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Abstract: The modeling of the Ultra-High Voltage (UHV) tower plays an important role in lightning
protection analysis of transmission lines because the model used will directly affect the reliability
of the results. Moreover, the higher the voltage level is, the more prominent the impact becomes.
This paper first analyzes the inapplicability of the Hara multi-segment multi-surge impedance
model for the ±1100 kV UHV towers, and then builds a non-uniform transmission line model
of the tower. Secondly, the multi-segment multi-surge impedance model is used to study the
influence of the tower’s spatial structure changes on its electromagnetic transient characteristics. It is
concluded that the more accurately the nominal height of the tower is modeled, the more accurately
its electromagnetic transient response is reflected. Finally, the lightning electromagnetic transient
responses of the tower with the non-uniform transmission line model and with the multi-segment
multi-surge impedance model are compared and analyzed, which shows that the non-uniform
transmission line model is more in line with the actual situation under the lightning strikes.

Keywords: ±1100 kV Ultra-High Voltage (UHV) tower; multi-surge impedance model; non-uniform
transmission line model; lightning protection analysis; tower electromagnetic transient response

1. Introduction

Years of experience in line operations at home and abroad have shown that line trip-out accidents
caused by lightning strikes account for 40% to 70% of the total line trip-out accidents [1]. Trip-out
accidents are particularly prominent in areas with complex topography, high soil resistivity or high
lightning density. It can be seen that lightning strikes are still the main threat to the safe and reliable
operation of the transmission lines [2,3]. Due to the complexity of the terrain over long distance
transmission, large span UHV towers are often required. The UHV tower is subjected to a higher level
of overvoltage when struck by lightning than the ordinary height tower. And the insulation level also
requires more. Therefore, the accuracy of the modeling directly affects the reliability of the lightning
protection analysis results of the transmission lines. At present, the multi-surge impedance model is
commonly used in engineering. It can meet the demand of the calculation accuracy of the ordinary
height tower, but cannot meet the requirements for the UHV tower.

When the influence of the earth on the impedance of the vertical conductor is considered, the surge
impedance at different position of the vertical conductor is unequal. The multi-surge impedance model
is based on this theory [4]. The tower model commonly used in engineering is typically the multi-surge
impedance model proposed by Hara et al. [5]. In this multi-surge impedance model, the main body
of the tower is divided into several parts with the cross arms as nodes, and each part is equalized
by a surge impedance. With the increase of the transmission voltage level, the height of the tower
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also increases in order to meet the insulation requirements. The nominal height becomes the main
part of the tower, so if only one surge impedance is used to model the nominal height, the influence
of the changes in the spatial structure on the tower’s electromagnetic transient responses cannot be
accurately reflected.

In modelling the UHV tower, based on the Hara multi-surge impedance model, reference [6]
divides the nominal height into 11 segments to study the influence of the tower structure’s changes on
its lightning transient characteristics. In [7], the formula for calculating the multi-wave impedance of
the tower is developed by the theory of biconical antenna and electromagnetic field simulation. In [8],
the non-uniform transmission line model of the tower is derived based on the theory of the biconical
antenna, in which the mutual coupling between different conductors of the tower is considered. In [9],
the non-uniform transmission line model of the composite tower is established and the distributed
parameters of the metal part are also derived based on the theory of biconical antenna. So far there is
little literature about the non-uniform transmission line model of the tower and its applicability in the
UHV towers.

One objective of this paper is to simplify the non-uniform transmission line model for applications
in real engineering. The other objective is to study the applicability of the non-uniform transmission
line model in lightning transient analysis for ± 1100 kV UHV tower. The contributions of this paper
are summarized as follows:

(1) An approach to simplify the non-uniform transmission line model is proposed in this paper.
The vertical parts of the tower are equalized to a single conductor system and its non-uniform
distributed parameters are derived based on the theory of the biconical antenna; and the
horizontal cross-arms are modeled as surge impedances since they are parallel to the ground.

(2) The influence of the tower’s spatial structure changes on its electromagnetic transient response
is studied. It is concluded that the more accurately the nominal height of the tower is modeled,
the more accurately its electromagnetic transient response is reflected.

(3) The applicability of the non-uniform transmission line model in lightning transient analysis
is studied. Through comparing the lightning electromagnetic transient responses with the
non-uniform transmission line model and with the multi-segment multi-surge impedance model,
the applicability of the non-uniform transmission line model is verified.

This paper is organized as follows: in Section 2, the multi-surge impendence model of the tower is
introduced. In Section 3, based on the theory of biconical antenna, the non-uniform transmission line
model of the tower is developed. In Section 4, the influence of the tower’s spatial structure changes
on its electromagnetic transient response is studied by segmenting the nominal height into several
parts firstly; and then the electromagnetic transient responses with the multi-segment multi-surge
impendence model and with the non-uniform transmission line model are compared and analyzed for
the validations of the proposed model. Conclusions are drawn in Section 5.

2. The Multi-Surge Impedance Model of the Tower

The multi-surge impedance model considers both the wave process in the tower and the influence
of the structure and size of the tower on the value of the surge impedance, which is more in line
with the actual situation than the traditional tower model. Common multi-surge impedance models
include multi-layer transmission tower model, multi-layer transmission tower simplified model,
Hara lossless tower model and multi-surge impedance model [5,10–13]. Among them, the surge
response characteristics calculated by the Hara multi-surge impedance model are the closest to the
measured values, shown in Figure 1.
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Figure 1. The diagram of multi-surge impedance model. 

The multi-surge impedance model consists of a tower body, bracings and cross arms. The Z of 
each part is expressed by the formula of its size and geometry. It considers the effect of the cross arms 
and bracings on the tower surge impedance Z, and is suitable for generalization to the transmission 
tower with complex structure and high height. This model is mainly used for lightning protection 
simulation of 500 kV transmission lines, and the surge impedance of the tower body needs to be 
corrected to include the influence of the initial low coupling coefficient [14]. 
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where, hk is the height between the cross arm and the ground, and rAK is 1/4 of the width of the crossbar 
at the joint of the tower. 
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legs that are connected by other shorter horizontal and inclined parts. The propagation of lightning 
current on different parts of the tower is a four-dimensional problem involving spherical waves. In 
[15], it is analyzed that less than 1% of the energy of the lightning current propagates along the 
inclined parts during propagation, and hardly propagates along the horizontal parts. Therefore, the 
shorter horizontal and inclined parts connecting the pillar structures may be disregarded during 
modelling. Only the pillar structure of the truss modules needs modelling, that is, the lightning 
current propagates only along the legs of the truss modules. Therefore, it can be considered that the 

Figure 1. The diagram of multi-surge impedance model.

The multi-surge impedance model consists of a tower body, bracings and cross arms. The Z of
each part is expressed by the formula of its size and geometry. It considers the effect of the cross arms
and bracings on the tower surge impedance Z, and is suitable for generalization to the transmission
tower with complex structure and high height. This model is mainly used for lightning protection
simulation of 500 kV transmission lines, and the surge impedance of the tower body needs to be
corrected to include the influence of the initial low coupling coefficient [14].

The surge impedance of the main legs is given as follows [5]:

Ztk = 60

(
ln

2
√

2hk
rek

− 2

)
(k = 1, 2) (1)

where, hk (k = 1, 2) and rek (k = 1, 2) are the height and the equivalent radius of the kth legs, respectively.
The surge impedance of the bracings is given by:

Zlk = 9Ztk(k = 1, 2) (2)

And the surge impedance of the cross arms is given by the following conventional equations for
horizontal conductors:

ZAk = 60 ln
(

2hk
rAk

)
(k = 1, 2, 3, 4) (3)

where, hk is the height between the cross arm and the ground, and rAK is 1/4 of the width of the
crossbar at the joint of the tower.

3. Non-Uniform Transmission Line Model of the Tower

The tower model has a great influence on the calculation of lightning overvoltage, so the accuracy
of the results depends on a reasonable tower model. However, in view of the fact that the nominal
height accounts for almost the entire part of the tower, modeling with only one surge impedance
cannot reflect the influence of the tower’s spatial structure changes on its transient characteristics
responses. Therefore, considering this deficiency of the multi-surge impedance model, this paper
adopts the non-uniform transmission line model.

The tower is typically composed of several truss modules, each of which typically includes four
legs that are connected by other shorter horizontal and inclined parts. The propagation of lightning
current on different parts of the tower is a four-dimensional problem involving spherical waves.
In [15], it is analyzed that less than 1% of the energy of the lightning current propagates along the
inclined parts during propagation, and hardly propagates along the horizontal parts. Therefore,
the shorter horizontal and inclined parts connecting the pillar structures may be disregarded during
modelling. Only the pillar structure of the truss modules needs modelling, that is, the lightning
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current propagates only along the legs of the truss modules. Therefore, it can be considered that the
main mode of the propagation in the tower is the transverse electromagnetic wave (TEM), based on
which the surge impedance of the vertical part of the tower can be derived, and then the distributed
parameters are derived. The main truss modules of the tower is usually a trapezoidal structure,
and its pillar structure is composed of four non-parallel conductors. However, when calculating the
parameters of the infinitesimal cylinder element, we can treat it as four parallel conductor structures.
The four-conductor system of the infinitesimal cylinder element of each main truss module can be
equivalent to a single-conductor structure by the clustering formula [8]:

req = 4
√

4× rend × r3
circ (4)

where, req is the equivalent radius of the four- conductor system, rend is the radius of a single conductor
itself, and rcirc is the radius of the circumcircle of the four-conductor system, shown in Figure 2:
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Figure 2. Schematic diagram of the equivalent radius.

The formula for the radius of the circumcircle of the four-conductor system is:

rcirc =
d

2 sin(π/4)
=

d√
2

(5)

If the truss modules are modeled as equivalent conductors of circular cross section, the tower can
be modeled as an equivalent cylindrical network, shown in Figure 3.

Energies 2019, 12, x FOR PEER  4 of 15 

 

 

main mode of the propagation in the tower is the transverse electromagnetic wave (TEM), based on 
which the surge impedance of the vertical part of the tower can be derived, and then the distributed 
parameters are derived. The main truss modules of the tower is usually a trapezoidal structure, and 
its pillar structure is composed of four non-parallel conductors. However, when calculating the 
parameters of the infinitesimal cylinder element, we can treat it as four parallel conductor structures. 
The four-conductor system of the infinitesimal cylinder element of each main truss module can be 
equivalent to a single-conductor structure by the clustering formula [8]: 

34 4eq end circr = r r× ×  (4) 

where, req is the equivalent radius of the four- conductor system, rend is the radius of a single conductor 
itself, and rcirc is the radius of the circumcircle of the four-conductor system, shown in Figure 2: 

rend

rcirc

d

 
Figure 2. Schematic diagram of the equivalent radius. 

The formula for the radius of the circumcircle of the four-conductor system is: 

2sin( / 4) 2circ
d dr = =
π

 (5) 

If the truss modules are modeled as equivalent conductors of circular cross section, the tower 
can be modeled as an equivalent cylindrical network, shown in Figure 3. 

L1 L2

L3

L4 L5

L6

 
Figure 3. Tower on the DC pole and the equivalent model of the tower. 

Therefore, its electromagnetic transient response can be described by the telegraph equation as 
follows [16]: 

( ) ( )

( )

( , ) ( , )( , )

( , ) ( , )

u h t i h tR h i h t L h
h h

i h t u h tC h
h h

∂ ∂− = +
∂ ∂

∂ ∂− =
∂ ∂

 (6) 

where, L(h), R(h), and C(h) are the per-unit length inductance, resistance, and capacitance of the 
conductor, respectively. They varies with the height of the infinitesimal cylinder element. 

The inductance L(h) consists of the following parts: 

Figure 3. Tower on the DC pole and the equivalent model of the tower.

Therefore, its electromagnetic transient response can be described by the telegraph equation as
follows [16]:

− ∂u(h,t)
∂h = R(h)i(h, t) + L(h) ∂i(h,t)

∂h
− ∂i(h,t)

∂h = C(h) ∂u(h,t)
∂h

(6)

where, L(h), R(h), and C(h) are the per-unit length inductance, resistance, and capacitance of the
conductor, respectively. They varies with the height of the infinitesimal cylinder element.
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The inductance L(h) consists of the following parts:

L(h) = LG(h) + LE(h) + LC(h) (7)

where, LG(h) reflects the magnetic flux in the air, LE(h) reflects that the earth is not an ideal conductive
plane, and LC(h) is the inner inductance of the conductor. The resistance R(h) consists of the
following parts:

R(h) = RE(h) + RC(h) (8)

where, RE(h) reflects the limited conductivity of the earth; RC(h) is the internal resistance of the tower,
accounting for the active power loss when the electromagnetic field penetrates inside the conductor.
As for the capacitance C(h), it is only composed of the geometric capacitance CG(h). It reflects the
electric field effect around the conductor.

3.1. Modeling of the Horizontal Cross Arms

For the horizontal cross arm portion L1, L2, L4 and L5, each is equivalent to a single conductor
and is parallel to the ground, so the parameters of the conductor are equal everywhere, and each
horizontal cross arm can be modeled by one surge impendence. The surge impedance of the cross arm
ZA can be calculated by the following formula [17]:

ZA = 60 ln
2hcross

r
(9)

where, hcross is the height between the cross arm and the ground, and r is 1/4 of the width of the
crossbar at the joint of the tower.

3.2. Modeling of the Vertical Main Body

For the vertical parts L3 and L6 of the tower, which are perpendicular to the ground, the parameters
at different heights are different; so the vertical body of the tower is modeled as a non-uniform
transmission line. Since the cross-section radius of the vertical part is much smaller than its length,
the lightning wave can be regarded as a spherical wave propagating on the tower. The propagation
process of the spherical wave is similar to the transverse electromagnetic wave propagation process of
the double-cone antenna.

Figure 4 shows an infinitesimal element dh with a radius req and a height h above the ground on
the cylindrical conductor of length H. And the propagation of the spherical wave in the infinitesimal
element can be regarded as the double-cone antenna shown on the right side of Figure 4. In the figure,
p is the penetration depth of the wave propagating to the earth, and can be calculated as follows [16]:

p =
1√

jωµEσE
(10)

where, µE and σE are the magnetic permeability and electrical conductivity of the soil, respectively,
and ω is the angular frequency of the lightning current.
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The main truss structure of the tower is usually trapezoidal, so the equivalent radius of the vertical
infinitesimal element is obtained by the proportional method [9], shown in Figure 5:
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Its equivalent radius is:

req = r0 −
r0 − r1

H
× h (11)

where, r0 is the equivalent radius of the tower base, r1 is the equivalent radius of the tower top, H is
the height of the tower, and h is the height at which the vertical infinitesimal element is located.

The electric field and magnetic field strength of a transverse electromagnetic wave propagating in
a biconical antenna can be expressed in a spherical coordinate system [18]:

Hϕ = A0e−jβr/(r sin θ)

Eθ =
√

µ/εHϕ

Er = Eϕ = Hθ = Hr = 0
β = ω

√
µε

(12)

where, A0 is the vector magnetic position, β is the phase constant, µ and ε are magnetic permeability
and dielectric constant of the medium above the ground plane respectively. Hr, Hθ , Hϕ and Er,
Eθ , Eϕ refer to the magnetic field and electric field strength in the three directions of the spherical
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coordinate system respectively. Here, the medium refers to the air, so µ takes the value 4π × 10−7

H/m, while ε takes the value 8.85 × 10−12 F/m.
Therefore, for the infinitesimal element, the voltage U can be obtained by the following

formula [19]:

U =

π
2∫

θ1

Eθrdθ (13)

where, θ1 is the half of the cone angle, π/2 is the angle between the axis of the cone and the ground,
shown in Figure 4.

From the Ampere loop theorem, the current flowing through the infinitesimal element is
shown below:

I =
2π∫
0

Hϕreqdϕ (14)

Substituting for simplification gives:

U =

√
µ

ε
A0e−jβr ln

[
cot
(

θ1

2

)]
(15)

I = 2πA0e−jβr (16)

The characteristic impedance of the cone antenna can be obtained from Equation (15) and
Equation (16):

Z0 =
U
I
=

1
2π

√
µ

ε
ln
[

cot
(

θ1

2

)]
(17)

According to the geometric relationship, we have:

cot
(

θ1

2

)
=

√
(h + p)2 + r2

eq + (h + p)

req
(18)

Substituting Equation (18) into Equation (17), we can get:

Z0 = 1
2π

√
µ
ε ln
√

h2+req2+h
req

+ 1
2π

√
µ
ε ln

√
(h+p)2+r2

eq+(h+p)√
h2+req2+h

= ZG + ZE

(19)

ZG =
1

2π

√
µ

ε
ln

√
h2 + req2 + h

req
(20)

ZE =
1

2π

√
µ

ε
ln

√
(h + p)2 + r2

eq + (h + p)√
h2 + req2 + h

(21)

In turn, the geometric inductance LG of the vertical conductor and the geometric capacitance CG
are shown below:

LG =
√

µεZG

CG = µε(LG)
−1 (22)

Then the generalized inductance is shown below:

LEC =
√

µεZE (23)
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The ground inductance and ground resistance are shown below:

LE = Re{LEC}
RE = −ωIm{LEC}

(24)

Since the conductor has a skin effect when flowing through a high-frequency current,
the conductor itself has internal inductance and resistance, and the calculation formulas are
shown below:

ZC =

√
jωµCρ

2πreq

LC = Im{ZC}
ω

RC = Re{ZC}

(25)

where, ρ is the resistivity of the conductor; µc is the magnetic permeability of the conductor.
Therefore, the components LG(h), LE(h), LC(h) of L(h) can be obtained from Equation (22), Equations

(24) and (25). The components RE(h), RC(h) of R(h) can be obtained from Equations (24) and (25).
C(h) can be obtained from Equation (25). According to Equations (7) and (8), the non-uniform
distributed parameters L(h), R(h), C(h) of the vertical part L3 and L6 can be obtained. As for the
horizontal cross arms L1, L2, L4 and L5, each horizontal cross arm can be modeled by one surge
impendence, calculated by Equation (9). Thus, the whole non-uniform transmission line model can
be established.

4. Simulation Analysis

4.1. Simulation Model and Parameters

Figure 6 shows the actual shape of the ±1100 kV tower used for the calculation and its model
diagram for this paper. The parameters are shown in Table 1. Among them, the surge impedance of
the main body part Zt, the bracings Zl, and the cross arms ZA can be calculated by Equations (1)–(3),
respectively. R is the tower grounding resistance, which is set to 10 Ω. The calculated surge impedance
of the model is shown in Table 2.
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Table 1. Parameters of the tower.

Tower Parameters Parameters of the Main Body

Tower material Iron Number of columns 4
Tower resistivity 9.09 × 10−7 Ω/m Column equivalent radius 0.1 m

Tower magnetic permeability 4π × 10−4 H/m Maximum distance between columns 10.73 m
Ground resistivity 30 Ω·m Minimum distance between columns 3.0 m
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Table 2. Parameters for the multi-surge impedance model.

Parameter Name Surge Impedance/Ω Parameter Name Surge Impedance/Ω

ZA1 288 ZA2 288
ZA3 270 ZA4 270
Zt1 180 Zl1 1620
Zt2 141 Zl2 1269

The lightning current is simulated by the double-exponential model. The impedance of the
lightning channel is 300 Ω and its amplitude is 260 kA. Besides, take the top of the tower as a
lightning strike point for the analysis. The insulator is simulated with a 1 pF capacitor and the Leader
Development Method is taken as its flashover criterion. The transmission line connecting the two
sides of the tower adopts the PSCAD Frequency Dependent (phase) model. The distant towers and
transmission lines adopts the Bergeron model [20]. Its surge impedance takes 300 Ω, and wave speed
takes 3 × 108 m/s, shown in Figure 7.
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Figure 7. Simulation model for this paper.

4.2. Simulation Results of the Multi-Segment Multi-Surge Impedance Model

For the UHV tower, the nominal height is larger, occupying more than 50% of the height of the
tower. The structure and size of the tower body from the top to the bottom vary greatly. If only one
surge impedance is used to model the nominal height, the influence of the spatial structure changes
of the tower on its electromagnetic transient responses cannot be accurately reflected. Therefore,
this paper divides the nominal height into 4, 6, and 8 segments, and analyzes the influence of the
refined division on the electromagnetic transient characteristics of the tower. The improved tower
model is shown in Figure 8. The surge impedance of each segment is calculated by Equations (1)–(3).
The parameters calculated for each model are shown in Tables 3–5 respectively.
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Table 3. Parameters for four segments of the nominal height.

Parameter Name Surge Impedance/Ω Parameter Name Surge Impedance/Ω

ZA1 288 ZA2 288
ZA3 270 ZA4 270
Zt1 180 Zl1 1620
Zt2 160 Zl2 1440
Zt3 130 Zl3 1170
Zt4 96 Zl4 864
Zt5 46 Zl5 414

Table 4. Parameters for six segments of the nominal height.

Parameter Name Surge Impedance/Ω Parameter Name Surge Impedance/Ω

ZA1 288 ZA2 288
ZA3 270 ZA4 270
Zt1 180 Zl1 1620
Zt2 163 Zl2 1467
Zt3 143 Zl3 1287
Zt4 121 Zl4 1089
Zt5 97 Zl5 873
Zt6 67 Zl6 603
Zt7 20 Zl7 180

Table 5. Parameters for eight segments of the nominal height.

Parameter Name Surge Impedance/Ω Parameter Name Surge Impedance/Ω

ZA1 288 ZA2 288
ZA3 270 ZA4 270
Zt1 180 Zl1 1620
Zt2 165 Zl2 1485
Zt3 149 Zl3 1341
Zt4 134 Zl4 1206
Zt5 117 Zl5 1053
Zt6 98 Zl6 882
Zt7 77 Zl7 693
Zt8 48 Zl8 432
Zt9 3 Zl9 27
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This paper uses PSCAD/EMTDC to calculate the parameters of the multi-surge impedance
model when the nominal height is divided into 1, 4, 6, and 8 segments, and analyzes the transient
characteristics of the tower when lightning strikes. The intersection point of the lightning protection
line and the tower is taken as the lightning strike point. That is point A in Figure 6. The obtained
voltage waveform at the top of the tower is shown in Figure 9, and the dynamic process near the peak
is shown in Figure 10. From the fluctuation process of the voltage in Figure 9 and the peak value of the
voltage Figure 10, we can conclude:

(1) As the number of segments in the nominal height increases, the amplitude of the voltage gradually
decreases. Compared with the one segment model, the overvoltage amplitude of the 8 segments
model decreased by about 15.6%. This is because as the number of the divided segments increases,
the geometric spatial structure of the nominal height is modeled by more surge impedances;
and the impedance values of the respective parts are sequentially reduced, so that the peak value
of the voltage is correspondingly reduced.

(2) When the nominal height is segmented differently, the overall fluctuation trend of the voltage is
almost the same.

(3) As the number of segments of the nominal height increases, the peak of the voltage appears
earlier and earlier. Compared with the one segment model, the time the peak appears is about
0.15 µs ahead of time when the nominal height is divided into 8 segments. This is because the
more the number of segments of the nominal height is, the smaller the height and the larger the
equivalent radius is. Therefore, the surge impedance of the portion closer to the ground is smaller.
That is, when the lightning wave has not transmitted to the bottom of the tower, some of the
reflected waves have returned to the top of the tower. This reflected wave slows down the rise of
the peak voltage and decreases the peak value.

(4) When the number of segments of the nominal height increases, the gradient of the voltage peak
reduction is getting smaller and smaller. For example, when 6 segments or 8 segments are used to
represent the nominal height of the tower, the peak value and fluctuation of the voltage waveform
at the top of the tower are not much different. It indicates that as the number of segments for
modelling the nominal height reaches a certain level, the peak value will change little and reach its
saturation value. Then, further subdivision will have little effect on the electromagnetic transient
response of the tower.
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In summary, the more parts of the nominal height is divided into, the more accurately the spatial
structure of the tower is modeled, and the closer the wave process on the tower is to the actual situation.
However, with the height and structure of the tower varying, the number of the segments for the
nominal height is different to reach the saturation value. Therefore, when practical applications require
high accuracy, the multi-segment multi-surge impedance model needs to test the number of segments
for the saturation value, which lacks flexibility and reliability.

4.3. Simulation Results of the Non-Uniform Transmission Line Model

In order to verify the accuracy and effectiveness of the non-uniform transmission line model,
this paper compares the electromagnetic transient response of the tower with the non-uniform
transmission line model and with the multi-segment multi-surge impedance model. The voltage
waveforms at the top of the tower are shown in Figure 11, and the dynamic process near the peak is
shown in Figure 12.
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multi-segment multi-surge model.

It can be seen from Figures 11 and 12 that the voltage waveforms with the non-uniform
transmission line model has almost the same fluctuation trend as the eight-segment multi-surge
impedance model. However, the differences lie in:

(1) The peak of the voltage with the non-uniform transmission line model is lower.
(2) The voltage waveform with the non-uniform transmission line model fluctuates more, but the

basic fluctuation trend is consistent.

In theory, as the number of segments in the vertical section of the tower increases,
the electromagnetic transient response of the tower is modeled more accurately. The fact that
the vertical section is segmented, and each section is modeled by one surge impedance can be
understood that each section of the tower is modeled with uniform distributed parameters. Since the
parameters of the non-uniform transmission line model vary with the height, compared with the
multi-segment multi-surge impedance model, it is similar that the number of segments of the
non-uniform transmission line model is close to infinity. Therefore, the wave process is more complex
than the multi-segment multi-surge impedance model, and the peak value is reduced correspondingly,
which is also closer to the reality.

In summary, the non-uniform transmission line model is more accurate than the multi-surge
impedance model. The model reflects that the parameters’ changes with the decrease of the height
and the increase of the equivalent radius of the UHV tower, so it is closer to the transient fluctuation
process of the actual tower. In the lightning protection analysis, the accuracy with the non-uniform
transmission line model is higher, and the simulation results are more reliable.

5. Conclusions

In this paper, the multi-surge impedance tower model is introduced, and the non-uniform
transmission line tower model is established. Then the electromagnetic transient response of the tower
with the multi-segment multi-surge impedance model and with the non-uniform transmission line
model are presented and compared. From the results we can draw the following conclusions:

(1) As the number of segments of the nominal height increases, the peak value of the voltage at
the top of the tower is gradually reduced, and the peak time is gradually decreased. When the
number of segments reaches a certain level, the transient response waveform of the tower will
change little.
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(2) The transient response of the tower with the non-uniform transmission line model is very close to
the saturated response of the multi-segment multi-surge impedance model. It indicates that the
results with the non-uniform transmission line model in lightning protection analysis are more
reliable. So the non-uniform transmission line model should be selected.

(3) It can be seen that the non-uniform transmission line model built in this paper is consistent
with the electromagnetic transient response of the multi-segment multi-surge impedance model.
It shows that the proposed model can reflect the changes of the spatial structure of the tower
more realistically, and is more suitable for the lightning transient analysis of±1100kV UHV tower
than the multi-surge impedance model.

(4) The accuracy of the tower model determines the reliability of the lightning protection analysis.
As the structure of the tower becomes more and more complicated, the ordinary multi-surge
impedance model is no longer applicable, and a more accurate tower model must be built.
The future modeling of the tower should focus on the physical characteristics. The model of the
tower should be able to better reflect the electric and magnetic field generated by the lightning
current and the tower’s own structure.
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