
 

  

 

Aalborg Universitet

The design and optimization of the down-lead system for a novel 400 kV composite
pylon

Yin, Kai; Ghomi, Mohammad; Zhang, Hanchi; Silva, Filipe Miguel Faria da; Bak, Claus Leth;
Wang, Qian; Skouboe, Henrik
Published in:
I E E E Transactions on Power Delivery

DOI (link to publication from Publisher):
10.1109/TPWRD.2022.3193562

Publication date:
2023

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):
Yin, K., Ghomi, M., Zhang, H., Silva, F. M. F. D., Bak, C. L., Wang, Q., & Skouboe, H. (2023). The design and
optimization of the down-lead system for a novel 400 kV composite pylon. I E E E Transactions on Power
Delivery, 38(1), 420-431. Advance online publication. https://doi.org/10.1109/TPWRD.2022.3193562

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -
Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

https://doi.org/10.1109/TPWRD.2022.3193562
https://vbn.aau.dk/en/publications/9f7986df-00be-4d4d-8864-d2a4fb4b0994
https://doi.org/10.1109/TPWRD.2022.3193562


> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

1 

 

Abstract—This paper presents systematic research of a 

grounding down-lead design and its optimization for a novel 

Y-shaped composite pylon. A grounding down-lead inside the 

cross-arm is proposed as a potential grounding method. The 

transient response to lightning surges is modeled in 

PSCAD/EMTDC for a flash of lightning striking at the tip of the 

pylon. Aiming at the characteristic of the pylon structure, we 

propose theoretical formulas to calculate the surge impedance of 

the inclined down-lead circumscribed by composite materials. 

Besides, potential multi-factors affecting BFR such as the 

configuration as well as the length of the down-lead, the pylon 

span, the dielectric constant of the filling material, the 

electromagnetic propagation speed of the lightning, and the 

capacitances between down-lead and phase conductors are 

investigated, after which the grounding lead system of the pylon 

and filling materials are determined. Afterwards, the applicability 

of the multi-down-lead system to increase critical current (Ic) is 

discussed considering the lightning current capacity and the 

corona generation. Finally, we verify the insulation of the 

down-lead system. Compared with that of traditional Eagle and 

Donau towers, the backflashover rate (BFR) of the Y-shaped 

pylon with an optimized down-lead system is lower than that of 

traditional ones. 

 
Index Terms—BFR, composite pylon, surge impedance, 

optimization, dielectric constant. 

I. INTRODUCTION 

THE ongoing expansion of renewable energy generation, 

such as offshore wind and solar power, raises a massive 

demand for new transmission towers [1-3]. Due to its lower 

economic and environmental impacts, composite material 

should be an alternative to the metal used in a lattice 

transmission tower [4]. According to the project of „Power 

Pylons of the Future‟, a composite pylon that has a „Y‟ shape 

with an integrated cross-arm without insulator strings is a 

promising solution [5]. Compared with traditional transmission 
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towers, the compact design of the pylon configuration can 

reduce line corridor areas and the use of steel, decreasing the 

cost of transportation and assembly [6]. Meanwhile, this new 

type of pylon is positively dominant with respect to visual 

impact [7]. 

Lightning is the main factor affecting the safe and reliable 

operation of transmission lines. Therefore, evaluating the 

lightning protection performance of composite pylon has an 

essential significance. The backflashover rate (BFR) and 

shielding failure flashover rate (SFFOR) are critical evaluation 

criteria for the lightning performance of transmission towers. 

However, to date, there are just a few scientific works on 

SFFOR of the fully composite pylon. T. Jahangiri et al. [8] 

studied the strengths and weaknesses of the preliminarily 

assigned shielding angle for the pylon. They used the revised 

electro-geometric model (EGM) to calculate the shielding 

failure rate. The maximum shielding failure current that was 

determined referred to multiple standards. The research showed 

that transmission lines supported by the Y composite pylon 

have a lower striking probability due to its compact pattern 

when compared with the two conventional steel towers 

considered in this paper, and a higher critical current of 

shielding failure. Due to the negative protecting angle of -60° 

adopted by the Y composite pylon, the theoretical SFFOR of 

the composite pylon is close to zero. The shielding failure rate 

(SFR) of the Y shaped pylon is no more than 0.009 flashes/100 

km-year [8]. In summary, the theoretical calculation for this 

new pylon shows an almost perfect evaluation in the point of 

shielding failure. Subsequently, Wang et al. [9] conducted the 

relevant test. The spatial shielding failure probability around 

the tower was calculated based on the ratio of discharge paths 

recorded in the test. The test results verified the feasibility of 

EGM in the lightning performance evaluation of the fully 

composite pylon and confirmed that the special negative 

shielding angle in the new composite tower provides good 

lightning shielding performance [9]. Although this research 

was based on scale model which has limitations to simulate the 

real case because the facility and space limitations and degree 

of air ionization is not changed linearly with the scale ratio, 

scale model is still meaningful for lightning performance 

investigation due to the similarity of the long gap discharges in 

the laboratory with the final stage of natural lightning. The 

scale-test has a very limited deviation with the revised EGM 

results and therefore is being corroborated analytically. It 

provides a valuable reference for lightning shielding 

performance evaluation of the novel composite tower. 

Actually, the BFR depends on the structure of the pylon and 

the down-lead configuration. The BFR of the composite pylon 
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is serious lacking systematic research due to its unusual 

configuration and undefined down-lead system. Unlike 

traditional transmission towers, the new pylon body has more 

compact pattern and is entirely composed of non-conductive 

composite material, and the integration of insulators in a form 

of uni-body cross-arm replace the conventional suspension 

insulators. The lower height of the pylon means the higher 

capacitance of the downlead to the ground. The shield wire and 

three phase conducting wires are arranged along the cross-arms 

of the double-circuit composite pylon as shown in Fig. 1. The 

special features of the phase arrangement result in 

non-equalizing induced voltage and biased flashover 

probability between the upper phase conductor to the shield 

wire. Secondly, the electromagnetic transient (EMT) modeling 

for the metal tower body and downlead system is totally 

different. In the determination of the surge impedance, the 

lattice structure of the traditional tower is always treated as a 

cone. The bracing as well as the metal cross-arm can be 

expressed by distributed constant lines. While for the 

composite tower, the downleads consist of cylinders at an angle 

of 30° to the horizontal. Thirdly, two shield wires mounted on 

the tips of composite pylon are not directly connected, and the 

mutual coupling effect on the lightning performance is also 

unclear. In addition, traditional steel frames are not covered 

with insulating materials, nevertheless, the presence of 

composite material around the downlead will changes its 

capacitance as well as the mutual capacitance to the phase 

conductors. The influence of the composite materials on the 

electrical parameters of the down-lead cannot be analyzed with 

the resort of conventional simulation model or formulas. Thus, 

those structure and electrical differences need to be fully 

considered in the research of the BFR of the Y-shaped pylon.  

Significantly, there is no path for providing ground potential 

for shield wires in the initial design. To date, a suitable 

technical solution for the grounding system of this new pylon 

has not yet been determined. Thus, the first step to obtain the 

BFR is to identify effective grounding methods. In light of the 

reality of the „Y‟ shaped composite pylon, we propose two 

different methods for grounding the down-lead. The first 

method is a bare grounding conductor going down through the 

Fiber-Reinforced Plastic (FRP) cross-arm tube and the pylon 

body. Another technique is a grounding lead going down 

outside the cross-arm and the pylon body. These two methods 

are referred to as the internal grounding and the external 

grounding, respectively. For external grounding, this method 

has only been applied for a newly designed 110 kV 

semi-composite tower in China [10]. It reported that both BFR 

and SFFOR of that tower showed acceptable levels. However, 

the configuration of the tower should guarantee enough safety 

distance between the vertical down-lead and the tower body to 

avoid arc occurring between down-lead and phase conductors, 

and this design increases the complexity and difficulty of 

installation. For the Y shaped pylon, increasing the lead to 

phase conductor distance means an increase in the line corridor 

areas, leading to a larger right-of-way and a bigger visual 

impact, which limit the advantage of the pylon structure. If the 

internal grounding technique is used as the grounding method, 

the structure of the pylon does not need to be changed and those 

issues regarding the external grounding mentioned above can 

be avoided. However, the research about the feasibility of 

down-lead going through the pylon body is absent. Therefore, 

the insulation coordination and capacity of conducting a 

lightning current in an internal down-lead is investigated in this 

paper. 

In this paper, we propose a metal lead going down through 

the Fiber-Reinforced Plastic (FRP) cross-arm and the pylon 

body as a grounding system. The surge impedance of the 

down-lead is determined through the image method [11]. Then 

the PSCAD/EMTDC is employed to investigate the transient 

overvoltage response when lightning strikes on the shield wire. 

Afterward, we investigate multi-factors affecting the lightning 

performance and determine the filling materials and 

cross-section area of the down-lead with regarding the current 

capacity. The feasibility of multi-down-lead system is 

discussed from the perspective of surge impedance and corona 

effect. Finally, the lightning performance of the optimized 

pylon is systematically evaluated and contrasted with 

traditional Donau and Eagle towers. 

 

Fig. 1 Concept map of the composite ‟Y‟ pylon. S refers to shield wires. U, M, 

and L refers to upper, middle, and lower phase conductors. 

Ⅱ. PYLON MODEL BUILD 

In order to calculate the lightning transient responses, the 

equivalent circuit of the pylon, which directly affects the 

accuracy of results, needs to be determined first. Figure 1 

shows the concept map of the double circuit 400 kV fully 

composite pylon [3], with the pylon adopting a novel unibody 

cross-arm with an inclination angle of 30°. The height (ht) of 

this tower is 22.5 m, which is considerably lower than that of 

traditional ones with the same voltage level [12]. The height 

(hb) and the external radius of the vertical column part of the 

tower body are 16.5 m and 0.5 m, respectively. The length of 

the cross-arm is 12 m. The integrated insulators in the form of 

unibody cross-arm replace the insulator strings used in 

traditional lattice towers. Meanwhile, clamps are mounted on 

the cross-arms, and Aluminum Conductor Steel-Reinforced 

(ACSR) conductors in a duplex bundle are used. According to 

IEC 60071-1 [13] and CIGRE TB.72 [14], the required 

phase-to-phase and phase-to-shield wire air clearances on the 

unibody cross-arm are 3.68 m and 2.8 m, respectively [15]. 

Two separated bare conductors connected with the shielding 

wires are arranged through the pylon cross-arm and body. 

There is no connection between two down-lead, and we refer 

this configuration as „Ⅱ‟ frame. The pylon mast is a hollow FRP 

This article has been accepted for publication in IEEE Transactions on Power Delivery. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2022.3193562

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on August 25,2022 at 11:18:57 UTC from IEEE Xplore.  Restrictions apply. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

3 

according to the initial design, while the cross-arm is filled with 

composite materials between the sheath and down-lead. The 

initial design of the span between pylons is 250 m.  

PSCAD/EMTDC is employed to obtain the overvoltage at 

the shield wires when struck by lightning flashes. A double 

circuit transmission line with seven pylons is modeled as the 

base of the simulation with a lightning flash hitting on the tip of 

the middle pylon. Bergeron model with a steady-state 

frequency of 10 MHz is used for modelling the lines. The 

coupling effect of both the inclined and vertical parts of 

downleads have also been taken into consideration. The 

equivalent circuit of the down-lead system is exhibited in Fig. 2 

(a). Where MLi (i=1 to 5) is the mutual inductance. 

A. Surge impedance of the down-lead 

The surge impedance of the down-lead system is key in 

determining the lightning transient overvoltage [16]. The 

ground system mainly consists of the sloping down-lead inside 

the cross-arm, vertical down-lead inside the tower body and 

footing resistance. Due to the inclination characteristics of the 

cross-arm and the unique configuration, there are no empirical 

formulas available to calculate the surge impedance of the 

down-lead inside the cross-arm. Besides, the previous work 

reported that if the cross-arm is hollow, the surface E-field of 

the down-lead would exceed the maximum admissible E-field 

magnitude [17, 18]. Therefore, filling materials for cross-arm, 

which are adopted to curb the electric-field distortion, also need 

to be considered in the determination of the surge impedance. 

Here, we initially choose the FRP as the filling material. 

Inspired by a multistory tower model [19], the down-lead inside 

the cross-arm can be divided into 4 segments, The inductance 

and capacitance corresponding to each segment are obtained by 

integration as (1) and (2).  

 

Fig. 2 The schematic of the (a) equivalent circuit model and (b) the integral path 

to simulate the surge impedance of the down-lead segment.  
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Where l, h, and b are the length, height, and radius of the 

cross-arm segments. a is the radius of the down-lead. 

a'=a/cos30° and l’=lcos30°. μ1, ε1 are the permeability 

(approximated as vacuum permeability μ0) and the dielectric 

constant of the filling materials (ε1=2.64ε0) [5].  

To verify the surge impedance of the down-lead segments, 

the COMSOL RF-module is employed. Assuming perfect 

conductors and a lossless air region, the surge impedance can 

be obtained by calculation of the ratio of the conductor voltage 

to its current. The voltage V can be evaluated as an integral of 

the electric field E along the direct line from down-lead to 

ground (3), and the current I is an integral of the magnetic field 

Ψ along a closed loop O of the down-lead (4). The cross-section 

schematic of integration path is shown in Fig. 2(b), and the 

electric field distribution of the down-lead is exhibited in Fig. 3. 

The comparison between the theoretical values and simulation 

values are shown in Table Ⅰ. The largest error is about 3.14%. 

1

2

h

h
V dx


  E                                  (3) 

O

I dx  ψ                                     (4) 

 

Fig. 3 The electric field distribution of down-lead segments. 

TABLE I: COMPARISON OF THEORETICAL AND SIMULATED VALUES 

 Segment 1 Segment 2 Segment 3 Segment 4 

Simulation 

values 
434.03 Ω 421.54 Ω 408.34 Ω 396.34 Ω 

Theoretical 

values 
420.80 Ω 408.84 Ω 397.05 Ω 388.42 Ω 

 

The velocity of the lightning propagation in each segment 

can be obtained from the inductance and capacitance. 

1/v LC                                  (5) 

The surge impedance of vertical part of down-lead is 

generally suggested as (6) [19, 20] 

                    (6) 

 

Fig. 4 The impedance behavior includes (a) magnitude and (b) phase of the 

vertical electrodes buried in uniform soil. 

B. Footing resistance 

The footing resistance of a pylon is primarily influenced by 

the shape of electrodes, soil conditions and the lightning current 

amplitude. The concentrated ground electrode consists of four 

rods with each length of 3 meters in series connection and they 

are mounted on the bottom of the pylon body. The uniform soil 

model is considered as ground model [21]. Take the soil 

situation in Denmark as an example, 100 Ω∙m is suggested as a 

conservative value for soil resistance ρ0 [22]. The input 

impedance of tower-footing can be obtained by the electrical 

field integral equation which can be solved by the method of 
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moment [21]. The magnitude and phase of the input impedance 

are shown in Fig. 4. Additionally, for comparison purpose, all 

towers adopt the same grounding system. 

C. Lightning parameters 

Herein, the CIGRE lightning current waveform was 

employed to investigate the transient response of the Y shaped 

pylon. In practice, the front time of lightning flashes is not 

constant. In the procedure of simulating Ic, the 0.2-10 μs front 

time Tf is taken into consideration to illustrate the results are 

suitable for different Tf. Reference [24] showed that the tail 

duration of lightning current has an insignificant effect on the 

transient voltage, so the tail time Tt is set to a constant of 77.5 

μs. The correlation between the lightning steepness (Sm) and its 

crest current IF follows [25]: 

Sm=1.4IF
0.77

                                 (7) 

The surge impedance of the lightning current discharge 

channel is set to 1000 Ω [16, 23]. 

D. Intersection capacitances 

Due to the unique grounding system, the insulation distance 

between the phase conductor and the down-lead is much shorter 

than in traditional lattice ones. Meanwhile, the isolating 

dielectric with a higher dielectric constant will result in large 

parasitic capacitances. Thus, the parasitic capacitances between 

down-lead and phase conductors (called the intersection 

capacitance in this paper) as well as the capacitances between 

the inclined down-leads should be taken into consideration in 

the equivalent circuit of the pylon. To obtain the capacitances, 

the finite element method (FEM) based software COMSOL is 

employed for 3D modeling. A non-zero potential is applied on 

one conductor, while other phase conductors and down-leads, 

were set to zero potential. Then we can get capacitances 

through the Maxwell capacitance matrix (Table Ⅱ).  

TABLE Ⅱ: INTERSECTION AND MUTUAL CAPACITANCES 

Capacitance(pF) 

Upper phase to 
down-lead 

Middle phase to 
down-lead 

Lower phase 
to down-lead 

46.17 51.41 50.43 

 
Fig. 5 (a) The potential distribution of downleads inside cross-arms applying 

400 kV crest phase voltage.  

E. Mutual coupling effect between two downleads 

The mutual coupling in the multi-conductor system should 

be taken into consideration. The mutual coupling among 

horizontal phase conductors is considered in PSCAD by default 

once the spatial position of the phase conductors is determined. 

Two downleads can establish the coupling through the mutual 

impedance. For two downlead system, given the current τ on 

the conductor, the voltage V1 and V2 of conductors are [25] 

1 11 1 12 2

2 21 1 22 2

= +

= +

V Z Z

V Z Z

 

 
                                  (8) 

Where Z11 and Z22 are the down-lead self-impedance, while 

Z12=Z21 is the coupling impedance, which can be obtained by 

mutual capacitances and inductances. By the means of 

COMSOL, mutual capacitances can be simulated in Maxwell 

capacitance matrix and mutual inductance obtained in Coil 

parameters. Figure 5 shows the potential distribution derived 

when calculating the matrix.  

F. Flashover criterion 

The leader progression model (LPM) has been widely 

applied in the judgment of flashover occurrence [26]. The 

leader propagation characteristics are obtained by practical 

experiments for air gaps or insulators. The leader propagation 

speed of lightning impulse voltage in the function of flashover 

time is given by (9) according to the CIGRE WG C4.23 [27]. 

0

( )
( )
 

  
 

dz u t
ku t E

dt D z
.                       (9) 

Where z is the length of the leader, u(t) is the voltage at the 

air gap, D is the length of insulation, E0 is the threshold electric 

field of leader progression and k is the factor of leader 

progression speed. E0 and k are related to the type of the 

insulators and the polarity of the lightning impulse voltage, 

which are obtained from experiments. Due to the similar 

material components and insulator configuration, the flashover 

characteristics along the composite insulator can be regarded as 

that of a post insulator [28]. The k and E0 for negative discharge 

are recommended to be 1.0×10
-6

 m
2
/V

2
/s and 670 kV/m [27].  

When the leader progresses continually until the remain gap 

distance is less than hf, the leader will jump, resulting in gap 

breakdown. The jump threshold hf is given by [29] 

 3.89 / 1 3.89 /fh D                          (10) 

G. BFR calculation 

For 220 kV and above transmission lines, the phase voltage 

has a considerable impact on the lightning performance and 

therefore, the voltage phase and polarity when lightning strikes 

should be considered. The flashover judgment between upper 

phase and shielding wire can be expressed as 

flashover i pU U U                              (11) 

400 2
sin(100 )

3
 pU t                      (12) 

Where Ui is the voltage between the phase conductor and 

shield wire. Up is the phase voltage. Practically, the probability 

density function of front, tail duration, and amplitude of 

lightning current can be approximately expressed by a 

lognormal distribution as (13) shows. Thus, the incremental Tf 

with constant Tt is closer to the actual situation to investigate 

the BFR. 
2

1 ln( / )

21
( )

2

x M

f x e
x



 

 
  

                      (13) 

The mean value μ of the lightning parameter can be 

determined by the two coefficients M and β. The statistical 

median values of the Tf and Tt are 3.83/77.5 μs, 31.1 kA for Ic 

[25]. 
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2

2=Me



                                     (14) 

In this research, critical current Ic under varied Tf is 

investigated, and the Ic considers the influence of the phase 

voltage. Pc is the cumulative distribution function of (13) that 

the stroke current from 0 to Ic. The BFR can be obtained by 

 
0

=0.6 ( ) 1 ( ) d


L f c c fBFR N f T P I T              (15) 

Where f(Tf) is the probability of a lightning current with a Tf. 

NL estimates the number of strikes to the line per year per 100 

km, which can be calculated according to (16) [25]. 

0.6(28 )
10

 
g

L t

N
N h W                         (16) 

Where W is the horizontal width between two shielding 

wires. The worst Ng, which refers to the lightning flash density 

in Denmark, for the last decade is equal to 1.39 

flashes/km
2
∙year [30, 31]. 

In practical calculation, the first step is to determine the 

discrete Tf as well as the corresponding Ic. In general, when Tf 

exceeds 10 μs, the corresponding backflashover probability is 

less than 10
-5

 [25], which has little impact on the total BFR. 

Thus, Ic considering a number of 50 discrete Tf values (in the 

range of 0.2-10 μs and an increment ΔT of 0.2 μs) has been 

used. Then the probability of Tf and Ic can be obtained by (12). 

The corresponding probability of each Tf is f(Tf)ΔT. Finally, the 

total BFR considering Tf range can be obtained (15). 

 
50

1

=0.6 ( ) 1 ( )


   L f c c

i

BFR N f T T P I           (17) 

Ⅲ. INFLUENCE FACTORS ON BFR 

A. BFR of initial grounding design 

The PSCAD simulation shows that the critical lightning 

current Ic with a CIGRE lightning current waveform (3.83/77.5 

μs) able to cause flashover is 132 kA. BFR is estimated to about 

0.0238 times per year per 100 km, which is nearly quadruple of 

the BFR for 400 kV lattice Donau tower (Table Ⅲ). For strong 

lightning activity areas, the BFR will linearly increase along 

with Ng. It will limit the application scope for this transmission 

pylon. Therefore, the ground system design should be 

optimized to increase its Ic. 

B. Pylon span 

Subsequently, we focus on the influence of the pylon span on 

the transient overvoltage. The pylon span varies from 200 m to 

400 m, and a set of lightning currents with different Tf and a 

constant magnitude of 31.1 kA (3.83/77.5 μs) are striking on 

the top of the pylon to investigate the overvoltage waveform. 

The voltage waveform stressed on the cross-arm (UL) with 

different pylon spans is plotted in Fig. 6 (a)-(c). We can find 

that there are obvious drops on the tail duration. Meanwhile, a 

slight drop can be observed at the lightning front and the drop 

time is exactly twice span travel time Ts. The pylon span has 

little impact on the crest voltage of UL but the tail duration, 

which can affect the leader propagation speed, along with the Ic, 

as shown in Fig. 6 (d). It can be deduced that the reflection from 

the adjacent towers will reform the tail shape. The shorter pylon 

span makes the travel time shorter, shortening the tail time of 

UL and shifting its crest to an earlier moment. The shorter span 

can increase the Ic but the effect is limited. Considering the Ic 

and the mechanical load-bearing capability, the pylon span 

follows the previous setting. 

 

Fig. 6 (a)-(c) The transient overvoltage of Y shaped pylon with different 

transmission span when lightning strikes on the top of the pylon. (d) The Ic of 

the Y shaped pylon with different pylon span. 

C. Length of the down-lead 

The effect of the length of the down-lead on Ic is considered. 

The UL corresponding to the down-lead length of 26 m, 28 m, 

and 30 m with a 31.1 kA (3.83/77.5 μs) lightning current 

striking are shown in Fig. 7 (a) and corresponding Ic is shown in 

Fig. 7 (b). The results show that with the decrease in the length 

of the down-lead, the lightning travelling time from tower top 

to tower bottom (Tp) decreases, UL correspondingly decreases 

and the crest advances. This means the Tp influence on the 

overvoltage and the span effect in a certain range can be 

ignored for this kind of pylon. However, the shortening of 

down-lead is restricted by the tower structure. Therefore, to 

further improve the lightning performance, other characteristics 

of the ground system should be considered.  

 

Fig. 7 (a) The waveform of UL with different down-lead length with lightning 
strikes on the top of the pylon. (b) The critical current (Ic) as a function of the 

length of the down-leads with varied Tf. 

D. Filling materials 

As mentioned before, the cross-arm tube and pylon body are 

filled with composite materials. The dielectric constant of 

filling composites determines the mutual surge impedance and 

the phase-to-downlead capacitance, and Tp. These factors affect 

the lightning performance of the pylon, and they are studied to 

pave the way to a further optimization of the grounding system. 

1) Intersection capacitance effect  

Filling materials in the cross-arm with different dielectric 

constants would result in different intersection capacitances. 

Here, we investigate the effect of the intersection capacitance 

on the overvoltage level. The control variate method is adopted, 

and we assume that the surge impedance of the down-leads is 

uninfluenced by the dielectric constant of filling material 

firstly. There are two groups of modeling, one is a set of 

lightning currents with different Tf striking on the top of pylons 
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under the intersection capacitances considered, and the other 

group does not consider the intersection capacitances. The 

simulation results reveal that the intersection capacitance has 

little effect on the generated overvoltage.  

2) Lightning velocity and surge impedance 

The stroke current propagation speed in the down-lead 

conductor is also another factor affecting the transient 

overvoltage. The dielectric constant of the filling materials 

directly affects the lightning propagation time and surge 

impedance of down-lead in cross-arms. There is a contradiction 

that reducing the dielectric constant will decrease the 

propagation time, which is positive for lightning protection. 

However, a decrease in dielectric constant also decreases the 

mutual electromagnetic effect and increases the surge 

impedance, which is negative for lightning performance. The 

surge impedance and propagation time change along with 

dielectric constant oppositely as shown in Fig. 8 (a). The 

presence of the filling material inside the cross-arm diverts and 

delays a fraction of the surge at the cost of the increasing surge 

traveling time. Thus, we need to identify which factor is more 

dominant with different k. We found that Ic remains a stable 

status with the dielectric constant increasing, and regardless of 

Tf (Fig. 8 (b)). Thus, the propagation time extension caused by 

varied k offsets the effect of the decreasing the surge 

impedance, and Ic is not affected by material properties. 

 

Fig. 8 (a) The lightning propagation time and surge impedance as a function of 

dielectric constant of filling materials. (b) The Ic changes with dielectric 
constant with varied Tf.  

 

Fig. 9 (a) The lightning propagation time and surge impedance as a function of 

the ratio radius. (b) The Ic changes against the ratio radius with varied Tf.  

3) The radius of the composite cross-arm  

The radius of the cross-arm determines the insulation 

strength between the down-lead and the upper phase conductor. 

In the initial design, the cross-arm is cone shape with the top 

radius of 0.125 m and the bottom radius of 0.4 m. Taking the 

initial design as a standard, the radius is scaling at a certain ratio 

range from 0.25 to 2, and the corresponding propagation time 

and surge impedance of the segment (1) cross-arm are shown in 

Fig. 9. We can conclude that the radius increases the 

propagation time and decreases the surge impedance 

simultaneously, but the net effect also can be neglected on the 

Ic. The radius parameter of the composite cross arm has an 

insignificant impact on Ic. In other words, the radius of the 

cross-arm can be adjusted to guarantee there is no puncture 

between the down-lead and the upper phase conductor while Ic 

without being affected. Therefore, the filling material puncture 

is not considered in this paper. 

Ⅳ. OPTIMIZATION OF DOWN-LEAD 

A. Down-lead ampacity verification 

According to the conclusion that the dielectric constant of the 

filling materials almost has no impact on the critical current 

with lightning striking. Therefore, the selection of the filling 

materials should mainly emphasize on the thermal stability and 

insulating level to avoid the partial discharge and thermal 

erosion. Crosslinked polyethylene (XLPE) has good insulation, 

chemical resistance, and thermo-mechanical performance at 

high temperature with low dielectric loss and low the density, 

which is selected as the filling material [32]. Meanwhile, any 

non-corrosive metal or alloy with high ability of current 

conduction can be used as down lead materials. Here, we take 

copper as example to verify whether the downlead parameters 

are reasonable to meet the thermal and electrical requirements. 

The down-lead with filling materials can be approximately 

regarded as a cable. Due to the extremely short duration of 

lightning current, its current capacity can be estimated by 

referring to the adiabatic short-circuit current capacity for a 

single cable [33]. The maximum withstand current is IAD. 

dln





f

AD

i

I KA t
 

 
                           (18) 

Where td is the duration of the lightning current. The mean 

time of the lightning is 200 ms [25]. K is a constant depends on 

the downlead material and recommended to be 226 As
1/2

/mm
2 

for copper [33]. θf is the instantaneous maximum withstand 

temperature of XLPE about 250 ℃ [34], θi is the environmental 

temperature about 70 ℃ [35]. δ is the reciprocal of resistance 

temperature coefficient. A is the cross-sectional area of 

downlead core (mm
2
). Considering the worst case that a flash 

lasts for a whole lightning duration, IAD can be obtained as 331 

kA. The corresponding probability that the lightning stroke 

current exceeds this level is less than 8.7×10
-6 

flashes/100km-year. We believe that the design of the copper 

downlead meets both thermal and electrical requirements. 

B. Optimization of the vertical down-lead 

1) The multi-down-lead system 

For the vertical grounding system, two separated down-leads 

can be linked directly to form an entity. At this time, the surge 

impedance of the linked down-lead will decrease [25]. This 

configuration can be represented as „H‟ frame. If multiple 

down-leads are interconnected as multi-strand conductors by 

wire fittings, the total surge impedance of the down-lead can be 

reduced further [36]. The whole impedance ZT,n can be 

expressed by the average of the self-impedance ZT,kk and mutual 

surge impedance ZT,kl (k≠l) (19). 
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,
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60(ln 1) T kl
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h
Z

S
                       (20) 

Where Skl is the distance between the k
th

 and l
th

 cylinders. By 

simplifying, ZT,n can be rewritten as a function of the equivalent 

radius re as (21): 

,

2 2
60(ln 1)T n

e

h
Z

r
                         (21) 

Where h is the height of the vertical down-leads, n is the 

number of down-leads in the vertical ground system and a is the 

radius of a single down-lead. The vertical conductors are 

arranged as regular polygons around the inner surface of the 

composite body. That means the inner radius of the regular 

polygon conductor system is a constant R (Fig. 10 (a)). The 

equivalent radius of the multi-conductor is given by (22). 

 

Fig. 10 (a) The configuration of vertical down-leads from overhead view and 

front view. (b) The surge impedance of vertical down-lead system as a function 
of the number of the down-leads. 
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In fact, the core of solving the surge impedance of the 

multi-conductor system is to determine the equivalent radius of 

the multi-down-lead system. According to the equivalent radius 

(req) formula of bundle conductor (23), req is expressed as [37]. 

The req is numerically equal to re. 

11 12 1
n

eq nr aS S S                         (23) 

As the number of vertical down-leads increases, the ZT,n 

decreases sharply at first and then gradually reaches saturation 

as Fig. 10 (b) shows. If n increases infinitely (n>> 

[π/arcsin(r/L)]), and R>>a, the vertical grounding system 

becomes a metal cylinder.  

1

1

sin 0.5
n

n

i

i

n





 
 

 
                       (24) 

Thus, re infinitely approaches R+a. Taking the parameters in 

this manuscript as an example, the calculation error compared 

with the (25) is 0.87 %. 

,

2 2
60(ln 1) 


T n

h
Z

R a
                        (25) 

2) Simulation verification 

To verify the equivalent radius of the down-lead system, we 

use COMSOL RF-module to simulate the surge impedance of 

the down-leads. The process of simulation setting is same as the 

simulation for surge impedance of down-lead in section Ⅱ A. 

In the geometry design, conductors are located at the 

vertexes of regular polygons of which the circumscribed circle 

radius is 0.5 m. Then, the integral path should be defined. The 

surge impedance is analyzed finally. 

The top view of the electric field distribution of the 

down-lead system is shown in Fig. 11 (a) with a 3000 kV 

transient overvoltage applied. Figure 11 (b) and (c) show the 

simulated and calculated values for the equivalent radius and 

surge impedance, and the biggest error is 2.87 %.  

The Ic against the number of the down-leads is shown in Fig. 

11 (e), assuming the impedance has not been affected by 

corona.  

3) Corona effect 

The thermal stability and the partial discharge have been 

fully verified during the selection of the down-lead and filling 

materials. Thus, there is no internal discharge inside the 

cross-arm. But for the vertical down-lead, the surface of the 

steel is explored to the air. When a large lightning current goes 

through the down-lead, there is a high electric potential, which 

is prone to generate corona at the top of the vertical down-lead. 

The corona discharge will produce nitrogen oxides and ozone 

[38], which can react with moisture in the air to form strong 

 

Fig. 11 The top view of the electric field distribution of the vertical-downleads with 3000 kV applied voltages. The theoretical value and simulated value of the (b) 
equivalent radius and (c) surge impedance. (d) The corona onset voltage for the multi-conductor system, and (e) the critical lightning current to induce the corona 

(Icorona) and Ic at the triple conjunction point of the multi-down-lead system. 
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acid mist inside of the pylon mast, posing potential erosion and 

aging risks to composite materials. Although the likelihoods of 

such are not presently well defined, in the design of the 

down-lead system, the risk from corona should be avoided. 

Thus, the corona onset voltage of the vertical down-lead is 

studied. 

The surface of the corona threshold electric field Eco should 

be determined, which is influenced by multi-factors [39]. 

CIGRE Brochure given the Eco (kV/mm) for metal cylinder 

based on experiment data in standard atmospheric pressure 

[27]. 

0.37

1.22
2.3(1 ) coE

a
                          (26) 

For the vertical down-lead with radius a=17.5 mm, the 

corona onset electric field is 3.27 kV/mm. Then, by the means 

of Finite Element Method, the critical onset voltage able to 

make the surface field strength of the down-lead reaching the 

voltage of corona field strength can be simulated (Fig. 11 (d)). 

As the number of the down-lead increases, the surface electric 

field weakens for the same voltage. Combining with 

PSCAD/EMTDC, the critical lightning current induced the 

corona (Icorona) at the triple conjunction point is shown in Fig. 

11 (e). When the number of the down-leads less than 18, Icorona 

is lower than Ic. At this moment, the Icorona represents the largest 

allowable lightning current for pylon safety operation. It can be 

clearly seen that the corona phenomenon seriously restricts the 

advantages of the composite pylon on the lightning 

performance. When the pylon mast is replaced by the steel 

cylinder with radius of 0.5 m, the corresponding Icorona 

simulated by EMT is more than 300 kA, and there is almost no 

probability of corona. Thus, the Y shaped pylon with steel 

cylinder mast has enough surficial electrical insulation strength 

to avoid the potential corona risk. 

 

Fig. 12 (a) The surge impedance of multi-conductor system as a function of 

number of down-leads, and the surge impedance of the steel mast as a function 

of radius. (b) Ic (3.83/77.5 μs) corresponding to different radius. 

4) Radius extension of the steel mast 

For pylon with steel cylinder of 0.5 m, Ic (3.83/77.5 μs) is 

approximately 162 kA. The surge impedance of the vertical 

mast would be further decreased by expanding its radius (Fig. 

12 (a)). When the radius of the mast increases to 1.5 m, the Ic 

(3.83/77.5 μs) further increases to 176 kA (Fig. 12 (b)). The Y 

shaped pylon displays a better BFR than Donau and Eagle 

lattice towers. 

Ⅵ. DISCUSSION 

A. Insulation strength of the optimized pylon 

According to the optimization strategy, the detailed 

down-lead system for this Y shaped pylon has been determined. 

When the pylon body is a steel mast of 1.5 m radius, there are 

considerable differences on the structure and insulation 

strength of the whole pylon compared with the original one. 

Thus, the insulation characteristics of the pylon need to be 

verified again. For the optimized pylon, the steel body makes it 

possible to have a flashover between the tower body and the 

lower phase conductor. Therefore, potential insulation failures 

may occur in two regions in Fig. 13: (1) flashover between the 

shield wire and the upper conductor (UL), (2) flashover between 

the lower conductor and the steel pylon body (Ud). In addition, 

the breakdown at position (2) is the discharge directly from the 

conductor to the tower mast, which can be treated as an air gap 

discharge. Therefore, LPM used for air gap [27] can be used to 

judge whether flashover occurs at position (2). The shortest 

straight-line distance between lower phase conductor and pylon 

mast for position (2) is 1.7 m. 

 

Fig. 14 When striking current is lower than Ic, (a) the UL waveform, (b) the leader progress length between shield wire and upper phase conductor, (c) the Ud 

waveform, (d) the leader length in the gap (2), and (e) the upper phase conductor voltage. When the lightning current is 300 kA, (f) the UL waveform, (g) the leader 
progress length with time; (h) the Ud waveform, (i) the leader length in the gap (2) with time, and (j) the upper phase voltage when flashover happens. (All the 

transient voltages response to a lightning current with 3.83/77.5 μs waveform.)  
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Fig. 13 The overvoltage of interest on the unibody cross-arm: (1) UL, (2) Ud, (3) 
upper phase voltage. 

When the amplitude of lightning current is not so high as to 

trigger flashover at region (1) (Fig. 14 (a)). We found that there 

is no flashover happening at region (2) (Fig. 14 (c)), and Fig. 14 

(d) exhibits that there is enough insulation margin in place (2). 

If the lightning current directly increases to 300 kA, the 

flashover happens at region (1) (Fig. 14 (f) and (g)). It can be 

found that the overvoltage in place (2) is slightly increased (Fig. 

14 (h)-(i)), but the upper conductor voltage sharply increases to 

6300 kV (Fig. 14 (j)). That means when the lightning current 

exceeds Ic in place (1), the upper conductor provides a path to 

divert the lighting current from region (1) and the overvoltage 

in the region (2) is limited to a certain level. Thus, we can 

conclude that the optimized pylon has enough insulation 

strength to avoid flashover between the phase conductor and 

the pylon body.  

B. Comparison with traditional towers 

Through the method proposed in section Ⅱ G, BFR for Y 

shaped pylon with different kinds of Tf are calculated. Besides, 

we also calculate the BFR of traditional Donau and Eagle 

towers with same voltage level for comparison. The results are 

shown in Table Ⅲ. For 3.83/77.5 μs lightning current 

waveform, the BFR of Y shaped pylon decreases to 0.00294 

flashes/100km-year, which is 12.4 % of the original design.  

 

Fig. 15 (a) Ic and (b) BFR corresponding to different Tf for Donau, Eagle, and Y 

pylons with different Tf.  

When we consider a large range Tf (0.2-10 μs), the 

advantages of insulated towers in lightning protection will be 

more obvious with the increase of Tf (Fig. 15 (a)), and the BFR 

decreases exponentially (Fig. 15 (b)). Another index used to 

indicate the lightning protection level is the lightning trip-out 

rate (LTR), which refers to all kinds of tripping operation 

caused by lighting striking, including BFR and shielding failure 

rate. Reference [8, 9] points out that there is almost no 

possibility of shielding failure for Eagle tower and Y composite 

pylon due to the negative protection angle. With the SFFOR 

taken into consideration, the final LTR for Y shaped pylon and 

Donau tower are 0.00294 and 0.0291 flashes/100 km-year, and 

the lightning performance of Y pylon with the optimized 

down-lead system is much better than that of traditional Donau 

and Eagle towers. 

Ⅶ. CONCLUSION 

This paper presents the lightning performance of a novel Y 

shaped pylon with a down-lead going through the cross-arm 

and pylon body. PSCAD/EMTDC is employed to investigate 

the transient response of lines when lightning strikes on the top 

of the pylon. We propose a simplified method to calculate the 

surge impedance of the inclined down-lead wrapped with 

insulating materials. Multiple factors that may affect 

overvoltage including the configuration of down-lead, the span 

of the pylon, the stroke current propagation speed, and the 

dielectric constant of filling materials are considered. The 

research shows that the configuration of the down-lead is major 

TABLE Ⅲ 
LIGHTNING PERFORMANCE OF Y COMPOSITE PYLON WITH DIFFERENT FORM OF DOWNLEAD, EAGLE AND DONAU TOWERS 

Lightning 

current 

waveform 

ρ0 
(Ω m) 

Configuration 
Ic (kA) 

Tf=3.83 μs 
-UTT 
(k kV) 

-Uc 
(k kV) 

UL 
(k kV) 

Ng 
(flashes

/km
2
-ye

ar) 

NL 
(flashes

/100km

-year) 

BFR 
(flashes/100

km-year) 

SFFOR 
(flashes/100

km-year) 

LTR 
(flashes/100

km-year) Pylon 
Vertical 

down-lead 

Filling 

materials 

CIGRE 

waveform 
100 

Y 

Ⅰ Ⅰ (seperated) 
FRP 

132 3.27 0.447 2.84 

1.39 

28.1 

0.0238 

0 

0.0238 

H (connected) 146 3.47 1.15 2.82 0.0118 0.0118 

Cylinder radius 

of 0.5 (m) 

XLPE 

162 3.49 0.636 2.85 
5.52×

10-3 

5.52×

10-3 

Cylinder radius 

of 1.5 (m) 
176 3.50 0.621 2.88 

2.94×

10-3 

2.94×

10-3 

Flashover between 

down-lead and lower 

conductor 

>300 - - - 
<2.38×

10-5 

<2.38×

10-5 

Donau 168 
3.92 0.52 3.42 

38.9 
5.75×

10-3 
0.0234 0.0291 

Eagle 137 3.75 0.399 3.36 41.5 0.0272 0 0.0272 

UTT and Uc refers to the voltage on shield wires and upper phase conductor. 
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factor to affect the Ic, but the effect of the filling materials is 

insignificant. In addition, the current capacity of the down-lead 

as well as the feasibility of the multi-conductors as the 

down-lead system is discussed taking the corona effect into 

consideration. Finally, the implemented pylon grounding 

system is determined. The XLPE is selected as the filling 

materials, and the vertical down-lead system is optimized by 

using a steel mast with expended radius. After optimization, the 

lightning performance of Y pylon is much better than the 

traditional Donau and Eagle transmission towers.  

APPENDIX 

Modeling of lattice towers is expressed in this appendix. The 

structure parameters of Donau and Eagle tower can be referred 

in [30]. Multi-story model is employed for tower modeling [27, 

39]. For vertical tower body, the surge impedance Zv can be 

calculated by equation (6). The surge impedance of the 

horizontal components such as metal cross-arm and bracing is 

given as follow [27]  

 =60ln 2 /h hZ h r                            (27) 

Where rh is the radius of horizontal parts. In addition, for the 

Donau tower, the surge impedance of the tower body is reduced 

by about 10% by adding the bracings. Thus, the equivalent 

distributed parameter circuit for the Donau body needs to be 

connected in parallel with a surge impedance of bracings Zb, 

and Zb=9Zv [36]. 
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