

ω2
s · L · Cp−p

1− ω2
s · L · (Cp−g + 2Cp−p)

+

√
2E

(2Cp−p + Cp−g)

× sin(
1√

L(2Cp−p + Cp−g)
t +1ϕ) (6)

It can be seen from the above formula that even if the
comprehensive impedance Z is capacitive, the circuit can res-
onate due to excessive external injection energy. In figure 1,
set Cp−p as 0.5 µF, Cp−g as 2 µF, L as 6 H, and amplitude
of power supply as 1 kV. When t is 10 ms, a square wave
current with 1 ms pulse width and 4 A amplitude is injected.
The voltage waveform of reactor is shown in Figure 3. Before
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FIGURE 3. Voltage of simplified resonance circuit.

the external energy injection, the voltage amplitude is 381 V,
which is less than the system power supply voltage amplitude.
After external energy injection, the maximum amplitude is
1708 V. Since the natural oscillation frequency is 37.5 Hz,
which is close to 50 Hz, the reactor voltage shows a beat
frequency characteristics.

The premise of the above resonance mechanism is that
the lightning energy is directly discharged from the lightning
cloud to the tripping phase line. If the lightning strikes the
ground wire and tower, the energy will go directly to the
ground and will not cause resonance. The channel of sub-
sequent lightning strike is generally the same as that of the
first lightning strike. Therefore, in terms of line trip caused
by the first lightning strike on the ground wire and tower,
the subsequent lightning is unlikely to cause resonance.
This paper only considers the case of lightning shielding
failure.

B. TEMPORARY ANALYSIS
EMTP software is used for transient simulation. The res-
onant circuit is composed of power source at both ends,
a transmission line, shunt reactor, neutral reactor and arrester.
The ideal voltage source and series impedance are used to
simulate the power source. The lightning strikes the middle
point of the line after the B-phase is disconnected from
the system to simulate a situation in which the lightning
subsequent strike hits the conductor again after single-phase
trip.

The length of the transmission line is set to 200 km.
The line’s geometry is flat construction and the line-phase
distance is set to 15 m. The vertical height is set to 30 m.
The soil resistivity is set to 100 � · m. The rated reactance
of the shunt reactor and neutral reactance are 5318 mH and
2122 mH respectively. V-I characteristics of 500 kV arrester
is shown in figure 5.

Generally, lightning is approximated by a Norton circuit,
including an ideal current source equal to the lightning cur-
rent in parallel with a lightning-channel impedance. Resis-
tance is often used to simulate lightning-channel impedance.
However, resistance will change the topology of resonant
circuit. To solve this problem, a series switch is used to
connect the resistor to the main circuit only during the

lightning current time. The lightning channel impedance is
estimated to be 600 � To 2.5 k� [13]. In this paper, it is set
to 2 k�.

The lightning strike is negative, with amplitude of 10 kA,
front time tf 10/90 of 2.6 µs and Tail Time to Half Value th
of 50 µs. The overvoltage waveforms of transmission line
with arresters and without arresters are shown in Figure 6.
The resonance process can be roughly divided into three
stages.

The first stage named ‘‘lightning stage’’ lasts a few
microseconds. The lightning traveling wave propagates from
the lightning strike point to the substation at both ends.
The voltage on the line is lightning overvoltage. Due to
the different impedance of reactor and line, traveling wave
refracts and reflects in substation. Lightning overvoltage
shows periodicity, which is related to the length of the line.
Due to the existence of arrester, the amplitude of over-
voltage is limited to the residual voltage. It can be seen
from Figure 1 that the overvoltage without arrester is very
high.

The second stage named ‘‘lightning-resonance conversion
stage’’ occurs within tens of microseconds after the first
stage. A part of the lightning energy is released by the
arresters of the substations at both ends. The rest of the
lightning energy is gradually released into the energy stor-
age element of the resonant circuit. Due to the existence of
resistance and impulse corona, the energy of resonant circuit
is gradually consumed. It should be noted that the simulation
does not simulate the corona loss. The overvoltage on the line
is composed of lightning overvoltage and resonance overvolt-
age. It can be seen from Figure 1 that the voltage in the second
stage decreases significantly due to the energy released by the
arrester.

The third stage named ‘‘steady-state resonance stage’’ is
pure resonance. At this time, the energy of lightning cur-
rent has been completely released into the resonant circuit.
When the resonance goes into steady state, the voltage shows
an obvious periodicity. Compared with the second stage,
the amplitude of line overvoltage is reduced.

Considering the higher voltage amplitude and longer dura-
tion, voltage in the first stage and second stage demand more
attention. In this paper, the maximum values of the first
and second stages are named V1max and V2max.

III. MATH INFLUENCE FACTORS
A. LIGHTNING STRIKE TIME
According to formula (6), even in the time domain steady
state, the voltage waveform is closely related to the lightning
strike time. In the transient process, the impact of lightning
moment will be more complex. In order to study the influ-
ence of lightning strike time on overvoltage, a simulation of
lightning strike occurring in the system power supply phase
0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, and 315◦ is carried out.
The lightning current amplitude is 5 kA and Tail Time to Half
Value th is 50 µs. Other parameters are consistent with that
in the second section.
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FIGURE 4. Simulation model.

FIGURE 5. V-I characteristics of 500 kV arrester.

FIGURE 6. Voltage waveform using temporary analysis.

The relationship between voltage amplitude and lightning
strike time is shown in Figure 7. The voltage amplitude
is periodic. Figure 8 shows the voltage waveform when
lightning strike occurs in the system power supply phase 0◦,

FIGURE 7. Relationship between voltage amplitude and lightning strike
time.

90◦ and 180◦. Due to the negative polarity of lightning strike,
V1max reaches its minimum at 90◦ and maximum at 270◦. For
V2max, It has a maximum at 180◦.

B. LIGHTNING CURRENT WAVEFORM PARAMETERS
Lightning current waveform parameters in IEC 62305:2010
include current amplitude, front time, tail time to half value,
etc. The main parameter affecting V1max is the amplitude of
lightning current. According to formula (2), it is the light-
ning energy that affects the later resonant voltage. The main
parameters involved are current amplitude and tail time to half
value.

When analyzing the impact of lightning duration, the cur-
rent amplitude is set to 5 kA and the tail time to half value
ranges from 50 µs to 450 µs. When analyzing the influence
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FIGURE 8. Voltage waveform with different lightning strike time.

FIGURE 9. Relationship between voltage amplitude and tail time to half
value.

of lightning current amplitude, the tail time to half value is
set to 250 µs, and the current amplitude ranges from 5 kA
to 20 kA. Lightning strike occurs in the system power supply
phase 180◦. Other parameters are consistent with the second
section.

The relationship between voltage and tail time to half
value th is shown in Figure 9. V1max is almost indepen-
dent of th. The longer the duration of lightning, the greater
the energy injected into the resonant circuit and the higher
the voltage amplitude. Due to the existence of arrester, part
of the lightning energy does not enter the resonant circuit.
Figure 10 shows the voltage waveform when th is 50 µs,
250 µs and 500 µs. According to CIGRE technical
brochure [13], the median value of th is 30.2 µs. This sta-
tistical data shows that most of the subsequent lightning
strikes are unlikely to cause resonance. However, in the areas
prone to lightning strikes, with the increase in the number of
lightning strikes, the possibility of resonance increases.

In addition, it can be seen that the longer the duration
is, the smoother the voltage curve is, and the shorter the

FIGURE 10. Voltage waveform with different tail time to half value.

time of lightning energy conversion to resonant circuit is.
This is because the lightning energy mainly flows into the
reactor in the form of current. The wider the waveform of
lightning current is, the lower the high frequency component
is, and the less energy is reflected back to the line each
time.

The relationship between voltage and lightning current
amplitude is shown in Figure 11. V1max increases with the
increase of lightning current amplitude. However, V2max
decreases with the increase of lightning current. This is
because the arrester releases lightning energy, as shown
in Figure 12. Under the condition of the same duration,
the higher the amplitude of lightning current, the more energy
released by the arrester, and the less energy converted to the
resonant circuit. Figure 13 shows the voltage waveform when
amplitude is 5 kA, 10 kA and 15 kA.

Although corona loss has an influence on the waveform of
overvoltage rising part, V1max is actually limited by the resid-
ual voltage of arrester. The distortion of lightning overvoltage
waveform has little effect on V1max. In terms of energy loss,
the resistance loss effect of long-distance transmission line is
more obvious than that of corona effect. Further, resistance
loss is already reflected in the model. V2max is also less
affected by corona loss. In addition, the accuracy of corona
model depends on experiments and is affected by many fac-
tors. In view of the above reasons, the corona loss is not take
into account in the model.

C. SUBSEQUENT LIGHTNING STRIKE
According to the CIGRE report, the time interval between two
subsequent lightning strikes may be very short, as short as
1ms. In view of the low probability of multiple return strikes
within a few microseconds, the case of two successive strikes
are studied. The current amplitude is set to 5 kA and tail time
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FIGURE 11. Relationship between voltage amplitude and lightning
current amplitude.

FIGURE 12. Relationship between lightning current amplitude and
released energy.

FIGURE 13. Voltage waveform with different lightning current amplitudes.

to half value is set to 150 µs. The interstroke interval ranges
from 1ms to 10 ms.

The relationship between voltage and interstroke interval is
shown in Figure 14. V1max is the maximum value of the first
lightning strike and the second lightning strike. The V1max of
the first lightning strike is 837kV. The voltage amplitude of
the second lightning strike can be considered as the sum of

FIGURE 14. Relationship between voltage amplitude and interstroke
interval.

FIGURE 15. Voltage waveform with interstroke interval of 10ms.

lightning overvoltage and current voltage. If the current volt-
age is positive, the voltage amplitude of the second lightning
strike will be smaller than that of the first. The waveformwith
interstroke interval of 10ms is shown in Figure 15.

V2max did not increase linearly with the injection of the
second lightning energy. On the one hand, the time-domain
steady-state voltage is related to the time of energy injection.
When there are two consecutive lightning strikes, formula (6)
can be rewritten as (7). At some intervals, the polarity of
U2 and U3 is opposite, and V2max will be smaller than that
without a second subsequent strikes. On the other hand,
the arrester will release some energy of resonance circuit
during the second lightning strike, which increases the com-
plexity of voltage change. It is determined that when inter-
stroke interval is very short, such as, less than 2 ms, the
lightning energy of the two lightning strikes will be converted
to resonance circuit almost at the same time, making V2max
larger.

U (t)

= U1(t)+ U2(t)+ U3(t)

=
√
2UA sin(ωst)

ω2
s · L · Cp−p

1− ω2
s · L · (Cp−g + 2Cp−p)

+

√
2E1

(2Cp−p + Cp−g)
sin(

1√
L(2Cp−p + Cp−g)

t +1ϕ1)
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FIGURE 16. Recordings of voltage and current.

+

√
2E2

(2Cp−p + Cp−g)
sin(

1√
L(2Cp−p + Cp−g)

t +1ϕ2)

(7)

IV. CASE STUDY
This section take a look at a typical case. A 500 kV transmis-
sion line in China has a total length of 150 km. Shunt reactor
and neutral reactor have been installed. The rated reactance
of the shunt reactor is 8029 mH, and the rated reactance
of neutral reactance is 2866 mH. A lightning trip occurred
in In August 7th 2020. According to the Field Recordings,
resonance overvoltage occurred during single-phase outage,
and large current flowed through the reactor.

Lightning information can be monitored by Lightning
Location System (LLS) and Distributed Travelling Wave
Location System (DTWLS). LLS can locate a lightning strike
by measuring the electromagnetic field at multiple monitor-
ing points, which can provide the lightning current amplitude,
lightning strike location and lightning strike time. DTWLS
uses the current monitoring device installed on the line for
more accurate fault location. Lightning information is shown
in Table 1.

The line voltage, line current and shunt inductor current
during the trip are shown in Figure 16. When the first

TABLE 1. Lightning strikes information.

lightning struck, the line flashover and large short-circuit
current appear. After about 38ms, the B-phase switch tripped
and the line voltage dropped to zero. At this time, the arc at
the fault point was not extinguished. After 72 ms, the arc at
the fault point extinguished and the induced voltage appeared
on the line. Overvoltage appeared at the time of the fourth
strike. The negative peak value was 868 kV and the positive
peak value was 778 kV. Looking deeper into the voltage
wave, a few peaks appeared just around the moment of
every lightning strike. Also, the high current of phase B high
reactance appeared about 10 ms after the fourth lightning
strike.

According to the consistency between the time of lightning
strike and the time of voltage waveform change, the fact
of resonance induced by lightning strike can be confirmed.
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The second and third subsequent strikes did not cause reso-
nance overvoltage, which was related to the energy of light-
ning. According to the analysis in Section 3.2, a lightning
strike with low amplitude and long duration has larger energy
and is less released by the arrester, which is more likely
to cause resonance. The parameters of lightning current are
uncertain, so there is randomness in resonance. The sam-
pling rate of field recording was 5000 Hz, which resulted in
the measurement error of lightning overvoltage peak value
V1max. The measurement of V2max is considered to be close
to the real value. This kind of overvoltage close to power
frequency is a rigorous test for the energy holding of arrester.
In fact, there have been several lightning arrester explosion
failures in this kind of fault. In addition, the shunt reactor
works on its saturation region at the initial stage of resonance,
and is at risk of damage.

V. CONCLUSION
This paper introduces a kind of resonance phenomenon
of transmission line with shunt reactor caused by light-
ning strike. The resonance mechanism is revealed in steady
state and transient state. The influencing factors of resonant
overvoltage are studied, and a typical overvoltage case is
analyzed. The conclusions are as follows.

1) Even if the parameter optimization configuration of
shunt reactor and neutral reactor can avoid resonance under
the system power supply, lightning can still cause resonance.
During uneven open-phase conditions, the resonant circuit
gain energy when a lightning strikes the tripping phase
line.

2) The resonant transient process can be divided into
three stages. The first stage is the first few microseconds,
in which the voltage on the line is lightning overvoltage.
In the second stage, the lightning energy is gradually released
to the energy storage element of the resonant circuit. The
overvoltage on the line is composed of lightning overvoltage
and harmonic overvoltage, characterized by high amplitude
and wide waveform. In the third stage, the energy of lightning
current has been completely released into the resonant circuit,
and the overvoltage is resonant overvoltage with a lower
amplitude.

3) The voltage amplitude V1max of the first stage is mainly
affected by the lightning current amplitude. The main factors
affecting the voltage amplitude V2max in the second stage are
lightning strike time, lightning current waveform parameters
and subsequent lightning strike. In view of the uncertainty
of the above factors, the generation of high amplitude res-
onant overvoltage is random. However, it is highly proba-
ble for multiple lightning strikes to occur. When there are
many lightning strikes, resonance overvoltage can’t be clearly
neglected.
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