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Abstract

A large number of renewable power plants have been established to meet
the increasing demand for decarbonizing energy to alternative fossil energy.
These power plants are typically located geographically far away from the
load centers. Overhead lines appear as the most economic and practical way
to transmit plenty of electric power over long distances. However, nowa-
days, public opinion is opposed to the erection of more conventional steel
lattice towers, because of their negative visual impact. A fully composite py-
lon has been proposed to meet the requirements of compact structure and
elegant appearance for new-generation transmission towers, together with
two down-leads installed externally from shield wires downward to ground,
to bring ground potential to shield wires. The composite pylons will serve
in the open air, thus, a crucial problem impacting the safety and reliability
of the power grid is backflashover. Some challenges in evaluating the tran-
sient lightning impulse performance of this specific tower convincingly and
precisely should be properly addressed.

Looking through the backflashover phenomenon, a lightning flash hits
one shield wire of a composite pylon, its current passes through the down-
lead to the pylon footing and it is partly reflected, causing a high overvolt-
age at the top of the down-lead, which exceeds the electrical strength of air
clearance. Some components, such as overhead lines, pylon footing elec-
trodes, grounding down-leads, and cross-arm insulation, are determined,
while some environmental factors, such as lightning current and footing soil,
are not. Therefore, the challenging issues can be summarized into “how to
represent determined components of the composite pylon accurately in light-
ning transient studies” and “how to estimate environmental factors properly
with mathematical tools.”

To tackle these issues, this Ph.D. project presents a backflashover rate eval-
uation procedure for overhead lines supported by composite pylons. The
project improves transient models for some components of composite py-
lons, implements them in PSCAD to analyze the overvoltage level and back-
flashover performance, and discusses engineering applications for composite
pylons to be cast into service.
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Firstly, a backflashover rate evaluation procedure based on the Monte
Carlo method is proposed. In the Monte Carlo method, the parameters which
control the outcome of each lightning incident, are randomly selected from
probabilistic distributions. In this project, the sampling parameters do not
only include lightning current amplitude and front time but also include
their correlation and soil resistivity. The adequacy of sampling size is veri-
fied based on the Central Limit Theorem.

Secondly, the pylon footing model and down-lead surge impedance model
are improved. The current-dependent footing model is optimized. The soil
resistivity in the current-dependent footing model can be processed by the
Monte Carlo method, considering variant soil resistivity distribution under
large-scale overhead lines supported by composite pylons. It is found that
applying the Monte Carlo method to soil resistivity provides a lower back-
flashover rate than selecting constant soil resistivity for a high soil resistiv-
ity region. A frequency-dependent footing model is also applied in some
cases and discussed as a comparison. Besides, a simplified dynamic surge
impedance model for thin-wire conductors considering voltage-dependent
surge corona is proposed. Because the extent of corona in a lightning surge
is small in comparison to the size of a steel lattice tower, but large in compar-
ison to the size of the down-lead, the corona effect is commonly ignored in
tower surge impedance models, but it should not be ignored when modeling
down-lead. After applying the dynamic surge impedance model to represent
down-leads on composite pylons, the backflashover rate decreases by 7.7% in
the low-resistivity soil region and by 21.4% in the high-resistivity soil region
in contrast to adopting the constant surge impedance model without consid-
ering corona effect. The disregard of corona effect overstates the severity of
backflashover, which emphasizes the importance of considering corona effect
for thin-wire grounding devices in lightning studies.

Finally, two engineering applications of overhead lines supported by com-
posite pylons are investigated. The backflashover performance of composite
pylons should be assessed in comparison with traditional steel lattice towers.
Although the backflashover rate of composite pylons is a little higher than
that of traditional transmission towers, it eliminates the danger of simultane-
ous outages of double circuits. Besides, a unique feature of composite pylons
is that the fully insulated pylon body makes it desirable not to ground every
pylon in transmission lines. It is found that if partially grounding trans-
mission lines is applied, a longer traveling distance for lightning current to
ground will cause an overvoltage with higher amplitude and a rather longer
wave front. Then, the amplitude of the overvoltage is mainly dependent on
the distance to the nearest grounded pylon. As for countermeasures, improv-
ing pylon footing conditions is not effective anymore, and increasing insula-
tion distance has a limited effect to some extent. Future emphasis may lie
in the application and coordination of surge arresters. After that, the back-



flashover performance and the overall lightning protection performance of
OHLs supported by fully composite pylons with external grounding down-
leads are summarized.






Resumé

Et stort antal vedvarende kraftveerker er blevet etableret for at imedekomme
den stigende eftersporgsel efter dekarbonisering og alternativer til fossil en-
ergi. Disse kraftveerker er typisk placeret geografisk langt veek fra belast-
ningscentrene. Luftledninger fremstar som den mest gkonomiske og prak-
tiske made at overfere store meengder af elektrisk strem over lange afstande.
I dag er den offentlige mening imod opferelsen af mere konventionelle stal-
gittermaster pa grund af deres negative visuelle indvirkning. En fuldt sam-
mensat pylon er blevet foreslaet for at opfylde kravene til kompakt struktur
og elegant udseende for den nye generation af transmissionsmaster sammen
med to nedadgaende ledninger installeret eksternt fra skeermledninger ned
til jorden for at bringe jordpotentiale til jordtrade. De sammensatte pyloner
vil tjene i det fri, og derfor er et afgerende problem, der pavirker sikker-
heden og pélideligheden af elnettet, backflashover . Udfordringerne med
at evaluere pavirkningen af den forbigdende lynimpuls for denne specifikke
tdrntype ber adresseres overbevisende og preaecist.

Naér man ser pa overslagsfeenomenet, hvor et lyn rammer en jordtrad pa
kompositmasten, passerer stremmen gennem nedlederen til mastefoden, og
reflekteres delvist, hvilket forarsager en hej overspaending i toppen af ne-
dlederen, som overstiger luftens elektriske feltstyrke . For nogle kompo-
nenter, sdsom luftledninger, masteelektroder, nedledernes jordforbindelser
og traverser, er deres isoleringsevne kendte, mens nogle miljofaktorer, sa-
som lynstrem og jordens impedans, ikke kendes. Derfor kan de udfordrende
sporgsmal opsummeres til "hvordan kan man repraesentere bestemte kom-
ponenter for kompositmasten nejagtigt i undersogelser af lyntransienter " og
"hvordan kan man vurdere miljofaktorer korrekt med matematiske veerkte-
jer."

For at lese disse problemstillinger, vil dette ph.d. projekt praesentere en
procedure til evaluering af backflashover-raten for luftledninger, der etableres
med kompositmaster. Projektet forbedrer transiente modeller for nogle kom-
ponenter af kompositmasten, implementerer dem i PSCAD med henblik pa
at analysere overspeendingsniveauet og backflashover, samt diskuterer de
tekniske applikationer for kompositmaster, der skal tages i brug.
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For det forste foreslas en evalueringsprocedure for backflashover-rate baseret
pa Monte Carlo-metoden. I Monte Carlo-metoden veelges parametrene, der
styrer udfaldet af hvert lynnedslag, tilfeeldigt ud fra sandsynlighedsfordelinger.
I dette projekt inkluderer preveudtagningsparametrene ikke kun lynstrem-
mens amplitude og fronttid, men ogsa dennes korrelation og jordresistivitet.
Tilstreekkeligheden af stikprovesterrelsen verificeres baseret pa “Central Limit
Theorem ”.

For det andet forbedres modellerne for mastefod og nedlederens bel-
geimpedans. Den stremafheengige model af mastefoden er optimeret. Jor-
dresistiviteten i den stremafheengige model kan behandles ved hjeelp af Monte
Carlo-metoden, idet der tages hensyn til varierende fordeling af jordresis-
tiviteten for luftledninger pa kompositmaster. Det konstateres, at anven-
delsen af Monte Carlo-metoden til bestemmelse af jordresistiviteten giver en
lavere backflashover-rate i forhold til at veelge en konstant jordresistivitet for
omrader med en hgj jordresistivitet. En frekvensafheengig model for mas-
tefoden anvendes ogsa i nogle tilfeelde og diskuteres til en sammenligning.
Desuden foreslas en forenklet dynamisk model af bolgeimpedansen for ver-
tikale tyndtradsledere , der tager hensyn til speendingsatheengig overspaend-
ingskorona. Fordi andelen af korona i et lyn er lille i forhold til sterrelsen af
en gittermast i stal, men stor i forhold til sterrelsen af nedlederne, ignoreres
koronaeffekten almindeligvis i modeller for mastens belgeimpedans, men
den ber ikke ignoreres ved modellering af nedledere. Efter at have anvendt
den dynamiske model for belgeimpedansen til at repraesentere nedlederne
pa en kompositmast, falder backflashover-raten med 7,7 % i omrader med
lav jordresistivitet og 21,4 % i omrdder med hgj jordresistivitet i modsaetning
til en model med konstant belgeimpedans uden at tage hejde for korona-
effekten. Ignoreres koronaeffekten overvurderes storrelsen af backflashover,
hvilket understreger vigtigheden af at overveje koronaeffekten for tyndtrad-
sjordingsenheder i lynstudier.

Til sidst underseges to tekniske anvendelser af luftledninger opheengt pa
kompositmaster. Kompositmastens evne til at modstd backflashover ber vur-
deres i sammenligning med traditionelle stalgittermaster. Selvom backflashover-
raten for kompositmaster er lidt hejere end for traditionelle transmissions-
master, eliminerer kompositmasten faren for samtidige udfald af dobbelte
systemer og dens backflashover-hastighed kan reduceres til et sammenligneligt
niveau efter installation af overspeendingsafledere . Derudover er et unikt
treek ved kompositmasten, at den fuldt isolerede mastekrop gor det enske-
ligt ikke at jordforbinde hver enkelt mast i et transmissionsnet. Det har vist
sig, at ved ikke at jordforbinde alle master pa en linje, vil den leengere re-
jseafstand for lynstrommen til jord fordrsage en overspeending med en ho-
jere amplitude og en leengere belgefront. Derfor atheenger amplituden af
overspaendingen hovedsageligt af afstanden til den naermeste jordforbundne
mast. Hvad angar modforanstaltninger overfor dette, er det ikke leengere ef-



fektivt at forbedre mastens overgang til jord, og oget isoleringsafstand har til
en vis grad begreenset effekt. I fremtiden kan der leegges vaegt pa anvendelse
af overspeendingsafledere og isolationskoordination. Derefter opsummeres
mastens evne til at modsta backflashover og den overordnede lynbeskyttelse
for OHL opheengt pd kompositmaster med eksterne nedledere.






Contents

Abstract iii
Resumé vii
Thesis Details XV
Preface xvii
I Report 1
1 Introduction 3
1.1 Background . ............ .. .. .. o oL 3
1.1.1 Research Foundation and Research Motivation of Fully-
Composite Pylon . . .. ... ... ... ... ..... 5
1.1.2 Transmission Tower with Composite Components and
Its Grounding Method . . . . . .. ... ... ... .... 7
1.1.3 Lightning Transient Evaluation Based on Traveling Wave
Theory . .. ... ... ... 9
1.1.4 Models of Components in Lightning Transient Evaluation 10
1.2 Project Objectives and Limitations . . ... .. .......... 11
121 Project Objectives . . . . ... ... ... ... ... .... 11
1.2.2 Projects Limitations . .. ... ... ... ......... 12
1.3 ProjectOutlines . . . . ... ..... ... ... ... ..... 13
1.4 List of Publications . . . ... .. .................. 14
2 Backflashover Evaluation Procedure based Monte Carlo Method 17
21 Background .. ... ..., L 17
2.2 Analytical Methods on Backflashover Rate Evaluation Proposed
by CIGREandIEEE . . . . . ... ........ ... ... .... 18
2.3 Description of MCM-based Procedure for Backflashover Per-
formance Evaluation . . . ... .. ... ... ... ... ... .. 19

Xi



Contents

23.1 Pre-ProcessingStep . ............. .. ..... 20
2.3.2 Numerical SimulationStep . . . ... ... ... ..... 21
2.3.3 DPost-ProcessingStep . . ... ... ... ... ... 22
2.4 Precision Verification on the Uncertainties in Backflashover Per-
formance Evaluation . . .. ... ....... ... .. .. ... 23
25 Summary . .. ... 24
Analysis on Modeling of Composite Pylon Footing 27
31 Background . ... ..... ... ... oo 27
3.2 Models of Tower Grounding Impedance . . . . . ... ... ... 27
3.2.1 Constant Resistance (CR) Model . . . . . ... ... ... 28
3.2.2 Current-Dependent Impedance (CDI) Model . . . . . .. 28
3.2.3 Frequency-Dependent Impedance (FDI) Model . . . .. 29
3.3 Comparison between CDI Model and FDI Model . . . ... .. 30
3.3.1 Analysis on Modeling Simplicity . . . . . ... ... ... 30
3.3.2 Comparison on Dynamic Impedance . . ... ... ... 30
3.3.3 Comparison on Overvoltage Level at Tower Top . . . . . 31
3.4 Application of MCM on CDIModel . . ... ... ........ 32
3.4.1 Probability Distribution of Soil Resistivity . . ... ... 33

3.42 Comparison of BF Probability of CDI Model with Con-
stant Soil Resistivity and Soil Resistivity Processed by

MCM . ... . 33
3.4.3 Discussion on Application of MCM on Soil Resistivity
in Backflashover Evaluation for Composite Pylons . .. 34
35 Summary . ... ... 35
Analysis on Modelling of External Grounding Down-lead Consid-
ering Corona Effect 39
41 Background . ... ....... ... .. oo 39
4.2 Surge Impedance of Grounding Down-leads . . . .. ... ... 40
42.1 Definition of Surge Impedance of Conventional Trans-
mission Towers . . ... ................... 40
42.2 Methods to Model Transmission Tower . . . .. .. ... 40
42.3 Overview of Present Transmission Tower Models . . . . 41
4.3 Representation for Surge Corona on the Grounding Down-leads 42
43.1 Review on Methods to Model Surge Corona . . . . . .. 42
43.2 Overview on Corona Dynamics . .. ........... 43
43.3 Review on the Corona Parameters . . . . ... ... ... 43
4.4 Corona Development and Overvoltage of a Single Conductor
Represented by the Dynamic Surge Impedance Model . . . .. 46
44.1 Influence of Corona Developing on Surge Impedance
and Overvoltage . . ... .................. 46

Xii



Contents

4.42 Corona Development with Different Lightning Current

Peaks . . . . ... 46
443 Corona Development with Different Lightning Current
FrontTimes . .. ... .................... 47

4.5 Corona Development and Backflashover Performance of Ground-
ing Down-leads Represented by the Dynamic Surge Impedance
Model . . . ... .. 48
45.1 Corona Development of Segments at Different Heights . 49
45.2 Influence on Overvoltage Crest by Considering Corona

onthe Down-leads . . . . ... ... ... ... ... ... 50
4.5.3 Influence on Backflashover Rate by Considering Corona
onthe Down-leads . . . ... ... .. .. ... .. .... 51
46 Summary . . .. ... 53
Backflashover Performance Analysis on Engineering Application of
Transmission Lines Supported by Composite Pylons 55
5.1 Comparison of Backflashover Performance with Traditional Steel
Lattice Transmission Towers . . . . . .. ... ... ... ..... 55
511 Background . ... .. .. ... .. .. .. .. .. .. ... 55

5.1.2 Comparison of Backflashover Probability and Backflashover
Rate between Composite Pylon and Steel Lattice Towers 57
5.1.3 Comparison of Overvoltage on Double Circuits between

Composite Pylon and Steel Lattice Towers . . . . .. .. 59
5.1.4 Comparison of Overvoltage of Three Phases between
Composite Pylon and Steel Lattice Towers . . . ... .. 61
5.2  Partially-grounding Scheme of Overhead Lines Supported with
Fully Composite Pylons . . ... .................. 63
521 Background . ... ......... .. .. .. .. .. ... 63
522 Overvoltage of Different Footing Resistance and Soil
Resistivity in PGTLs . . . .. ................ 64
5.2.3 Overvoltage of Lightning Location in PGTLs . . . . . . . 65
5.2.4 Backflashover Rate of Different Distances of PGTLs . . . 67

5.3 Lightning Protection Performance of the Overhead Lines Sup-
ported by Fully Composite Pylons with External Grounding

Down-leads . .. ................ ... ... ... .. 69
54 Summary . . .. ... 70
Conclusions 73
6.1 ProjectSummary . ............. ... ... ... 73
6.2 Research Contributions. . . .. ... ................ 75
6.3 Research Perspectives . . ... ... .. .............. 76
6.3.1 Future Work in the Aspect of Simulation . . . ... ... 76
6.3.2 Future Work in the Aspect of Experiment. . . . . .. .. 77

xiii



Contents

6.3.3 Future Work in the Aspect of Application . ... .. ..

References

II Papers

Xiv



Thesis Details

Thesis Title: Transient Lightning Impulse Performance Analysis of a Fully

Composite Pylon with an External-grounding Down-lead

Ph.D. Student: Hanchi Zhang

Supervisors: Prof. Claus Leth Bak, Aalborg University

Assoc. Prof. Filipe Miguel Faria da Silva, Aalborg University

The main body of this thesis consists of the following papers:

Publications in Refereed Journals

J.

J2.

J3.

O1.

H. Zhang, Q. Wang, F. Faria da Silva, C. L. Bak, K. Yin, and H. Skouboe, "Back-
flashover Performance Evaluation of the Partially Grounded Scheme of Over-
head Lines with fully Composite Pylons," IEEE Trans. Power Delivery., vol. 37,
no. 2, pp. 823-832, Apr. 2021.

H. Zhang, M. Ghomi, Q. Wang, F. Faria da Silva, C. L. Bak, K. Yin, and H.
Skouboe, "Comparison of Backflashover performance between a novel compos-
ite pylon and metallic towers," Electric Power Systems Research., vol. 196, pp.
107263, July. 2021.

H. Zhang, M. Ghomi, Q. Wang, F. Faria da Silva, C. L. Bak, and K. Yin, "Back-
flashover performance of a novel composite pylon with external grounding
down-lead modeled in dynamic surge impedance considering corona effect,"
IEEE Trans. Power Delivery., 2022, Status: Under review.

M. Ghomi, H. Zhang, C. L. Bak, F. Faria da Silva, and K. Yin, "Integrated model
of transmission tower surge impedance and multilayer grounding system based
on full-wave approach," Electric Power Systems Research., vol. 198, pp. 107355,
Sept. 2021.

Publications in Refereed Conferences

C1.

H. Zhang, Q. Wang, K. Yin, C. L. Bak, and F. Faria da Silva, "Transient modelling
and backflashover rate analysis of a fully composite pylon," Proc. of IET ACDC,

XV



Thesis Details

Xi’an, China, 2020, pp. 460-466

C2. H. Zhang, M. Ghomi, K. Yin, Q. Wang, F. Faria da Silva, and C. L. Bak, "Evalu-
ation of Lightning Backflashover Rate of a Fully Composite Pylon using Monte
Carlo Method on Environmental Factors," Proc. of IEEE PES GM, Denver, Col-
orado, 2022, Status: Accepted

C3. H. Zhang, K. Yin, Q. Wang, K. Y. See, F. Faria da Silva, and C. L. Bak, "A
Simplified Dynamic Surge Impedance Model with Corona Effect for Grounding
Down-Leads of Composite Pylons under Lightning Surges," Proc. of ICLP, Cape
Town, South Africa, 2022, Status: Accepted

02. K. Yin, M. Ghomi, F. Faria da Silva, C. L. Bak, H. Zhang, and Q. Wang, "Light-
ning performance and formula description of a Y-shaped composite pylon con-
sidering the effect of tower-footing impedance," Proc. of ICLP, Colombo, Sri
Lanka, 2021, pp. 1-6

This dissertation has been submitted for assessment in partial fulfilment of
the Ph.D. degree. The thesis is a summary of the outcome from the Ph.D.
project, which is documented based on the above publications. Parts of the
results are used directly or indirectly in the extended summary of the the-
sis. The co-author statements have been made available to the assessment
committee and are also available at the Faculty of Engineering and Science,
Aalborg University.

XVi



Preface

The work presented in this dissertation is a summary of the outcome from
the Ph.D. project "Transient Lightning Impulse Performance Analysis of a Fully
Composite Pylon with an External-grounding Down-lead", which was carried out
at AAU Energy, Aalborg University, Denmark.

First of all, I would like to express my sincere gratitude towards my su-
pervisor Professor Claus Leth Bak for his valuable guidance, patience, and
encouragement during my entire Ph.D. period. It has been such a precious
experience to work under your supervision. I would like to thank my co-
supervisors Associate Professor Filipe Faria da Silva and Assistant Professor
Qian Wang for their guidance, kindness, and help. I can learn how to become
an excellent researcher by your examples. I will treasure every meeting with
you as my lighthouse in future research stage.

I am also grateful to Associate Professor See Kye Yak for providing me
an opportunity to visit Nanyang Technological University during my study
abroad and broadening my knowledge in the field of EMC in power electron-
ics. I would also like to thank my colleagues at NTU, Minghai Dong, Huamin
Jie, Zhenyu Zhao, Fei Fan, and Zhenning Yang for their fruitful discussion
and great hospitality during my stay. I will keep in memory this wonderful
and perhaps the longest summer in my life.

Special thanks go to my master supervisor, Professor Chengrong Li, Pro-
fessor Guoming Ma in North China Electric Power University, and my senior
and lifelong friend, Dr. Hongyang Zhou for their valuable suggestions and
help. It is my honor to be educated in Advanced Sensing Laboratory.

I would like to thank my best friend, Wei Fan. I treasure all our shared
memories in Europe and Singapore. The same thanks go to my colleague,
roommate, and lifelong friend, Kai Yin. Fortunately, I can finally finish my
Ph.D. study owing to our support to each other both in research and life. I
would like to thank my colleague Ghomi Mohammad for his help and co-
operation. I would also like to thank Zhengfa Zhang, Changjiang Zheng,
Zhaoxin Wang, Bjarne Sendergaard Bukn, Felipe Camara, and all my col-
leagues from Modern Power Transmssion Grids. It is my pleasure to work
with all of you for three years. I would also like to thank all my colleagues

Xxvii



Preface

and secretaries at AAU Energy for their selfless help. I would like to thank all
my friends here, Tianbao Gu, Shiyi Liu, Cheng Chi, Wei Xu, Xiangting Ren,
Luyao Gao, Min Liu, and Weiheng Zhang for our shared overseas experiences
during these three years.

Last but not least, I would like to express my greatest gratitude and love to
my parents and family for encouraging me to find my own life track. Deepest
miss goes to my beloved grandpa who left me last autumn. As a pioneer in
electrical engineering in New China, he is the origin of today’s me. All their
love and support have been, and will always be my confidence and strength
in my whole life.

Hanchi Zhang
Aalborg University, October 10, 2022

XVviii



Part I

Report






Chapter 1

Introduction

1.1 Background

The demand for energy in the worldwide economic development has been
rising yearly. In terms of energy, the rising prices and shortages emphasize
the continued significance of energy "security" and "affordability" with "lower
carbon" when tackling the energy trilemma [1].

The growth of significant new renewable power plants, like offshore wind
and solar power, is essential and is already occurring in order to meet the
demand for growing the amount of electricity annually without excessive
carbon emission. Those renewable power resources are generally located far
away from the existed power grid. It is inevitable to expand power trans-
mission systems [2]. Considering the plans of the construction of new long-
distance transmission systems, underground power cables are much more ex-
pensive than overhead lines, which drives up the cost of energy transmission
invisibly. Thus, overhead lines appear as the most economic and practical
way to transmit plenty of electric power over long distances.

However, the conflict between such demand and limited land at the same
time. Another concern is expressed in the environmental impact of overhead
lines, which is the growing opposition of the public to the construction of
new lattice towers, whose structures are considered to be unsightly to the
surrounding landscape. As a result, more aesthetically-designed pylons have
emerged in many areas. These pylons also have compactness and simplicity
to save lines corridors. Since their introduction in the 1960s, composite-based
pylons have been viewed as a possible alternative for the next generation of
pylons due to their excellent insulating features, decreased weight-to-strength
ratio, and comparable cost [3]. Because of their elegant aesthetic appearance
and compact structure, the novel pylons may also promote to be a possible
alternative for the conventional steel lattice towers where reducing visual
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impact is required [4].

The T-pylon design by Bystrup architects was chosen in a competition for
the new design of the following generation of power pylons held in the UK
in 2011. In order to keep up with the trend of installing new environmentally
friendly OHLs, a novel pylon design concept based on entirely composite
material has been presented as the next generation of the T-pylon concept in
2013. The appearance of the fully composite pylon is depicted in Fig. 1.1. It is
clear that the totally composite pylon design does not have suspension insu-
lators; instead, they are a part of the composite cross-arm design, specifically
the unibody cross-arm. Conductor clamps will be used to secure the conduc-
tors to the unibody cross-arm. For the insulation of the unibody crossarm,
shed profiles are taken into consideration.

Fig. 1.1: Appearance of the fully composite pylon

The fully composite pylon has exceptional qualities from the following
angles. The pylon’s span is intended to be 250 meters, and it can support two
circuits of 400 kV AC lines. The pylon is shaped like a "Y" and has an inte-
grated cross-arm without insulator strings. It also has an axially symmetric
structure. The height of the fully composite pylon is just 22.5 m, which is sig-
nificantly less than the height of traditional lattice pylons for the same power
level. The cross-arm is comprised of a hollow FRP (fiberglass reinforced plas-
tic) tube, polymeric weather sheds, and metallic end fittings. Phase conduc-
tors are attached to the cross-arm directly by specially designed cable clamps.
In order to protect the phase conductors from lightning strokes, two shield
wires will be attached to the tips of the cross-arm. As a result, the shielding
angle for the pylon is negative. Since the cross-arm is no longer conductive
as it is in traditional steel towers, an initial idea of external down-lead has
been proposed to bring ground potential to the shield wires as marked in red
lines in Fig. 1.2, which needs further research and discussion.
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Fig. 1.2: Demonstration of the external grounding down-leads installed on composite pylon

1.1.1 Research Foundation and Research Motivation of Fully-
Composite Pylon

A fully composite pylon has been designed and developed of fiberglass
composite material [5]. Using this new material, it will be possible to in-
tegrate the insulators in the cross-arms, thereby reducing the height of the
pylon significantly. The pylon will be able to carry 2x400kV. Since the ini-
tial design, the Y’ shape of the fully-composite pylon was proposed, several
aspects to test and optimize the electric performance of the pylon have been
studied in different fields [6-8].

Firstly, the minimum required air clearances and the insulated distance of
the cross-arm were calculated based on a deterministic approach of insula-
tion coordination [6]. The dimension of the cross-arm and the insulating dis-
tance between phases and phase to shield wire were decided. Secondly, the
electric field distribution of the unibody cross-arm was calculated. The shed
housing and conductive clamps were recommended to reduce the flashover
and enhance the insulated performance [9], what’s more, the design of the
inner grounding cable was discarded if the cross-arm is hollow within air be-
cause of the electric field calculated exceeding the air breakdown strength [7].
Thirdly, a review of the literature gave guidelines for verifying the novel py-
lon by summarizing the experience and significant advancements in testing
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methodologies to evaluate the electrical performance of composite cross-arms
and composite-based pylons [10]. Finally and mostly, the lightning shielding
performance has been studied comprehensively. Based on theoretical analy-
sis and the electro-geometric model (EGM) [11], the effectiveness of the py-
lon’s lightning shielding was examined. It was discovered that the central
span of the pylon was not shielded from lightning. When the effectiveness of
the pylon’s lightning shielding was further examined using the scale model
test method [12], it was established that shielding failure might occur in the
centre of a pylon. The electro-geometric model (EGM) and scale model tests
were used to evaluate two distinct shielding angles, -60 ° and -70 °, in or-
der to optimize the lightning shielding performance [13]. It was determined
that shielding performance can be improved at -60 °. Based on the afore-
mentioned experience, the potential for lightning shielding failure was thor-
oughly explored using scale model testing and the revised electro-geometric
model (EGM) [8], which was proved to be practically negligible. Operating
experience points out that for the OHLs over 500 kV, lightning outages are
mainly caused by the shielding failure of lightning hitting phase conductors
directly. However, for the OHLs below 500 kV, lightning outages are mainly
caused by backflashover (BF) when lightning hits towers and shield wires,
increasing the electric potential, and provoking a flashover [14]. The rate of
BF per 100-km transmission line each year is termed as backflashover rate
(BFR). Therefore, the research on BF of the 400 kV fully composite pylon is
of significance.

Previous research has achieved some outcomes, but is still limited in the
following aspects. Firstly, in the previous research, the means to provide
ground potential to shield wires is not decided. In this project, two thin-
wire bare conductors act as grounding down-leads externally. Secondly, the
lightning shielding performance has been investigated, but BFR of the pylon
with external grounding down-lead is still beyond discussion. Even though
the phase conductors are shielded successfully by shield wires, there are still
possibilities that the lightning overvoltage is strong enough to cause back-
flashover to impair security and reliability of power system.

Looking through the backflashover phenomenon, a lightning flash termi-
nates one shield wire on a composite pylon, the surge current passes through
the downlead to the pylon footing and it is partly reflected, causing a high
overvoltage at the top of the down-lead, which exceeds the electrical strength
of air clearance. Some components, such as overhead lines, pylon footing
electrodes, grounding down-leads, and cross-arm insulation, are determined,
while some environmental factors, such as lightning current and footing soil,
are not. Therefore, the challenging issues can be summarized into “how to
represent determined components of the composite pylon accurately in light-
ning transient studies” and “how to estimate environmental factors properly
with mathematical tools.” The solutions to answer the above two questions
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lead to the final answer to the basic question of this project "how many back-
flashover cases probably occur on the overhead lines supported by fully com-
posite pylons with external grounding down-leads".

1.1.2 Transmission Tower with Composite Components and
Its Grounding Method

In order to meet different demands for insulating levels, the composite
materials, especially FRP, are used partially or fully in the design of trans-
mission towers. If the composite materials are used partially and the body
of the tower is still metallic, the connection between shielding wires and the
ground can be achieved by the metallic tower body. As for fully composite
poles or pylons, extra grounding down-leads are installed. There are several
designs of transmission towers with composite components.

The composite cross-arms were developed and installed on the conven-
tional metal lattice tower to omit the insulators, so as to reduce the conductor
swinging, save line corridors and decrease tower weight [15]. In this design,
because the tower body is still made of steel, the grounding function connect-
ing shielding wires and ground potential can be accomplished by the tower
itself. This type of tower is a modified conventional UHV or EHV transmis-
sion tower, thus it is more convincing to be used in the same voltage class to
become a possible alternative for conventional ones. The voltage class of the
composite cross-arm in theoretical research has risen to 1000 kV [16], and the
750 kV towers with composite cross-arms have passed through the field tests
and been cast into installation and operation in China [17], as shown in Fig.
1.3.

-— Grosnd wire

Cro arm

5 e Upper phiase wire

- \ crom arm

e Middle phase wire

)
\ crow arm
T 4

e e a
. Lower phase wire
o Croas arm

B tciallic material
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Fig. 1.3: Metallic lattice tower with compos- Fig. 1.4: Sketch of a composite-metal hy-
ite cross-arm [17] brid lattice tower [18]

Besides the cross-arms, if the material of other supports in the body of

7



Chapter 1. Introduction

metallic lattice towers is replaced from steel to FRP, the insulating perfor-
mance can be improved more and the dimension of the tower can be reduced.
This is the design principle of another type of composite-based lattice. This
type of composite tower was initially developed and installed in the USA in
1996. Among the composite body, they installed two or more steel ladders to
connect the shielding wires to ground. This type of composite tower of 330
kV is under research in China before testing and operating, as shown in Fig.
1.4 [18]. In this design, BF might occur between the ground wire and upper
phase wire along the surface of the composite supports. Because of the com-
plicated and compact lattice structure, it was difficult to avoid the flashover
by adding sheds. Increasing insulating distance was the only choice.

Furthermore, if the whole tower is made of composite material, the struc-
ture will be more compact with the same insulation strength. For a typical ex-
ample, one kind of tubular structure composite tower made of polyurethane
resin has been successfully applied in a few 132 kV voltage level single-circuit
transmission lines in Canada since 1995, as shown in Fig. 1.5 [19]. And
two kinds of composite-based towers, whose tower body is made from glass
fiber reinforced polyurethane, were designed for 110kV double circuits for
the first time in China in 2010. as shown in Fig. 1.6, the structure of which
was similar to that in Canada [20]. In the composite poles, there were several
grounding methods taken into consideration. 1) Grounding down lead verti-
cally along the external surface of the tower body, 2) Grounding down lead
vertically along the internal surface of the tower body 3) Grounding down
lead vertically suspending outside with its ends fixed on the tower body, and
4) Grounding down lead vertically suspending inside with its ends fixed on
the tower body [21]. However, only a pollution flashover test was carried out
to test the feasibility of the composite tower and down-lead design, instead
of the lightning impulse voltage test, thus, the insulating performance and
conducting capability of this method under lightning striking were not clear.
Besides, the test voltage is relevantly lower.

Fig. 1.5: 132 kV compos- Fig. 1.6: 110 kV semi-composite I-pole and full composite II-pole in
ite pole in Canada [20]  China [21]
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An interesting engineering phenomenon can be seen from the develop-
ment of composite-based towers obviously, the towers with more composite
components or even fully composite towers are commonly used in the trans-
mission lines of relatively lower voltage levels. The main reason is that tow-
ers used at lower voltage levels need smaller heights, and the probability of
lightning striking will be lower, thus the request for the down-lead to conduct
lightning current will not be so strict. As for this project, the ‘Y’ shape fully
composite pylons used in such high as 400 kV double-circuit lines put for-
ward higher requirements for the performance of down-lead under lightning
striking.

1.1.3 Lightning Transient Evaluation Based on Traveling Wave
Theory

The operating voltage of the power system will surge sharply when the
power system is subjected to large internal or external disturbances like
switching actions or lightning strokes. The system might change from one
operational state to another, or it might sustain partial or whole damage
due to operating parameters that have significantly varied from their typi-
cal range. Transient processes of the power system are a transition because
changes in operation states cannot be made immediately. According to the
duration, the transient processes can be namely classified into traveling wave
process [22], electromagnetic transient process, electromechanical transient
process. The emphasis of this project is pylons and the transmission lines,
thus the transient wave process and electromagnetic transient process are the
main focuses, which will be specified in this section and the next.

The duration of the wave process is about microseconds while the am-
plitude changing rate is about decades kilo ampere per microsecond. The
measurement and observation of the whole wave process for the overvoltage
in experiments are difficult. Some simplified mathematical methods were
recommended by CIGRE and IEEE, based on observational and experimen-
tal data. Along with the development and advancement of electromagnetic
transient analysis software, simulation research becomes an excellent method
to study the lightning traveling wave process of the transmission systems.
Some simulating tools utilize the nodal analysis method to solve the differ-
ential equations based on circuit theory, such as EMTP and PSCAD. Some
simulating methods solve Maxwell’s equations based on the electromagnetic
theory using different methods to discretize space, such as the Finite Different
Time Domain (FDTD) method, the Finite Element Method (FEM), the Hybrid
Electromagnetic Model (HEM), and the Method of Moments (MoM). The ad-
vantages and disadvantages of the above tools are clear. Methods based the
circuit theory can solve equations rapidly, and thus are good at dealing with
large-scale power systems. Methods based on electromagnetic theory can
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solve specific problems in arbitrary geometries, which is time-consuming,
however. Thus, they are good at dealing with relatively small-size devices,
such as the transmission pylon and its components. As a result, a clear re-
search path rises that the modeling of every component on composite pylons
concerning transient is studied based on electromagnetic theory, then BF per-
formance of the OHLs supported by composite pylons is evaluated using
PSCAD/EMTP.

1.1.4 Models of Components in Lightning Transient Evalua-
tion

In order to study BF of the novel pylon when lightning flashes terminat-
ing on shielding wires via simulation, the whole-wave progress needs to be
analyzed to reflect transient wave characteristics of the pylon and the trans-
mission lines [23]. The different parameters of lightning impulse, the revised
model of grounding down-leads, the time-varying and frequency-varying
impedance model of grounding devices [24] and the flashover models of
BF [25] were needed to describe the transient wave process after lightning
striking.

When modeling conventional metallic towers, the tower body is the main
conductor of lightning current, and the tower body is modeled by constant-
parameter circuit representing the tower as a single vertical lossless line, a
multiconductor vertical line or a multistory model [26]. However, the fully
composite pylon body is insulated, which can be neglected in the wave pro-
cess analysis, the down-lead will conduct all the lightning current. There-
fore, the modeling of grounding down-lead deserves more concern. When a
lightning flash strikes at the shield wires of the OHLs, the lightning current
passing through either the metallic tower or the down-leads of the compos-
ite tower will cause corona discharges. The tower models all neglect surge
corona because of the relatively small corona radius compared with tower
size [27]. However, the grounding down-leads are very thin with a cross-
section radius of several centimeters, which is comparable to the corona de-
veloping distance during a lightning surge. Corona discharge around the
down-leads decreases the surge impedance of the down-leads, distorts the
wavefronts of overvoltage, and enhances the coupling effect between down-
leads to phase conductors [28]. Thus, the modeling of down-leads needs to
consider the impact of surge corona effect.

The modeling of the pylon footing using electrodes has been improved
for years. During a lightning surge, grounding electrodes exhibit two dif-
ferent dynamic behaviors. To begin with, the nonlinear effect brought on
by soil ionization may enhance the performance of grounding by lowering
the grounding impedance during high current discharge and essentially in-
creasing the equivalent size of the electrode. Since it takes time for the soil
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to ionize, there are significant delays in both the ionization and deionization
processes [29]. This means the minimum value of electrode resistance, oc-
cur after the peak injected current. Meanwhile, with rapid front lightning
currents, the frequency-dependent inductive effects may worsen grounding
performance by raising the grounding impedance [30]. To specify the ion-
ization of soil when spark discharge, the Pl-circuit with standard dynamic
resistance was proposed [31]. Simplified methods of estimating the impulse
resistance of concentrated ground electrodes to reduce the footing resistance
have been summarized and compared in CIGRE Technical Brochure No.
839 [25]. Proposing pylon footing models exhibiting frequency-dependent
effects are generally via two approaches. The first one is to establish equiv-
alent circuit or transmission-line models based on data measured from ex-
periments [24, 32, 33]. The other one is to establish electromagnetic models
based on simulations [34, 35]. When frequency-dependent effects of the py-
lon footing model are considered, generally two physical factors are studied,
the electrical parameters of soil and the inductive effect of electrodes.

According to different demands of the modeling precision, there are also
several available models to simulate the characteristics of flashover which can
be selected at present. Firstly, the switch model takes the 50% flashover volt-
age as the criterion [36]. Then considering the volt-time characteristics of the
flashover on the insulators as the criterion, the volt-time model and the inte-
gration model can be established [37, 38]. Comprehensive physical analyses
have confirmed that there are three different phases in the development of
flashover, namely corona inception, streamer propagation, and leader propa-
gation [39]. Thus, the leader progression model can be described into three
steps along with the time. It was shown that compared with the other mod-
els, the use of the leader progression model was better in BF analysis as a
good agreement to published results [40]. The occurrence of the flashover is
also statistical, thus the Monte Carlo method (MCM) can be used to calculate
BER [41].

1.2 Project Objectives and Limitations

1.2.1 Project Objectives

Under the guidance of the project motivation above, the final goal of this
Ph.D. project is to evaluate the lightning transient performance of the OHLs
supported by the fully composite pylons with external grounding down-
leads. Faced with solving specific engineering problems, the objectives can
be divided into scientific objectives and engineering objectives. The former
one is to make contributions to the research of lightning protection of trans-
mission systems and power system transients. The latter one is to utilize the
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general outcomes to solve the practical engineering problems for the future
operation of the fully composite pylons.
The scientific objectives are listed as follows:

¢ Improvement of Monte Carlo method used to evaluate the statistical
result of backflashover performance considering environmental factors

* Development of a dynamic surge impedance model considering corona
effect for thin-wire grounding devices

The engineering objectives are listed as follows:

¢ Calculation of back-flashover rate of the overhead lines supported by
composite pylons

¢ Comparison of lightning transient performance of composite pylons to
conventional metallic lattice towers

* Validation of the partially-grounded scheme that not all pylons in the
transmission lines supported by composite pylons are grounded

1.2.2 Projects Limitations

The achievements of the above objectives are all based on theoretical
derivation and simulation. Lacking experimental validation is the main limi-
tation of the project.

As for simulating models of composite pylon components, the flashover
model is selected as the leader progression model in the present project.
Flashover has statistical characteristics, which are related to the materials
of surface and electrodes’ geometry. The cross-arm is made of FRP which
is different from the common material of insulators, such as glass, ceramic
or, silicone rubber. If the impulse flashover test can be carried out on the
real cross-arm to obtain the specific volt-time curve, the establishment of a
flashover model for the cross-arms on the composite pylons can be more con-
vincing.

There are some assumptions during the development of the dynamic
surge impedance model considering the corona effect for grounding down-
leads. It is quite difficult to observe the micro plasma dynamics in surge
corona on a large scale. However, if the macro parameters can be observed
and measured, such as corona expansion radius and dynamic capacitance,
the difference between experimental results and simulating results offered by
the novel model can be compared to validate and revise the present model.

Further real-scale tests for this type of fully composite pylons are not
realistic to be carried out and accomplished in the near future. Firstly, a real-
scale composite pylon is challenging to be installed inside high voltage testing
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laboratory. Besides, how to identify simulation results with realistic situation
in transmission pylons is another challenging issue. Factors influencing the
testing results like switching impulses polarities and wave head time and
grounding conditions should be taken into consideration. Even though, the
research outcomes achieved in this project are given fully expectations to be
validated by lightning impulse withstand tests.

1.3 Project Outlines

The summary of the outcome of the Ph.D. project is documented in the
Ph.D. thesis based on the collection of papers published during the Ph.D.
study. The document is structured in two main parts: Report and Selected
Publications. The thesis structure is illustrated in Fig. 1.7, providing a guide-
line on how the content in the Report is connected to the Selected Publica-
tions.

Transient Lightning Impulse Performance Analysis of a Fully Composite Pylon with an External-grounding Down-lead

v v

Report Selected Publications
— Chp.1 Introduction
Publications-Journals
IEEE Trans Power Deli
% Chp.2 BFR Evaluation Procedure (C1 C2 02) 2z rans Fower Defivery
Electric Power System Research
2 Y <
Modelling Improvements X
3 IEEE Trans Power Delivery
Pylon Footing Model .
Chp.3 e FD footing model (J2 O1) 01 Electric Power System Research
* CD footing model dealt by MCM (C2)
Chp.4 Down-leads Model with Corona (C3 J3) Publications-Conferences
€l 2019 IET ACDC
o) 2022 IEEE PESGM
Engineering Applications <«
3 2022 ICLP
—> Chp.5 * Comparison with metallic towers (J2)
P>, Partially-grounding OHLs (J1) 02 2021 ICLP
— Chp.6 Conclusion

Fig. 1.7: Thesis structure and related topic of each part

In the Report, a brief summary of research conducted during the Ph.D.
study is presented, where the main results are based on the Selected Pub-
lications. The Report is organized into six chapters. In Chapter 1, the in-
troduction of the Ph.D. thesis is presented, where the background of the
research topic is described and the motivation, objectives, and limitations
of the Ph.D. study are discussed. In Chapter 2, the procedure to evaluate
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the backflashover performance of the transmission lines supported by fully
composite pylons is introduced. Then the following two chapters present
the improvements in the modeling of the components on composite pylons.
In Chapter 3, two pylon footing models are proposed and revised. One of
them is the frequency-dependent model based on MoM. The other one is the
current-dependent model dealt with by MCM. In Chapter 4, a dynamic surge
impedance model considering the corona effect for grounding down-leads
is proposed and introduced. Then, Chapter 5 focuses on the research on the
engineering application of the transmission lines supported by composite py-
lons. Firstly, the backflashover performance of composite pylon is compared
to two conventional steel lattice towers, and several improving approaches
are analyzed. Secondly, the feasibility of a partially-grounded scheme of the
transmission lines supported by composite pylons is studied. After that, the
BFR and the lightning protection performance of OHLs supported by fully
composite pylons are summarized. Finally, concluding remarks and the main
contributions in this Ph.D. thesis are summarized in Chapter 6 and the future
research perspectives are outlined.

1.4 List of Publications

The research outcomes during the Ph.D. study have been disseminated
in several forms of publications: journal papers, conference publications, as
listed in the following. Parts of them are used in the Ph.D. thesis as previ-
ously listed.

Publications in Refereed Journals

J1. H. Zhang, Q. Wang, F. Faria da Silva, C. L. Bak, K. Yin, and H. Skouboe,
"Backflashover Performance Evaluation of the Partially Grounded Scheme
of Overhead Lines with fully Composite Pylons," IEEE Trans. Power De-
livery., vol. 37, no. 2, pp. 823-832, Apr. 2021.

J2. H. Zhang, M. Ghomi, Q. Wang, F. Faria da Silva, C. L. Bak, K. Yin,
and H. Skouboe, "Comparison of Backflashover performance between
a novel composite pylon and metallic towers," Electric Power Systems
Research., vol. 196, pp. 107263, July. 2021.

J3. H. Zhang, M. Ghomi, Q. Wang, E. Faria da Silva, C. L. Bak, and K. Yin,
"Backflashover performance of a novel composite pylon with external
grounding down-lead modeled in dynamic surge impedance consid-
ering corona effect," IEEE Trans. Power Delivery., 2022, Status: Under
review.
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M. Ghomi, H. Zhang, C. L. Bak, F. Faria da Silva, and K. Yin, "Inte-
grated model of transmission tower surge impedance and multilayer
grounding system based on full-wave approach," Electric Power Systems
Research., vol. 198, pp. 107355, Sept. 2021.

* K. Yin, M. Ghomi, H. Zhang, F. Faria da Silva, C. L. Bak, Q. Wang, and

H. Skouboe, "The design and optimization of the down-lead system
for a novel 400 kV composite pylon," IEEE Trans. Power Delivery., 2022,
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Chapter 2

Backflashover Evaluation

Procedure based Monte Carlo
Method

2.1 Background

The basic question for insulation coordination and lightning protection of
transmission lines supported by novel fully composite pylons is how many
lightning flashes originated flashovers the transmission line may experience
per year, and the answer is referred to as BFR [42]. In terms of incoming
overvoltage emerging from backflashovers on nearby transmission pylons
incident to the substation, it is very significant in the design of substation
overvoltage protection. Furthermore, it is required in the planning phase for
surge arrester protection on OHLs.

Many researchers and experts have looked at how to analyze BFR using
analytical and numerical methodologies. The most common-used analytical
methods are proposed by CIGRE [25] and IEEE [43], because of their con-
venience of application. However, some simplifications and approximations
assumed in the methodologies are dubious. Nowadays, it is prevalent to deal
with BF problems by numerical simulations, which are carried out using
electromagnetic transients simulation software (EMTSS) [44]. By means of
the numerical technique to analyze the transient performance, some sophis-
ticated models of transmission line components can be established, some of
which exhibit non-linear behaviors, electromagnetic coupling effects, and fre-
quency dependence. Furthermore, some factors with uncertainties and sta-
tistical randomness can be taken into consideration via EMTSS like PSCAD.
For instance, to begin with, natural circumstances for BF performance eval-
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uation are generally in wide-range variation, such as lightning current am-
plitude and shape, and soil resistivity distribution. Secondly, the electrical
stress induced by lightning and the electrical strength of insulation both have
probabilistic nature. Thirdly, BFR is not linear to the change of lightning
current, grounding conditions, and insulation level. Under these circum-
stances, EMTSS simulation combined with the Monte Carlo method (MCM)
appears as an optimal strategy to investigate the statistical probability of BF
of OHLs [45-47].

In this chapter, the analytical methods recommended by IEEE and CIGRE,
and the numerical methods based on the MCM to evaluate BFR has been
presented first. The adequacy of MCM sampling size and accuracy of MCM
results are verified.

2.2 Analytical Methods on Backflashover Rate Eval-
uation Proposed by CIGRE and IEEE

Some simplified mathematical methods are advocated by CIGRE [25] and
IEEE [43], respectively, based on observational and experimental data. Both
methods intend to compute the lightning withstand level, then estimate BFR
based on the probability that the level is exceeded by the lightning current.
Some modeling details are described and compared as follows.

In both methods, the transmission tower is treated as a uniform surge
impedance, and tower footing is treated as a resistance. The soil ionization
effect can be considered inclusively, while the frequency-dependent charac-
teristics of soil electrical parameters are ignored. As for the flashover deter-
mination for insulators, CIGRE method employs a withstand voltage level
termed as non-standard critical flashover overvoltage for insulators. IEEE
adopts the volt-time curve as the withstand voltage level to determine the
flashover of insulators. The lightning current that causes overvoltage to ex-
ceed withstand voltage level is termed lightning withstand level. As for the
estimation of backflashover rate, both methods follow equation (2.1),

BFR=0.6- N, - P(I.) 2.1)

where Nj is the estimated number of lightning strikes that terminate on the
transmission lines, constant coefficient 0.6 is used to account for the fact that
overvoltage at the shield wire caused by lightning flashes striking within the
span is lower than that caused by lightning striking at the pylon head. I. is the
minimum lightning current inducing BF, and P(I;) is the probability of the
lightning current larger than I.. IEEE and CIGRE propose different equations
to calculate P(I.). CIGRE employs the integration of the probability density
function of lightning current based on the statistical data from observation.
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IEEE reproduces the equation into the following equation (2.2). P; calculated
by the two different models along with lightning current is compared and
shown in Fig. 2.1.

(2.2)
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Fig. 2.1: Comparison of P(I.) between IEEE and CIGRE

The simplifications and approximations in analytical methods truly make
the calculation process of BER fast, but raise doubts on the accuracy at the
same time, for instance, among the aspects of the representation of lightning
current, the transient performance of grounding device, and the criterion on
flashover occurrence [48]. The analytical approach to evaluate BFR of the
composite pylon based CIGRE model is revised and compared with simulat-
ing results by PSCAD in O2 [49].

2.3 Description of MCM-based Procedure for Back-
flashover Performance Evaluation

In order to simulate the statistical uncertainties of lightning incidences,
MCM is generally used to address such problems and it has an excellent

consistency with observed data [50]. A standard MCM for lightning per-
formance evaluation of transmission lines requires a sufficient number of

19



Chapter 2. Backflashover Evaluation Procedure based Monte Carlo Method

lightning events, which are characterized by different lightning current wave-
shape parameters and different lightning stroke locations [47]. For evaluation
of BFR, lightning stroke location is generally omitted, while lightning current
crest and lightning front time are selected as key parameters for MCM, which
are implemented in EMTSS [44].

The procedure to evaluate BF performance of the transmission lines sup-
ported by fully composite pylons is based on the application of MCM, within
which the computation of transient overvoltages is implemented in the PSCAD.
Such a procedure consists of three steps: pre-processing step, numerical sim-
ulation step, and post-processing step [51].

2.3.1 Pre-Processing Step

The pre-processing step aims to randomly generate data pools for the en-
vironmental factors with wide-range variation according to their probability
distribution. Lightning current parameters are paid main concentration in
the past research. The environmental factors can include lightning current
parameters and soil conditions.

For lightning current parameters, each lightning event is characterized by
polarity and current waveform parameters. Positive and negative lightning
flashes take 10% and 90% of the total number of lightning data pool. Four
variables are utilized to shape the lightning current waveshape of the first
stroke of the downward flash as recommended by CIGRE, namely, the light-
ning current amplitude I, the maximum steepness S, the front time (from
30% to 90%) t, and the tail time t;. The probability of the four parameters
follows log-normal distribution [42]. Table 2.1 displays the median M of the
variables as well as their log standard deviation f.

Table 2.1: The median and log standard deviation of the lightning current parameters. Source:
C1 [52],C2

Variable M, median B, log std. deviation
I. [>20 kA, kA] 33.3 0.605
Sm [KA/ us] 24.3 0.599
tr [ps] 3.83 0.553
ty [ps] 77.5 0.577

Because the front time of lightning current follows a log normal distri-
bution, inverse transform sampling is employed to generate a pool of front
times [53]. There is a correlation between front time {7 and current amplitude
I;. The median of log-normal distribution of I; can be obtained according to
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the value of {¢ in equation (2.3) [42],
M; =195 1% (2.3)

Then, based on every front time, a pool of lightning current amplitudes
can be generated. In this project, the number of different front times is 100
and the number of different lightning current amplitudes corresponding to
every front time is also 100, thus, the number of lightning currents Ny, is
10000. The adequacy of the sampling pool size is discussed in the following
section.

2.3.2 Numerical Simulation Step

In the numerical simulation step, all lightning currents produced from
the previous step were imported into the OHLs model established in PSCAD
to serve as the lightning impulse current source. The overvoltages between
down-leads and closest phase conductors are measured.

Then, taking into account the operating voltage of phase conductors, the
BF probability for every lightning current P(I) was estimated. The occurrence
of BF depends on the difference between the overvoltages on the down-leads
which are negative and the AC voltage V on the phase conductors. The AC
voltage can be treated as a constant because of the comparatively extremely
short period of overvoltage. There is a minimum value of AC voltage, V;, and
the voltage difference between overvoltage and V; is the minimum voltage to
result in flashover. The voltage difference between overvoltage and the AC
voltage larger than V; can definitely result in flashover. The BF probability
can be estimated as the ratio of the period in one AC cycle when the AC
voltage exceeds V; for the entire AC cycle.

The leader progression mechanism determines the flashover (LPM). The
insulating surface flashover is defined by LPM as the physical process of air
gap discharge, which has two major stages: the streamer progression stage
Ts and the leader progression stage T; [54].

The streamer progression time can be calculated by equation (2.4) [55],

1

T. =
* " ki(E/Esp) — ko

(2.4)

where, E is the maximum electric field before insulation flashover and Esgq, is
the electric field under the 50% flashover voltage. k1 and k; are the factors of
streamer progression time, which are advised to be 1.25 and 0.95 respectively
[56].

The leader progression duration can be calculated related to its develop-
ing speed suggested by CIGRE in equation (2.5) [25],
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i—f = ku(t)( 5 (_t)x ~E) (2.5)
where, x is the length of the leader, u(t) is the voltage at the air gap, D is the
length of insulation, E; is the threshold electric field of leader progression and
k is the factor of leader progression speed. E; and k are related to the type of
the insulators and the polarity of lightning impulse voltage, as determined in

experiments and presented in Table 2.2.

Table 2.2: Recommended values for leader progression method of lightning impulse flashover.
Source: C2

Configuration Polarity & [m?/ (kVZ-ys)] E; [kV/m]
Air gaps, post insulators, Positive 0.8 600
long-rod polymer insulators Negative 1.0 670
Cap-and-pin porcelain insulators,  Positive 12 520
glass insualtors Negative 1.3 600

The parameters of a long-rod polymer insulator are used instead of a cap-
and-pin insulator with metallic connecting hardware, because the flashover
characteristics between the shield wire and upper phase conductor along the
crossarm are more similar to those of a long-rod polymer insulator.

2.3.3 Post-Processing Step

In the post-processing step, BFR is computed after processing the results
of BF probability P(I) of all lightning flashes.

The total BF probability Pgr can be computed by adding P(I) of all light-
ning flashes together in the following equation (2.6),

(2.6)

where ) P(I) is the sum of BF probability of every lightning flash and Ny, is
the total number of lightning flashes. Their ratio means the probability that
the lightning flashes terminating at the shield wires can result in BE.

The BFR is expressed in equation (2.7) [42],

BFR = 0.6 - Ny - Pgr (2.7)

where the numerical multiplicative coefficient 0.6 takes it into consideration
that lightning flashes hitting within the span cause lower overvoltage at the
shield wire than those hitting at the pylon head. Consequently, if lightning
flashes hitting within the span are considered, the BFR decreases by 40%. N,
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Evaluation

can be computed by the ground flash density N and the shadow region of
OHLs, where if the lightning terminates within, it will be attracted to the
shield wires. The shadow area is shown as the red area in Fig 2.2. Therefore,
the estimated number of lightning flashes terminating on a 100-km OHL
supported by composite pylons can be calculated into equation (2.8)

Ny =Ng-(D+28-H)-10" (2.8)

/
o~
.

< > < > < >

R D R

Fig. 2.2: The demonstration of shielding shadow area of OHLSs supported bu composite pylons.
Source: C1 [52]

2.4 Precision Verification on the Uncertainties in
Backflashover Performance Evaluation

MCM is highly efficient and highly accurate by approaching the "real"
results after large amounts of sampling. There automatically raises the ques-
tion that how large sampling amount is enough to obtain a result with high
accuracy.

An intuitive way is to show BF probability changing trend along with the
increasing lightning incidences, as illustrated in Fig. 2.3 [44]. At the initial
stage of importing lightning incidences to determine whether BF occurs and
calculate BFR, the results fluctuate dramatically because of insufficient sam-
pling amount. Along with the increase of lightning incidences imported in,
in another word, the increase of Ny, BF probability Ppr converge to stabil-
ity gradually. When Nj,;,;>5000, the convergence error can be calculated to
be less than 5%. When Nyy,;>8000, the convergence error can be calculated
to be less than 1%.

Another statistical approach to verify the adequacy of sample size is to
calculate the estimation precision level reversely based on the 90% confidence
interval. According to the Central Limit Theorem, the confidence interval can

be calculated as follows,
s 5

CIZ(J?—Z*X%,J?—O—Z*XW) (2.9)
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Fig. 2.3: Backflashover probability converges to stability along with increasing lightning inci-
dences using MCM

where ¥ is the sample mean and z* is the statistic associated with a certain
confidence interval. In the case of a 90% confidence interval z* equals 1.64,
approximately, s is the sample standard deviation, and 7 is the sample size.
Thus, the estimation precision level can be described in the following equa-
tion, s
*
$p=2z"x T (2.10)
For example, if the sample sizes of lightning front time and lightning
current amplitude are both 100, their median M and standard deviation j
are as listed in Table 2.1. The estimation precision levels of front time and
lightning current amplitude are computed as 0.0907 and 0.1095, and take
2.37% and 0.33% of their medians. At a 90% confidence interval, the sample
size with a precision level lower than 5% is enough to provide reliable results
using MCM [57]. Thus, the sample size of 100 for lightning front time and
lightning current can provide trustful results.

2.5 Summary
In this chapter, the procedures to evaluate BF performance for transmis-

sion lines, as well as transmission pylons have been introduced. Firstly, two
analytical methods recommended by CIGRE and IEEE have been introduced
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2.5. Summary

and compared. Analytical methods have advantages of simplicity in estima-
tion, while some factors cannot be considered comprehensively, especially
the uncertainties of some parameters with randomness like lightning current
waveform parameters. MCM is generally used to solve such problems and it
has an excellent consistency in observation data. Then, a standard procedure
based on MCM to evaluate BFR has been presented. The MCM-based pro-
cedure is utilized throughout this research with improvement and revision.
Finally, the adequacy of the sample size used in MCM to obtain results with
high precision has been discussed and verified.
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Chapter 3

Analysis on Modeling of
Composite Pylon Footing

3.1 Background

The grounding device is one of several variables that affect how well trans-
mission towers or pylons protect against lightning. It must have "sufficiently
low impedance and current-carrying capability to prevent the development
of voltages that may result in unacceptable hazard to connected equipment
and to individuals" [58]. It is of great significance to reduce BF probability
and avoid tripping faults of OHLs [59]. For evaluating the BF performance
of transmission towers and OHLs, establishing the simulating model of the
grounding device in the electromagnetic transient analysis program such as
PSCAD, EMTP-RV or ATP-EMTP is crucial to the protection of towers and
transmission lines against lightning strokes.

In this chapter, models to describe the transient response of transmis-
sion tower footing are presented. Current-dependent impedance model and
frequency-dependent impedance model are paid more attention to and com-
pared in detail. A revised current-dependent impedance model processed by
MCM has also been presented to deal with variant soil resistivity.

3.2 Models of Tower Grounding Impedance

In general, there are three models which are frequently applied to describe
the transient performance of the grounding device.
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Chapter 3. Analysis on Modeling of Composite Pylon Footing

3.2.1 Constant Resistance (CR) Model

The constant resistance model is the simplest one in the lightning protec-
tion evaluation. In this model, a lumped resistance serves as the impedance
of the grounding system, which is described by equation (3.1) [60],

max[v(t)]

Rer = maxli(t)] 61
where max[v(t)] is the peak of the voltage injected into the ground and max[i(t)]
is the peak of the current passing through the pylon footing.

The modeling accuracy is generally positively correlated to the computa-
tional workload and negatively correlated to the computational speed. CR
model is commonly used because it is simple and time-saving. However, the
pylon grounding impedance is not constant during lightning current injecting
into the ground, neither in time domain nor frequency domain. Firstly, while
impulse current energizes the grounding electrodes, the soil around will ion-
ize, thus the grounding impedance will change along with the impulse cur-
rent [61, 62]. Moreover, the soil parameters and the conductor parameters
are both frequency-dependent, which also results in frequency-dependent
grounding impedance [63].

3.2.2 Current-Dependent Impedance (CDI) Model

In order to consider the time-variant grounding impedance caused by
soil ionization, CIGRE recommends a current-dependent impedance model,
described as equation (3.2) [25],

Ro

R -
cpi(t) S0/

(3.2)

where Rg is low-current footing resistance, I(t) is the function of lightning
current injecting into ground and I is the critical current to ionize the sur-
rounding soil described by equation (3.3) [64],

pEo
I, = 33
§ 7 27Ry? 5.3

where Ej is the electric field gradient for soil ionization and p is the soil
resistivity. The relationship of them can be described in the equation (3.4),

Eog = 241 p%21 (3.4)

If the footing device is a cylindrical conducting electrode buried in the
soil vertically, Ry can be calculated in equation (3.5),
4L

_ P a2
Ro=5'=(In = 1) (3.5)
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3.2. Models of Tower Grounding Impedance

where L is the length of the electrode and r is the radius of cross-section of
the electrode.

From the above equations, it can be deduced that the impedance model of
a cylindrical conducting electrode buried in the soil vertically is dependent on
the injected impulse current, and only restricted by its geometry dimension
and soil resistivity.

3.2.3 Frequency-Dependent Impedance (FDI) Model

The lightning current passing through down-leads and injecting into soil
via pylon footing has are of high frequency. The soil electrical parameters, es-
pecially relative permittivity and resistivity, are frequency-dependent. There-
fore, the soil electrical parameters cannot be simply considered as constant as
the values recorded at power frequency [65]. It will help improve lightning
protection and transient analysis of power systems by using a precise soil
model considering its frequency-dependence.

R. L. Smith-Rose first presented comprehensive measurements of the elec-
trical conductivity and permittivity of various soil samples at frequencies
ranging from 1 kHz to 10 MHz [66]. After that, the frequency-dependence of
soil electrical parameters has been investigated in the past decades, and sum-
marized into analytical formulas by many scholars [32, 67-69]. A compar-
ison of these common-used frequency-dependent soil models is performed
in [70]. The frequency-dependent relative permittivity and resistivity of soil
shown respectively in equation (3.6) and equation (3.7) are used in the pre-
sented research because they are fitted from experiments of wide-bandwidth
frequency [32],

e(f) =13+ (7.6 x 103 - f704) (3.6)

_ £o
p(f) - 1+ (1'2 % 10-6 - p8.73) . (f _ 100)0.65 (3'7)

where py is the soil resistivity at 100 Hz, f is the frequency.

Based on frequency-dependent soil electrical parameters, the current re-
search utilizes a frequency-dependent impedance model for the composite
pylon footing model, which is well-matched with actual measurements of
soil with varied frequencies ranging from 1 kHz to 10 MHz by applying
the full-wave approach MoM solution to Maxwell’s equations in O1 [71, 72].
The MoM, which provides the current distribution along the grounding seg-
ments, is used in this method to build the governing electric field integral
equation for the induced currents along the grounding conductor segments.
The grounding system admittance matrix is then approximated rationally
using vector fitting methods in the frequency domain. In order to create a
model of the grounding system described as statespace equations, which can
be simulated and expressed in the time-domain blocks in EMTSS, such as
EMTP-RV and PSCAD/EMTDC, the derived rational approximation is used.
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3.3 Comparison between CDI Model and FDI Model

From last section, it can be known that CR model sacrifice modeling accu-
racy for simplicity. The other two models, CDI model and FDI model focus
on soil ionization effect and electrode inductive effect respectively. A detailed
comparison between CDI model and FDI model is carried out from the as-
pects of modeling simplicity, dynamic impedance, and overvoltage level at
the tower top.

3.3.1 Analysis on Modeling Simplicity

Compared to CR model, both CDI model and FDI model are more compli-
cated. From the derivation process, CDI model is more convenient to obtain
and revise. CDI model is simply described by concise analytic formulations.
Thus, it is convenient to be implemented into EMTSS, and to replace relevant
parameters according to different soil conditions and different geometrical
dimensions of electrodes. The derivation of FDI model depends on MoM
to solve Maxwell’s differential equations. It still needs to be transferred from
frequency-domain solutions into time-domain solutions, which can be imple-
mented into EMTSS. Any change in the modeling initial stage demands the
derivation process again. Therefore, CDI model is of advantages in the case
of variant modeling parameters.

3.3.2 Comparison on Dynamic Impedance

The dynamic impedance under a lightning surge of the two models is
compared. The waveform of the example lightning surge is 1.2/50 us, 80 KA.
The geometry dimension of the pylon footing is set as a cylindrical electrode
buried vertically in the soil. The cross-section radius of the electrode is 12.5
mm. The length of the electrode is set as 3 m, 9 m, and 12 m. Two soil
conditions are selected, 10 (Om and 100 (dm. The dynamic impedance curves
are demonstrated in Fig. 3.1 for electrodes of different lengths and two soil
resistivity.

If the geometrical dimension of the electrode and soil resistivity is the
same, both models have the same power frequency resistance Ry. However,
the dynamic impedance curves of the two models present totally different
changing trends. The impedance of CDI model varies along with the current
magnitude passing through the electrode, thus it reaches the lowest while the
current reaches its peak because of the soil ionization effect, and increases
gradually to equal to Rg. The impedance of FDI model varies along with the
current frequency, thus it rises up dramatically at the beginning because of
the inductive effect of the electrode and decreases to Ry afterward. Therefore,
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Fig. 3.1: The dynamic impedance of CDI model and FDI model with different electrode length

the dynamic impedance of CDI model is always smaller than that of FDI
model.

Longer electrodes and higher soil resistivity both cause larger Ry. Besides,
if the electrode is longer, the inductive effect presents more significant while
the soil ionization effect does not, thus the dynamic impedance of FDI models
need a longer time to reach Ry and the impedance reduction in CDI model
caused by soil ionization becomes smaller.

3.3.3 Comparison on Overvoltage Level at Tower Top

A tower model with the surge impedance of 200 () and a height of 20 m
is established for example. The overvoltage curves at the top of the tower
are demonstrated in Fig. 3.2 for electrodes of different lengths and two soil
resistivity.

For the same electrode and soil resistivity, the footing impedance at power
frequency Ry is also the same. The soil ionization reduces footing impedance
at wave front with high current, while the inductive effect of the electrode
increases the footing impedance at wave front with high steepness. Therefore,
the dynamic impedance of CDI model is always smaller than that of FDI
model, and the overvoltage at the tower top provided by CDI model is always
lower than FDI model in the same condition. When soil resistivity is large
and the electrode is short, in another word, when grounding condition is
poor, the difference in overvoltage given by CDI model and FDI model is very
large. This is pointed out by other scholars that CDI model overestimates the
beneficial influence of soil ionization on reducing lightning overvoltage in
high-resistivity soil [73]. Therefore, under such circumstances, FDI model is
more appropriate to describe the transient performance of pylon footing.
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Fig. 3.2: The overvoltage provided CDI model and FDI model with different electrode length

3.4 Application of MCM on CDI Model

As mentioned above, the CDI model can describe the time-varying ground-
ing impedance caused by soil ionization. The CDI model of a cylindrical con-
ducting electrode with a particular geometry dimension is only restricted by
the soil resistivity where it is buried.

An OHL generally covers several to even hundreds of kilometers. BFR
is also termed in the unit of the amount of BF cases per 100 km lines each
year. Thus, the soil resistivity of the earth where the pylons stand and their
footing electrodes are buried is variant from pylon to pylon. Besides, BFR
is not linear to soil resistivity. In order to take these unpredictabilities into
consideration, MCM is applied to process both lightning parameters and soil
resistivity.

A standard MCM for lightning protection performance evaluation of trans-
mission lines needs a large amount of lightning incidents, which are charac-
terized by different lightning current waveshape parameters and different
lightning stroke locations [47]. For evaluation of BFR, lightning stroke loca-
tion is generally ignored, while lightning current crest and lightning front
time are selected as key parameters for MCM, which are implemented in
EMT software [41, 44]. Aside from the lightning parameters, tower footing
resistance also affects BF performance of the towers significantly. However,
at present, MCM is only applied on the pre-ionization footing impedance at
power frequency Ry of the tower in equation 3.2 [45, 74]. It has been over-
looked that Ry is closely related to soil resistivity, which also varies in a wide
range from tower to tower randomly.
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3.4.1 Probability Distribution of Soil Resistivity

The soil types are ranked into three levels: low-resistivity soil (fills-ashes,
cinders, brine wastes), median-resistivity soil (clay, shale, gumbo, loam), and
high-resistivity soil (gravel, sand, stones, with little clay and loam). Refer-
ence [75] provides the soil resistivities of different soil types with their av-
erage, minimum and maximum values. The distribution of soil resistivity
follows log normal distribution approximately. The average is regarded as
i, the median of log normal distribution. The minimum and maximum are
regarded as 430, the confidential interval of 99.7%. As a result, o, the devi-
ation of distribution can be obtained. The statistics parameters are shown in
Table 3.1 and the probability distributions of the three types of soil are drawn
and shown in Fig. 3.3.

Table 3.1: The statistics parameters of different soil classifications. Source: C2

Soil resistivity [(dm]
Min. Ave.u Max. Dev. o

Low resistivity 59 23.7 70 0.41

Median resistivity =~ 10.2 158 1350 0.81
High resistivity 590 940 4580 0.34

Soil classification

3.4.2 Comparison of BF Probability of CDI Model with Con-
stant Soil Resistivity and Soil Resistivity Processed by
MCM

The sampling of soil resistivity for MCM follows the log normal distribu-
tion, which is restricted by median and deviation. Therefore, the BF probabil-
ity of composite pylon is evaluated with the pylon footing model of constant
soil resistivity and the pylon footing model of soil resistivity processed by
MCM respectively, the results are shown and compared in the following Fig.
3.4.

The black dot-line depicts the relationship between BF probability and
constant soil resistivity. The red dots represent the BF probability where the
soil resistivity equals the medians of soil resistivity distribution of different
types, as listed in Table 3.1. The blue lines show the levels of BF probability
when MCM is applied to soil resistivity distribution of different types. It can
be found that when soil resistivity is lower than around 500 (Om, BF probabil-
ity is almost linear to the log of soil resistivity. When soil resistivity is higher
than 500 (dm, BF probability is not closely sensitive to the change in soil re-
sistivity. For low-resistivity soil and medium-resistivity soil, the MCM BF
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Fig. 3.3: The probability distributions of the three types of soil. Source: C2

probability is close to the BF probability of the median soil resistivity. How-
ever, for high-resistivity soil, the MCM BF probability has a larger deviation,
roughly 10% smaller than the BF probability of the median soil resistivity.

3.4.3 Discussion on Application of MCM on Soil Resistivity
in Backflashover Evaluation for Composite Pylons

The discrepancy between MCM result and the constant median result is
due to the non-linearity of the relationship between BF probability and the
log of soil resistivity.

For low-resistivity soil and medium-resistivity soil, the values of soil resis-
tivity in the sample are lower than 500 (Om, BF probability is approximately
linear to the log of soil resistivity. Because soil resistivity yields to log-normal
distribution, the linearity between BF probability and the log of soil resistivity
results in the small discrepancy between the MCM BF probability and the BF
probability of the median soil resistivity. However, for high-resistivity soil,
most values of which are larger than around 500 Om, the relationship of BF
probability is not linear to the log of soil resistivity and presents an increas-
ing and concave trend. Thus, it can be inferred that the MCM BF probability
is much lower than the BF probability of the median soil resistivity.
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The turning point of the linearity between BF probability and the log of
soil resistivity is related to the insulation level of the transmission pylon. If
the insulation strength is higher, the slope of the BF probability-to-log of soil
resistivity relationship will be smaller, which means the turning point will
locate at higher soil resistivity and vice versa.

In summary, if CDI model with constant soil resistivity is adopted in BF
study for a transmission tower installed in high resistivity region, the BFR is
probably overestimated because of the non-linearity between BF probability
and the log of soil resistivity, and the dispersion of soil resistivity.

3.5 Summary

In this chapter, the transient footing model of the composite pylon has
been discussed. Three common-used models are introduced, namely con-
stant resistance (CR) model, current-dependent impedance (CDI) model and
frequency-dependent impedance (FDI) model. Compared to constant resis-
tance model, the other two models, CDI model and FDI model focus on the
soil ionization effect and the electrode inductive effect respectively, which
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provide dynamic impedance during lightning injecting into ground. During
a lightning surge, the dynamic impedance of CDI model is always smaller
than that of FDI model, thus the overvoltage provided by CDI model is al-
ways smaller than that of FDI model. Under poor footing conditions, CDI
model overestimates the beneficial influence of soil ionization on reducing
lightning overvoltage, while FDI model is more appropriate to describe the
transient performance of pylon footing. However, the derivation of FDI
model for implementing in EMTSS with given parameters is pretty compli-
cated and time-consuming. One of the advantages of CDI model is that it
is convenient to be implemented in EMTPSS, which can import and change
relevant parameters such as soil resistivity. Therefore, MCM can be applied
to process both lightning parameters and soil resistivity, considering that the
soil resistivity of the ground where the pylons stand and their footing elec-
trodes are buried is variant from pylon to pylon in large-scale transmission
lines. If CDI model with constant soil resistivity is adopted in BF study for
a transmission tower installed in high resistivity region, the BFR is probably
overestimated because of the non-linearity between BF probability and the
log of soil resistivity, and the dispersion of soil resistivity.
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Chapter 4

Analysis on Modelling of
External Grounding
Down-lead Considering
Corona Effect

4.1 Background

Because the pylon is fully made of composite materials, the pylon body
and the crossarms are insulated. There rises a problem that a method is
needed to bring the ground potential to shield wires when lightning strikes.
A direct method is installing grounding down-leads to conduct lightning
current to ground, acting as the function of a conventional metallic tower.
In the studies of the transient behavior of the power system, the accurate
representation of the transmission tower is an essential part. Thus, in the
lightning transient studies of composite pylons, it is necessary to propose an
accurate model for the external grounding down-leads.

When a lightning flash strikes at the shield wires of OHLs, the light-
ning current passing through both the metallic tower and the down-leads of
the composite tower will cause corona discharge. In lightning electromag-
netic transient studies, the tower is represented by means of one or several
line/surge impedance sections that are assembled taking into account the
tower structure [27]. The tower models all neglect surge corona because of
the relatively small corona radius compared with tower size. However, the
grounding down-leads are very thin with a cross-section radius of a few cen-
timeters, which is comparable to the corona developing distance during a
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lightning surge. Corona discharge around the down-leads increases the cou-
pling effect between down-leads to phase conductors, distorts overvoltage
wavefronts, and lowers the down-leads’ surge impedance. Therefore, it is im-
portant to consider how surge corona may affect the grounding down-leads’
transient performance.

This chapter will review the constant surge impedance models of tradi-
tional metallic towers and surge corona dynamics, propose a dynamic surge
impedance model for thin-wire grounding devices, and present the corona
developing process and its effect on overvoltage and BFR of composite py-
lons.

4.2 Surge Impedance of Grounding Down-leads

421 Definition of Surge Impedance of Conventional Trans-
mission Towers

Three definitions are adopted to describe the time-domain surge impedance
of a transmission tower. The first one is defined by the instantaneous values
of the voltage-to-ground at top of the tower v(t) and the current through the
tower i(t) [76], as shown in equation (4.1),

o(t)
—_ — 4.1
=) = 5 @
This description only applies to circuits that are completely resistive, where
the voltage and current have identical waveforms. If the injected current is of
a step or ramp waveform, then the surge impedance of the tower is defined
as equation (4.2) [77],
o(t)
)= —~2— 42
2 = i ] 4.2)
Another commonly-used definition adopts the maximum values of tower
top voltage and injected current, described as equation (4.2) [78],

max[v(t)]
I
where max[v(t)] is the peak of tower top voltage and I is the value of i(t)

when the voltage v(t) is maximum. Obviously, this definition of the surge
impedance is not a function of time.

Z = (4.3)

4.2.2 Methods to Model Transmission Tower

Corresponding to the definition of surge impedance, the basic principle
to model a transmission tower is to derive an equivalent surge impedance or
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equivalent circuit with the same surge response as the real waveforms under
lightning transient. The current methods can be classified into three cate-
gories, theoretical representation, experimental measurement, and numerical
computation.

In the theoretical representation, the structure of conventional metallic
towers is generally complicated, thus some of the tower details, such as its
crossarms or bracings, are usually neglected. The tower body is approxi-
mated as a cylinder [79] or cone [80]. The cylindrical shape is in good consis-
tency with a thin-wire grounding down-lead.

Generally speaking for specific towers, experimental measurement is the
most accurate method to obtain the lightning response, but this is actually
where the restriction of this method lies. There are only a few experimental
studies on several types of in-service towers [81-83]. Experimental results
lack justifications for the transmission towers of different structures and di-
mensions.

Numerical computation is paid increasing attention to acquiring an ac-
curate lightning response of transmission towers owing to the development
of computational electromagnetic techniques. Commonly-used approaches
include MoM [27, 84], FEM [85, 86], HEM [87], and FDTD [88, 89].

4.2.3 Overview of Present Transmission Tower Models

Based on the above method to obtain tower models with equivalent surge
impedance, there exist many expressions proposed by different scholars with
different assumptions, which can be seen in the following Table 4.1.

Among the above models, the applicable situation for grounding down-
leads deserve discussion. Firstly, only equation (4.7) ignores the radius of the
tower. One main difference between grounding down-leads and the metallic
tower is that down-lead is quite thin in cross-section radius compared with
the approximate shape of transmission towers. Secondly, equation (4.6) and
equation (4.8) are derived by approximating towers into conical shapes in-
stead of cylindrical shapes like down-leads. Besides, in some models, the
current injected into the tower is assumed with a specific shape, such as
a ramp in equations (4.6), (4.9), and (4.11), a double exponential in equa-
tions (4.6), (4.7), and (4.8), or a rectangular wave shape in equation (4.5) and
equation (4.10), which restricts the applicability of such equations to other
waveshapes. Equation (4.6) is derived via the revision and extension of equa-
tion (4.4) and is validated by experimental data and a hybrid electromagnetic
model. Thus, equation (4.6) is adopted and revised to model the dynamic
surge impedance of the down-lead.
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Table 4.1: Formulations to calculate surge impedance for transmission towers

Scholar & year Equation Numbering
Jordan 1934 [90] 60 ln(g) —60 (4.4)
Wagner & Hileman 1960 [76] ~ 601In(v/2 - ?) (4.5)
Sargent & Daverniza 1969 [78]  601n(v/2 - #) (4.6)
Menemenlis & Chun 1982 [91] 50 + 35vh 4.7)
Chisholm et al. 1983 [80] 60 ln(cot(M)) (4.8)
CIGRE WG 1991 [25] 60 ln(g) (4.9)
Takahashi 1994 [92] 60(In(v2 - ?) —1.54) (4.10)
Hara & Yamamoto 1996 [93]  60(In(v/2 - ? ) —120 (4.11)

T 1 tan~1(2r/h)

IEEE Std. 1997 [94] 60/ In( 5 eot==—="2) (412
De Conti et al. 2006 [95] 60 ln(?) — 60 (4.13)

4.3 Representation for Surge Corona on the Ground-
ing Down-leads

4.3.1 Review on Methods to Model Surge Corona

The surge corona modeling for OHLs has been developed a lot. There are
two main ways to model corona. One is to obtain g — v curve by experiments
first and then to reproduce the specific § — v curve by constructing linear,
piece-wise linear, or nonlinear circuits. Moreover, it is practical for simulation
to reproduce the g — v curve without field test.

Therefore, the other way is to attempt to reproduce the g — v curve from
the geometrical configuration of the conductor and physical process. Some
FEM simulating tools are used, but the modeling of plasma dynamics inside
corona makes the calculation quite time-consuming [96]. Recent research has
proposed a simplified model to consider the corona developing process on
OHLs by FDTD in the simulation of large-scale transmission lines [97-99].
Another model considering the physical process of corona is corona shell
model, which points out that space charges generated by corona form a shell
around the conductor [100]. This concept makes the modeling simple consid-
erably. The corona shell model is proposed for the calculation of steady-state
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corona for the first time and recently it was applied to surge corona after-
wards [101, 102]. There is little modeling research to be referred for the surge
corona on grounding down-leads in the lightning study of composite py-
lons. The main difference lies in the vertical position in space of down-leads
whereas OHLs are horizontal. The corona modeling of trigger-wire can be re-
ferred to because the lightning trigger-wires and down-leads can be regarded
as vertical cylinders and the presence of corona is regarded as the increasing
radius of the cylinders [103, 104].

4.3.2 Overview on Corona Dynamics

Corona is the partial breakdown of the air in the vicinity of a conductor
applied high electric stress. The physical properties of impulse corona effect
in air are introduced at first.

One of the necessary conditions for corona to initiate is that the elec-
tric field around the stressed conductor exceeds a critical threshold, namely
corona inception electric field E.,. Correspondingly, the overvoltage causing
E.; is termed as critical overvoltage V.

Another one is that there exist free electrons in a high electric field area
to induce a self-sustained electron avalanche. It takes a certain time for a
specific electron to initialize electron avalanche, namely statistical time lag,
ts.

The expansion of the corona sheath is governed by the guiding electric
tield Eg, which is the sum of the electric field created by conductor potential
and the electric field created by space charges in the corona. The expansion
velocity equals the streamer velocity v,.

Corona effect only occurs when the applied voltage is increasing. Thus,
the corona only expands and develops during wave front of impulse overvolt-
age instead of wave tail. A critical background electric field Ejq is necessary
for streamer propagation, which determines the maximum expansion radius
of the corona sheath.

In summary, once the impulse overvoltage on the conductor rises and
exceeds V., the corona will initiate after t;. Then, corona expands at the
velocity of v, until the overvoltage starts decreasing. The total time from
overvoltage rising to decreasing is the front time of overvoltage ¢;.

4.3.3 Review on the Corona Parameters

The corona inception electric field E. (kV/mm) of cylindrical conductors
was investigated experimentally many years ago by Peek [105] and summa-
rized in the following equation (4.14),

0.301
Vré

E.r = 2.98¢6 - m6(1 + ) (4.14)
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where m is the roughness coefficient of the conductor surface, ¢ is the relative
density of the air, r is the conductor radius in mm. After that, A. M. Zalesski
[106], M. Robinson [107], R. T. Waters et al [108], and G. Hartmann [109]
reproduced some more practical equations to evaluate E., based on Peek’s
law, from equation (4.15) to equation (4.18).

Er = 2.45¢6 - (1+ %) (4.15)
r

Eor = 32266 (1+ 0'8\;6) (4.16)

Eer = 2.38¢6 - (1+ %) (4.17)

Er = 2.594¢6 - (1 + %) (4.18)

Statistic time lag ¢ is generally irrelative to the electric field and other elec-
trostatic parameters, while is related to air pressure, temperature, humidity,
and other air conditions. Thus, it can be directly referred to the experimental
results of other scholars. In [96], t; varies from 0.4 us to 0.7 us. In [110][19],
ts varies from 0.45 us to 0.88 yus.

After the electric field on the surface of the conductor exceeds E.,, corona
effect initials. The expansion speed of corona concluded in [96] ranges from
0.3 m/ps to 2 m/ps under the voltage ranging from 300 kV to 500 kV. Be-
sides, [111] reported the radial speed of negative corona streamer from con-
ductor surface in coaxial cylindrical electric field equals around 0.1 m/ps.
Corona expansion velocity v, is generally related to the electric field. A
1-D air corona discharge model is established in COMSOL Plasma Module.
Corona developing process under different voltage is shown in Fig. 4.1. By
this means, v, can be estimated more precisely. On the other side, when
the overvoltage meets its peak value, it will decrease and the corona will
shrink and extinct. Because corona starts shrinking when applied voltage
decreases, corona shrinking stage hardly affects overvoltage level which is a
most concern in lightning transient studies. It is simply assumed that the
corona shrinking velocity is equal to the expansion velocity.

The critical background electric field is necessary for streamer propaga-
tion and determines the maximum extent of the radially expanding corona
region. The corona sheath is assumed as an ideal conductor with a conduc-
tivity of 40 uS/m [99]. Electric field is the sum of the electric field created
by conductor potential and the electric field created by space charges in the
corona. The space charge density distribution related to electric field can be
described by equation (4.19),

Q Q

E(r) = 27egr + 2meg(2h — 1) (4.19)
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Fig. 4.1: Corona radius development process under different applied voltage. Source: J3

where E(r) is the radial electric field, Q is the space charge per meter, / is
the height from ground flat to the top of vertical conductor, and r is the
radial distance from the center. For h»7, equation (4.19) can be simplified into
equation 4.20, then the space charge density distribution can be expressed by
equation (4.21),

E(r) = ZNQW (4.20)
p(r) = % = Lr)r'eo 4.21)

Then equation (4.21) is given to the domain of corona in COMSOL Plasma
Module, together with electric potential on the conductor to calculate the total
electric field at the surface of corona. In COMSOL Plasma Module, electron is
assumed to be diffuse in the direction of electric field [112]. A simplified set
of reactions that describes correctly the creation and destruction of electrons,
ions and molecules of nitrogen in a background of dry air is used [113].

Based on the above analysis and assumptions, the time-dependent corona
radius r¢(t) is restricted by both the expansion velocity and the maximum
expansion radius. Thus, it can be described as equation (4.22), where ty is the
time when r.,(tp) equals to 0.

min{ve - (t —ts —ter), rmax(t)}, 0<t <t
e :{ {ver - ( ) Tmax(£) } f 622)

rcr(tf) — ¢y * (f — tf), ff <t<t
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4.4 Corona Development and Overvoltage of a Sin-
gle Conductor Represented by the Dynamic Surge
Impedance Model

A single vertical thin-wire conductor is set as a demonstration to present
the corona development clearly. The down-lead is in the configuration of a
vertical cylindrical conductor with a height of 20 m from ground flat and a
cross-section radius of 0.01 m.

4.4.1 Influence of Corona Developing on Surge Impedance
and Overvoltage

The overvoltage, surge impedance, and corona radius influence each other
every time step. The surge impedance is in negative correlation with corona
radius, and overvoltage is impacted by surge impedance. Then overvoltage
induces the development of corona radius. When overvoltage meets the max-
imum, surge impedance is the lowest, and corona radius is the largest, then
corona starts shrinking.

Fig. 4.2 shows an example of the mutual influence among overvoltage,
surge impedance, and corona radius. The lightning current is 80 kA/2 yus.
When overvoltage exceeds V,, after a delay of t;, corona starts developing at
the velocity of v.,. The stage that corona develops at v, is marked in the red
shadow. When the electric field of the streamer’s tip reaches Ey,, the electric
field keeps constant as Ey, and limits the corona radius to change with the
curve in Fig. 4.2. The stage that corona develops limited by Ej, is marked
in the orange shadow. When overvoltage meets crest and starts decreasing,
surge impedance is the lowest, and corona radius is the largest, then corona
starts shrinking. The stage when corona shrinks is marked in the yellow
shadow.

4.4.2 Corona Development with Different Lightning Current
Peaks

Fig. 4.3 shows the corona radius developing processes under the lightning
currents of the same front time (2 ys) and different peaks, from 50 kA to 200
kA at the increment of 10 kA. As a result, the maximum radius that the
corona can reach ranges from 0.14 m to 0.79 m. Because the front times
of the lightning current keep the same, the corona radius also reaches the
maximum at the same time. Looking through into the corona initial stage, a
higher lightning current peak will exceed V¢, earlier, so the corona onsets at
an earlier time.
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Fig. 4.2: Relationship among overvoltage at the top of conductor, surge impedance, and corona
radius during one lightning impulse case. Source: C3

4.4.3 Corona Development with Different Lightning Current
Front Times

Fig. 4.4(a) shows the corona radius developing processes under the light-
ning currents of the same peak amplitude (80 kA) and different front times,
from 0.5 us to 4 ps. Firstly, if the front time is even shorter than 0.5 us, there
is not adequate time for corona to onset and develop because ts is 0.6 us.
Then the corona developing processes can be classified into two cases. The
first case is shown in Fig.4.4(b). The front time increases from 0.5 us to 0.9
us, and the maximum corona radius increases from 0.10 m to 0.47 m. In
this case, the front time is short, thus, the overvoltage as well as the electric
field can reach quite high magnitudes, but the electric field at the streamer-
tip is always lower than Ej,. Therefore, the corona radius only depends on
vcr, and a longer front time leads to developing a longer corona radius. The
other case is shown in Fig.4.4(c). The front time increases from 1 ys to 4 yus,
and the maximum corona radius decreases from 0.43 m to 0.16 m. Along
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Fig. 4.3: Corona radius developing processes under different lightning current peaks from 50 kA
to 200 kA at an increment of 10 kA. Source: C3

with the increasing front time, the corona developing process is limited by
Ey, gradually. Therefore, longer front time causes shorter maximum corona
radius.

4.5 Corona Development and Backflashover Perfor-
mance of Grounding Down-leads Represented
by the Dynamic Surge Impedance Model

After analyzing the corona development on an ideal vertical conductor,
the dynamic surge impedance model is employed in the grounding down-
leads. Because the configuration of the down-lead is special, and the electric
field distribution is different at the surface of down-lead at different heights,
the down-lead is divided into seven segments to get a more accurate sim-
ulation of corona sheath development. The dimension of every segment is
shown in Fig. 4.5 on the left side. The bending and inclining segments are
approximated into vertical and horizontal segments as shown in Fig. 4.5 on
the right side.
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Source: C3

4.5.1 Corona Development of Segments at Different Heights

The height where every segment locates from ground influences the elec-
tric distribution, and the corona developing process.

Corona developing processes of every down-lead segment are shown in
Fig. 4.6. If the lightning front time is short around 1 ys, as shown in Fig.
4.6(a), corona development is mainly dominated by expansion velocity. Seg-
ment 7 is the nearest to ground, thus the voltage applied on it is the smallest,
it is the last one to reach E,. In the v.,-dominant stage, the maximum extent
that corona on Segment 7 can reach is the shortest one, and the maximum
corona radius of the other segments from low to high also ranges from short
to long. To be noted, Segment 1 in this case has come into the Ej,-dominant
stage, thus its maximum corona radius is shorter than that of Segment 2.
In Fig. 4.6 (b), (c), and (d), the lightning front time is long enough for the
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Fig. 4.5: The demonstration of down-lead segments and dimension. Source: J3

corona on all segments to come into the Ej,-dominant stage. Although the
segments at low height initial corona later, the relatively low voltage makes
their v,,-dominant stage longer. As a result, the maximum corona radius of
the segments from low to high ranges from long to short.

4.5.2 Influence on Overvoltage Crest by Considering Corona
on the Down-leads

The surge impedance of the model considering corona is dynamic to the
overvoltage. A constant surge impedance model without considering corona
is established for comparison.

Fig. 4.7 shows the overvoltage crests of the two models under the light-
ning current of the same front time (2 us) and different peaks and their dif-
ferences. Along with the increasing lightning current peak, the overvoltage
of the model with corona is always smaller than the overvoltage of the model
without corona and the difference of the overvoltage crests increases from
8.97 % to 23.41 %. It results from the decreasing surge impedance, which is
due to the increasing corona radius. Fig. 4.8 shows the overvoltage crests of
the two models under the lightning current of the same peak amplitude (80
kA) and different front times and their differences. Along with the increas-
ing lightning current front times, the overvoltage of the model with corona
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Fig. 4.6: Corona radius developing processes of every down-lead segment under different light-
ning current front times. Source: J3

is always lower than the overvoltage of the model without corona. However,
the difference of the overvoltage crests increases from 1.41 % to 18.43 % first
and then decreases to 16.15 %. The trend of the overvoltage difference is con-
sistent with the trend of changing surge impedance, which is consistent with
the trend of corona radius.

4.5.3 Influence on Backflashover Rate by Considering Corona
on the Down-leads

BER is linearly related to BF probability Pgr and ground lightning density
Ng. Pgr is a joint result non-linearly contributed by soil resistivity and tower
surge impedance. Thus, N, is valued as 1.39 cases/km2-year, which is the
worst case collected in Denmark in 2004. The soil condition is still classi-
fied into three levels as stated in Chapter 3 Section 4. Ppr and BFR provided
by constant surge impedance model without considering corona effect (CSI
model) and dynamic surge impedance model considering corona effect (DSI
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Fig. 4.7: Overvoltage crests of surge impedance models with and without corona under lightning
current of different peaks and the difference of overvoltage crests between the two models.
Source: J3

model) are listed in following Table 4.2.

Table 4.2: The statistics parameters of different soil classifications. Source: J3

Pgr BFR [cases/100 km-yr]
DSI CSI DSI CsI A%

Low resistivity 0.007 0.008 0.12 0.13 7.7 %
Median resistivity  0.019 0.024 0.32 040 20.0 %
High resistivity 0.020 0.027 034 045 214%

Soil classification

It can be found that the difference in BFR provided by the two models
is the smallest under low soil resistivity. When soil resistivity is low, the
overvoltage level caused by the same lightning current is also low. Thus,
the corona developing process is limited to reducing surge impedance. As a
result, the difference between BFR provided by the two models is the smallest
under low soil resistivity and the largest under high soil resistivity.

The improvement in BFR caused by considering surge corona is very effec-
tive, which can be reflected in the following Chapter that considering corona
effect makes the BFR of composite pylons comparatively equivalent to the
BFR of traditional metallic towers. It means, from the aspect of BF perfor-
mance, composite pylon can be an alternative for traditional metallic tow-
ers. Thus, the importance of considering corona effect for lightning transient
studies on thin-wire grounding devices is stressed out.
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4.6 Summary

In this chapter, a simplified dynamic surge impedance model for thin-
wire vertical conductors considering voltage-dependent surge corona is pro-
posed. The model describes the relationship between corona development
and the surge overvoltage, it focuses on the macro effect of corona on the
surge response of conductors, and it ignores the micro plasma dynamics in-
side corona. Firstly, current surge impedance models to simulate the tran-
sient response of traditional metallic towers are reviewed, and it is pointed
out that corona effect is neglected because the change in surge impedance
caused by corona is really small. However, for thin-wire conductors, the
corona effect cannot be ignored because the extent corona can reach in a
lightning surge is comparative to the size of thin-wire conductors. Secondly,
the corona dynamics is introduced, which is the simulation foundation of the
following description about establishing the novel model. Then, the corona
developing process under different lightning current waveforms is presented
through an ideal model shaped as a vertical cylindrical conductor. Finally, the
simulation of down-leads is achieved by dividing a down-lead into several
segments. The corona developing process of every segment is presented. The
overvoltage level and BFR provided by the constant surge impedance model
and dynamic surge impedance model are compared to stress out the impor-
tance of considering corona effect in lightning transient studies for thin-wire
grounding devices.
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Chapter 5

Backflashover Performance
Analysis on Engineering
Application of Transmission
Lines Supported by
Composite Pylons

5.1 Comparison of Backflashover Performance with
Traditional Steel Lattice Transmission Towers

5.1.1 Background

At the moment when the novel composite pylon is planned to be cast
into industry, the potential of its safety and reliability should be investigated
and confirmed in the first place. Various steel lattice towers still take the
majority in the transmission power grid. A compelling way is to compare its
BF performance with the traditional steel lattice towers in service at present.

Because the phase conductors are fixed on the crossarms directly without
insulators, the new pylon looks more compact and shorter in appearance.
There is a scarcity of knowledge on analyzing the lightning protection per-
formance of such an uncommon transmission pylon. Previous research pays
concentration to shielding failure performance. [114] assesses its BF perfor-
mance based on simulations. Some models with too many approximations,
such as constant footing resistance, critical flashover (CFO) determination,
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and single-parameter lightning waveshape are utilized, so the simulated tech-
nique should be improved. When analyzing BF performance, numerous fea-
tures between the unique completely composite pylon and typical steel lattice
towers must be highlighted. To begin with, OHLs supported by composite
pylons are low in height, and thus, have shorter spans than OHLs supported
by typical steel lattice towers, which minimizes the overvoltage tail dura-
tion [115]. Secondly, the down-leads of composite pylons are quite thin,
thus their surge impedance is higher than that of the conducting body of
steel lattice towers to conduct lightning impulse current. Thirdly, ceramic or
glass insulators are the mainstream of the insulators on conventional OHLs,
whose flashover characteristics are investigated comprehensively. Novel py-
lons’” cross-arms, which are more akin to post insulators made of polymers,
have different flashover features from ceramic suspending insulators [116].
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(a) Composite pylon (b) Donau tower (c) Eagle tower

Fig. 5.1: The configuration and dimensions of compsoite pylon and two steel lattice towers (not
in real relative scale). Source: J2 [117]

Looking into the fundamental engineering application for the revolution-
ary composite pylon, the BF performance is compared to two traditional steel
lattice towers that have been erected in Denmark at present, namely Donau
tower and Eagle tower. Fig. 5.1 (a), (b), and (c) depict the configuration and
dimensions of the composite pylon and two steel lattice towers.

In this research from J2, FDI model is adopted as the tower footing model
for all three towers. The footing condition is set as a vertical electrode buried
in a two-layer soil. The length and the cross section radius of the electrode are
L =3 m and r = 15 mm respectively. The soil is characterized by resistivity
of 100 O-m and 1000 O)-m for upper and lower layer respectively. The rela-
tive electric permittivity is set as 10 [117]. Down-leads on composite pylons
are simulated by the constant surge impedance model without considering
corona effect. The revised dynamic surge impedance model of down-leads is
proposed after the publication of J2.
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5.1.2 Comparison of Backflashover Probability and Backflashover
Rate between Composite Pylon and Steel Lattice Towers

The BF performance evaluation procedure accords to as stated in Chapter
2. MCM collects the BF probability of every lightning stroke of varied current
amplitude and front times to calculate total BF probability as spectrums.

Fig. 5.2 shows an example of the spectrum of the composite pylon. The
probability of one lightning stroke causing BF is represented by a single point
in the spectrum. The front time and lightning current are the x-ordinates and
y-ordinates of the point, respectively. The BF probability is represented by
the color of the point. Because all lightning flash characteristics are collected
according to their statistical probability distribution, lightning BF probability
Ppr can be computed by dividing the sum of BF probability of all lightning
strokes X P (I;) by the number of lightning strokes N4
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Fig. 5.2: An example of the spectrum to present BF probability among quantities of lightning
strokes for composite pylon. Source: J2 [117]

The prerequisites impacting the BFR of transmission towers studied are
presented in Table 5.1 after the computation of lightning BF probability Ppr.
It can be found that the BFR of the composite pylon with down-leads mod-
eled of constant surge impedance is much higher than that of steel lattice
towers, which mainly results from the high surge impedance of down-leads
and shorter insulation length on composite pylons. It has been analyzed in
Chapter 4 that corona effect on down-leads should not be ignored and can
reduce the surge impedance. Thus, the BF probability and BFR of composite
pylon provided by the dynamic surge impedance model are computed again
and listed together with the above results, as shown in Table 5.2.

When compared to the metallic tower bodies of Donau and Eagle tow-
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Table 5.1: Prerequisites impacting BFR of the three transmission towers. Source: J2 [117]

Tower type Composite pylon Donau tower Eagle tower
Ground flash density 1.39

Ng [cases/km? - yr] :

Tower height H [m] 22.50 41.62 43.10
Shielding distance D [m] 21.28 20.74 27.09

Line flash density

N, [cases /100 km - yr]] 20.26 28.30 29.60
Insulation length L [m] 2.8 3.2 3.72
CFO [kV] 1960 2240 2604
BF probability Pgr 0.027 0.013 0.012
BFR [cases/100 km - yr] 0.45 0.32 0.30

Table 5.2: BFR of composite pylon with constant and dynamic surge impedance model, and two
steel lattice towers.

Tower type BF probability Pgr  BFR [cases/100 km - yr]
Composite pylon

(Constant surge impedance) 0.027 045
Composite pylon 0.021 0.35
(Dynamic surge impedance)

Donau tower 0.013 0.32

Eagle tower 0.012 0.30

ers, the down-leads on composite pylon have a larger surge impedance, even
though the surge impedance is reduced by the existence of surge corona.
Thus, under the same lightning current, the overvoltage rising at the com-
posite pylon head is higher. The insulation length of the composite pylon is
shorter than both steel lattice towers. Thus, the overvoltage is more likely to
lead to BE. As a consequence of these two prerequisites, the BF probability
of composite pylon is much higher than that of steel lattice towers. However,
the composite pylon has a lower height and a shorter shielding distance than
steel lattice towers, which means fewer lightning strokes may be attracted to
the composite pylon. After all, composite pylon has a BFR of 0.35 cases per
100 kilometers per year, which is comparatively equivalent to the BFR of steel
lattice towers. In summary, from the aspect of BF performance, the composite
pylon can be an alternative to traditional steel lattice towers.
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5.1.3 Comparison of Overvoltage on Double Circuits between
Composite Pylon and Steel Lattice Towers

The three transmission towers in this research are capable of supporting
double-circuit OHLs at 400 kV. On steel lattice towers, lightning surge current
passes through the tower body to the earth, regardless of which shield wires
are terminated. Overvoltage increases at the suspending end of insulators,
perhaps causing both circuits to BF at the same time. According to a Queens-
land study, double circuit failures account for 4.7 percent of outage issues on
a 275 kV transmission line [118]. In Korea, multi-circuit outages account for
33.7 percent of all lightning-related accidents [119]. Despite the fact that the
risk of a double circuit outage is small, double circuit outages sometimes re-
sult in catastrophic power disruption accidents. Two down-leads connecting
shield wires and the ground are split independently for composite pylons.
When lightning terminates one of the shield wires, excessive overvoltage only
increases on one of the down-leads, posing a risk of BF.
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Fig. 5.3: Overvoltage to the upper phase conductors of double circuits when lightning strikes at
shield wire of one circuit. Source: J2 [117]
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When lightning terminates at shield wires of one circuit, the overvoltage
across cross-arm of composite pylon and insulators on steel lattice towers
to the top phase conductors of double circuits can be observed in Fig. 5.3.
Overvoltage on composite pylons is recorded between the tip of down-lead
and upper phase conductor across cross-arm. Overvoltage on steel lattice
towers is recorded between the ends of the insulator suspending upper phase
conductor. In the three cases, the parameters of injected lightning current are
the same (80 kA, 3.83/77.5 us). Lightning strokes hit the shield wires of
circuit 1. Overvoltage waveforms in circuit 1 are shown as red curves, which
is in the same side with shield wires hit by lightning strokes. Overvoltage
waveforms in the other circuit are shown as black curves. It can be found
that the overvoltages of both circuits on steel lattice towers are of closely high
amplitudes [117]. However, the overvoltage in circuit 1 on composite pylon
is quite high while the overvoltage in circuit 2 is of lower amplitude [117].

The BF probability of all six cases are computed and summarized in fol-
lowing Table 5.3. For steel lattice towers, although lightning strokes hit only
one of shield wires, both circuits are probable to occur BF at the same mo-
ment [117]. To be noted, the simultaneous flashover may be overstated in
simulation than in reality because flashover simulation mainly focuses on
voltage rather than energy. Simultaneous flashover highly probably happens
and lead to catastrophic consequences, only if the lightning current is re-
ally huge. For composite pylon, only the phase conductor in the same circuit
with the hit shield wire is faced with higher BF probability, whereas the other
circuit has a negligible risk to occur BF [117]. In summary, compared with
traditional steel lattice towers, OHLs supported by composite pylons do not
suffer from simultaneous BF of double circuits.

Table 5.3: Maximum and BF probability of the overvoltage threatening both circuits on the three
transmission towers. Source: J2 [117]

Tower type Circuit No. Overvoltage [kV] BF probability Ppr
Composite pylon 1 -1475.20 0.4027
2 -90.21 0
Donau tower 1 -1264.62 0.3251
2 -795.18 0.0735
Eagle tower 1 -1326.80 0.3541
2 -871.25 0.0950
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514 Comparison of Overvoltage of Three Phases between
Composite Pylon and Steel Lattice Towers

The overvoltages of three phases in the same circuit of the three towers
are shown in Fig. 5.4. All three cases have the identical lightning current
parameters (80 kA, 2/77.5 us). As for the composite pylon, the overvoltages
are measured at the locations on the down-lead where are nearest to the
phase conductors. As for the two steel lattice towers, the overvoltages are
measured at the locations suspending the insulators and phase conductors.
From the results, it can be found that the overvoltages on the down-lead are
closely high and all three phase conductors are faced with BF of close risk
[117]. However, for steel lattice towers, the overvoltages at the suspending
ends of upper phase are far greater than the other two phases. It can be
discovered that tower layout has a significant impact on the overvoltage of
different phases according to their locations on the tower [117].
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Surge arresters are widely-used devices to suppress overvoltage and pro-
tect OHLs. If the surge arresters are installed at all three phases, this counter-
measure certainly has the optimum BF protection performance. Considering
the cost of surge arresters, it is more economic to install arresters on only
one or two phases. The default surge arrester model in PSCAD is selected
to Table 5.4 summarizes the BFR of three towers using different strategies
of surge arrester installation. One is to install surge arresters solely on the
upper phases (MOV-Upper). The other one is to install surge arresters on all
three phases (MOV-3-phase).The compared group is without surge arresters
(No MOV) [117].

Table 5.4: Maximum and BF probability of the overvoltage threatening both circuits on the three
transmission towers. Source: J2 [117]

Tower type MOV strategy BFR [cases/100 km-yr]
No MOV 0.4526

Composite pylon MOV-Upper  0.3037 (-32.90%)
MOV-3-phase  0.0633 (-86.01%)
No MOV 0.3176

Donau tower MOV-Upper  0.0825 (-74.02%)
MOV-3-phase  0.0622 (-80.41%)
No MOV 0.2992

Eagle tower MOV-Upper  0.0794 (-73.46%)
MOV-3-phase  0.0591 (-80.24%)

Telling from the BFR results of the three towers, installing surge arresters
on three phases is the technical best strategy and installing upper-phase surge
arresters is still better than no surge arresters. However, for the two steel
lattice towers, the BFR of installing 3-phase surge arresters is only a little
lower than that of installing surge arresters solely on upper phase [117]. For
composite pylons, installing 3-phase surge arresters has obviously lower BFR
than solely installing upper-phase surge arresters. Compared with the BFR
without surge arresters, the BFR after installing surge arrester on upper phase
decreases 32.90 %, while the BFR after installing surge arresters on three
phases decreases 86.01% [117]. Thus, for steel lattice towers, it is suggested to
install surge arresters only on the upper phase out of the economy. However,
installing surge arresters on all three phases of composite pylon can improve
BF performance effectively but cost a lot.

It should be emphasized that the aforementioned findings are based only
on BF performance. Surge arresters must also be addressed from the stand-
point of shielding failure in the event that lightning hits the phase conductors
directly across shield wires.
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5.2 Partially-grounding Scheme of Overhead Lines
Supported with Fully Composite Pylons

5.2.1 Background

The fully composite pylon is featured by its insulated pylon shaft. The
term "partially grounded transmission lines" (PGTLs) refers to a plan where
not all pylons are grounded out of economic and aesthetic considerations
[120]. A PGTL is created as an OHL segment that is supported by a number
of non-grounded pylons. It is still required to build grounding equipment
at both ends of a PGTL to provide a conducting channel in the event that
lightning strikes the shield wires [21]. Steel transmission towers, composite
pylons with grounding down-leads, or steel tension towers at the corners of
PGTLs can all be erected as grounding equipment. The traveling wave theory
states that an overvoltage at a lightning striking location will remain high un-
til the ground’s negative wave reflection reaches the striking spot [121]. Thus,
PGTLs create a longer distance between the lightning hitting location and the
grounding end, resulting in more severe lightning overvoltage. Higher over-
voltage amplitude will result from a greater striking distance if the reflection
time is less than the lightning front. Longer striking distance will result in
overvoltage with a longer duration if the reflection time exceeds the lightning
front. Both situations severely test the insulation’s strength, which causes
BE. [120].

For conventional OHLSs, several studies have revealed that the overvoltage
caused by lightning hitting mid-span is approximately 1.2 to 2.0 times higher
than that with tower top terminated by lightning [42, 122, 123]. BF is less
likely to happen at mid-span than at the tower, despite the fact that the over-
voltage at mid-span is larger because to the stronger insulation strength of the
air gap at mid-span than the insulator surface on the tower. Therefore, criti-
cal lightning current of flashover when lightning strikes at pylon head, I1, is
smaller than critical lightning current of flashover when lightning strikes at
mid-span, I. In light of this circumstance, the BFR of all transmission lines
is calculated by multiplying the BF probability by a coefficient that is equal
to the ratio of the probabilities that I,y and I, will occur. The ratio relating
to the probability distribution of lightning current for different spans in con-
ventional OHLs lies in a small range between 0.58 and 0.67. 0.6 is therefore
chosen as the compromised value [120].

For a PGTL, the distance between the lightning strike and the closest
grounding device may typically be greater than most transmission line spans
today, resulting in an overvoltage that has a higher amplitude and a longer
duration. From another aspect, to sustain such a high overvoltage, the insu-
lation strength at the cross-arm on a non-grounded pylon within a PTGL is
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often weaker than the air gap at mid-span [120]. Therefore, the ratio of the
occurring probability of Iy and I, increases along with the increasing length
of a PGTL. As a consequence, BF performance of a PGTL faces with severe
situation.

5.2.2 Overvoltage of Different Footing Resistance and Soil
Resistivity in PGTLs

In the OHLs where every pylon is grounded, decreasing footing resis-
tance and soil resistivity of grounded pylons can enhance BF performance
effectively. However, for PGTLs neither of the two strategies are effective.

lc=60 KA, tr=3.83 ys, tn =77.5 ps
1000 T

RO=SQ,/:=1OOQ
R, =509, =300

S o
<

-

>

o
2 1000 F
®
>
Q
S

-2000
8
S
>
£
Q) |
3 3000 F fa739.
V oo
+4000
4 4.5 5 5.5 6
-4000 '
0 5 10 15

Duration t (us)

Fig. 5.5: Overvoltage wave fronts of two combinations of grounding parameters. Source: J1 [120]

Overvoltage wave fronts shaped by various grounding parameters are
investigated. In Fig. 5.5, overvoltage wave fronts of an example of a 500-m-
long PGTL within only one non-grounded pylon in the center is shown of two
combinations of grounding parameters. A lightning flash with the amplitude
of 60 kA (3.83/77.5 us) terminates in the middle. The maximum overvoltage
when the grounded pylons are of lower footing resistance and soil resistivity
is -3722.64 kV, which is only 4.5 % lower than when the grounded pylons are
of higher footing resistance and soil resistivity, which is -3889.47 kV [120].
The span designed for composite pylons is 250 m, so the 500 m PGTL within
one non-grounded pylon is the shortest scheme. The effect of decreasing
footing resistance and soil resistivity will become even more insignificant
in the PGTL schemes of longer length. The differences of the maximum
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overvoltage on the PGTLs of 1000 m, 1500 m and 2000 m and a strike at
the middle of the span are 89.69 kV, 1.85 kV and 0 kV [120]. Moreover, at
an precision level of 0.0001, the tiny differences of overvoltage have little
influence on BER results.

In summary, when the lightning hits a non-grounded pylon, decreasing
footing resistance and soil resistivity of grounded pylons at the both ends of

PGTLs has only a minor influence on the amplitude of overvoltage and hence
the BFR.

5.2.3 Overvoltage of Lightning Location in PGTLs

Once lightning flashes hit the shield wires in the middle of a PGTL, the
overvoltage wave will flow towards opposite directions along the shield wires
to both ends, reach the ground potential via the grounded pylons, be reflected
and backtrack to rise up. Except the rare case that lightning hits right middle,
the traveling distances to the two ends are generally not the same. Hereby,
Djeqr denotes the nearer traveling distance between lightning location and
one of the grounded pylons, while D¢,, denotes the longer one.
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Fig. 5.6 and Fig. 5.7 show the overvoltage at lightning locations in PGTLs
with different distance to grounded pylons. The waveshape of the lightning
impulse is 35 kA (3.83/77.5 us). When the D, is the same, the overvoltage
waveshapes provided by different Dy,, are similar, particularly in the wave
front period. The maximum values of overvoltage range from -2289.55 kV to
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Fig. 5.7: Overvoltage wave fronts of same D far and different D,qr. Source: J1 [120]

-2708.74 kV, increasing by 18.31 %. If lightning current amplitude is lower,
the dispersion is even less [120]. On the contrary, when Dy, is the same, the
overvoltage waveshapes provided by different Dy, are not alike. The over-
voltage crests range from -2708.74 kV to -4182.65 kV, increasing by 54.41%.
The disparity among the overvoltage waveshapes also widens further [120].
When Dy,eqr increases, the overvoltage waveshape shifts from a ‘V’ shape to
a ‘U’ shape, with a flat bottom appearing. This is due to the fact that the
time it takes for the overvoltage at the striking point to reach its peak is less
than the time it takes for the ground reflection wave to reach the striking
point. The waveshape of the overvoltage is compatible with the form of the
lightning current before the arrival of the reflection wave. By superimposing
the reflection wave on top of the overvoltage wave, the overvoltage wave is
chopped before the arrival of the reflection wave. When overvoltage wave
propagates on shield wires after lightning hitting, corona will dampen the
energy, which will reduce overvoltage amplitude. If the traveling distance is
longer, damping effect of corona will become more obvious [124].

In summary, in PGTLs, the distance to the nearest grounded equipment
determines the overvoltage waveshape majorly. If the distance to the nearest
grounded pylon is longer, the resulted overvoltage will be of higher crest and
longer wave front.
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5.2.4 Backflashover Rate of Different Distances of PGTLs

BFR is defined as the product of the number of lightning flashes hitting on
100 km lines each year, and the BF probability of lightning flashes. BF prob-
ability is resulted from lightning overvoltage, which is mainly determined
by the distance to the nearest grounded pylon as discussed in the previous
section.

The BF probability when lightning hits the PGTLs related to the distances
to nearest grounded pylon is shown in the Fig. 5.8 as red dashed line. If the
distance between the lightning location and the nearest grounded pylon in-
creases, the overvoltage crest and wave front duration also increases resulting
in the increase of the BF probability. The BF probability stabilizes at 0.6149
when the nearest distance exceeds 750 m [120].
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Fig. 5.8: BF probability of different distances to nearest grounded pylon. Source: J1 [120]

Not only may lightning flashes hit pylon heads, but they can also hit
in the mid-span. The overvoltage caused by lightning hitting in the mid-
span is smaller than the overvoltage caused by the same lightning hitting the
pylon head. Thus, a coefficient K less than 1 is adopted. Hereby, along with
the increasing distance between non-grounded pylon and grounded pylon, K
grows to approach 1 gradually. As a result, BFR can be computed by equation
(2.7). The BFR of different distances to nearest grounded pylon is shown in
Fig. 5.9 as blue dashed line, which grows to approach 17.3161 cases per 100
km each year when the distance between non-grounded pylon and grounded
pylon keeps increasing [120].

In Chapter 5 Section 2.2, the ineffectiveness of reducing footing resistance
and soil resistivity to improve BF performance of PGTLs is pointed out. In-
creasing the insulation length between the shield wire tip and the top phase
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Fig. 5.9: BFR of different distances to nearest grounded pylon. Source: J1 [120]

conductor is another option. As seen in equation (2.7), extending insulation
length will increase the pylon height and shield wires corridor width at the
same time, which means more lightning flashes will be attracted to the shield
wires. The relationship between BFR and the distance to grounded pylon pro-
vided by different insulation lengths are depicted in following Fig. 5.10. As
can be shown, extending insulation length has limited effect in practice.
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In summary, the BFR of PGTLs increases in parallel with the distance to
the nearest grounded pylon, until it reaches a limit value. In addition to
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decreasing footing resistance and soil resistivity, extending insulation length
has limited effect in practice either.

5.3 Lightning Protection Performance of the Over-
head Lines Supported by Fully Composite Py-
lons with External Grounding Down-leads

As a call-back to Chapterl, the basic question of this entire project is "how
many backflashover cases probably occur on the overhead lines supported
by fully composite pylons with external grounding down-leads." From the
all above analysis and discussion, it can be found that it is difficult to give
a uniform answer for BFR, because BFR is highly-related to many uncertain
factors, such as flash density, lightning current statistics, footing electrode
type and dimension, and soil resistivity. Whereas, the answer can be given
according to specific circumstances.

Flash ground density Ne is valued as 1.39 cases/ km?-year according to
the worst case in Denmark in 2005. Additionally, BFR is linear to Ng. The
footing electrode is shaped as a cylindrical conductor buried vertically inside
the soil, whose cross-section radius and length are 15 mm and 3 m respec-
tively. The down-lead is modeled considering corona effect. For the pylon
footing model, MCM-CDI model and FDI model focus on two different phys-
ical phenomenons of grounding, so the results provided by the two models
are both shown. In MCM-CDI model, soil resistivity is classified into three
levels. In FDI model, the soil is characterized by resistivity of 100 Om and
1000 Qm for upper and lower layers respectively.

Under the circumstance of the above presuppositions, the BFR of the
OHLs supported by fully composite pylons with external grounding down-
leads is shown in the following Table 5.5.

Table 5.5: Summary of BFR of OHLs supported by fully composite pylons with external ground-
ing down-leads using different footing models

BFR

Footing model Soil condition Pgr [cases/100 km - year]

Pupper=100 Om

FDI model 0.021 0.35
Plower=1000 Om
Low-p soil 0.007 0.12
MCM-CDI model Median-p soil 0.019 0.32
High-p soil 0.020 0.34

In the previous research, the shield failure flashover rate of this type of
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composite pylon has been calculated as 0.0008 cases/100 km-year [8]. BFR
provided by MCM-CDI model of median-resistivity soil is adopted as 0.3187
cases/100 km-year to give an integrating result of lightning protection per-
formance. The number of flashes attracted to the 100-km OHLs each year N,
can be calculated as 28.1614 cases/100 km-year by equation 2.8. The theoreti-
cal lightning protection performance of the 400 kV composite pylon is shown
in Table 5.6. In summary, the risk of lightning outages of OHLs supported
by composite pylons is 1.1346 % among all lightning flashes each year.

Table 5.6: Theoretical lightning protection performance of OHLs supported by fully composite
pylons with external grounding down-leads

. Non-outage Lightning outage
400 kV composite pylon [cases/100 km - year] [cases/100 km - year]
Shielding success 27.8419 (98.8654 %) 0.3187 (1.1317 %)
Shielding failure 0.0008 (0.0029 %)
Total of lightning strokes 28.1614 (100 %)

54 Summary

This chapter presents the analysis of two engineering applications. Firstly,
the BF performance of the fully composite pylon of 400 kV with external
grounding down-leads by contrast with two conventional steel lattice towers
widely constructed in Denmark has been investigated. Compared with steel
lattice towers under the same lightning conditions, the compact configuration
of composite pylon may attract fewer lightning flashes, but the larger surge
impedance makes it presents higher overvoltage, resulting in slightly higher
BFR. The BER of the composite pylon is 0.35 cases per 100 km per year, which
is comparatively equivalent to that of Donau tower and Eagle tower. All three
towers are capable of supporting double circuits. Compared with steel lattice
towers, OHLs supported by composite pylons do not experience simultane-
ous BF of double circuits attributed to separated grounding down-leads. In
the same circuit, where one shield wire is hit by lightning, the overvoltages on
the down-lead of the composite pylon are closely high. Thus, from the aspect
of BE, the effect of equipping upper phase of composite pylon with surge ar-
resters is not as good as on steel lattice towers, while equipping three phases
of the composite pylon with surge arresters has an excellent effect on improv-
ing BFR but costs a lot. Secondly, the fully composite pylon is featured in its
insulated shaft body, so the BF performance of a partial grounding scheme
of OHLs has been investigated. For partially grounded transmission lines
supported by composite pylons, when the lightning hits the non-grounded
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pylon, decreasing footing resistance and soil resistivity of grounded pylons
at both ends is not effective. Extending insulation length has a limited effect
to some extent. Lightning overvoltage is determined by the distance to the
nearest grounded pylon and a longer distance to the nearest grounded py-
lon will result in overvoltage with a larger crest and longer wave front. BF
probability and BFR grow as the distance of partially grounded transmission
lines became longer, but are limited to a particular value, which depends on
the natural lightning current probability distribution and the threshold elec-
tric field when flashover develops. Finally, the BFR of OHLs supported by
fully composite pylons with external grounding down-leads is summarized
under specific circumstances, and the theoretical lightning protection perfor-
mance is presented combined with previous research. The risk of lightning
outages of OHLs supported by composite pylons is 1.1346 % among all light-
ning flashes each year. Through the engineering applications, a prospect of
the composite pylon can be foreseen because of its advantages of safety, reli-
ability, and economy.
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Chapter 6

Conclusions

This chapter summarizes the results and outcomes of the research dur-
ing the Ph.D. project "Transient Lightning Impulse Performance Analysis of a
Fully Composite Pylon with an External-grounding Down-lead”. The scientific
and engineering contributions are highlighted following. The future research
perspectives are discussed in the end.

6.1 Project Summary

In this Ph.D. project, the main research focuses on evaluating the light-
ning BF performance of OHLs supported by a novel composite pylon via
simulating tools. The research path provides a complete structure, including
BF performance evaluation procedure, optimization on simulating models of
transmission system components, and investigation of tentative engineering
applications. In this section, a brief summary of this project is presented.

In Chapter 1, the research background of the composite pylon is intro-
duced and discussed. Because the pylon body and cross-arms are designed
to be manufactured with insulated materials, a bare conductor as ground-
ing down-lead is adopted to be installed outside the pylon to bring ground
potential to shield wires. The previous research foundation of this type of
composite pylon is reviewed, which focused on air clearance and insulated
distance, lightning shielding performance, and electrical performance testing
methods. Thus, the demand to evaluate lightning BF performance is put for-
ward. Then the development of transmission towers fully or partially made
of composite materials is reviewed, as well as the grounding schemes applied.
After that, lightning transient analysis based on traveling wave theory is in-
troduced, which is the basic research tool used in this project. Meanwhile,
the importance of accurate transient models used in lightning simulations is
stressed out.

73



Chapter 6. Conclusions

In Chapter 2, the methods to calculate BFR are presented. Analytical meth-
ods recommended by CIGRE and IEEE have advantages in application sim-
plicity but lead to doubts about accuracy because of simplifications and as-
sumptions in the representation of transmission system components. Then,
a BFR evaluation procedure based on MCM is proposed, which is the key
approach in this project. Because the principle of MCM is to approximate the
target results by quantities of sampling, which is applied to lightning cur-
rent waveform parameters and soil resistivity in this project, the adequacy of
sample size is necessary to be verified.

The following two chapters, Chapter 3 and Chapter 4 present the model-
ing validation and improvement of two crucial components in the lightning
studies of composite pylons respectively, the pylon footing model and the
grounding down-lead model. For the pylon footing model, two models are
adopted in different conditions. Current-dependent impedance model con-
centrates on soil ionization and the simplicity of its analytical formulations
makes it convenient when considering various soil conditions. Frequency-
dependent impedance model concentrates on the high-frequency response of
the electrical parameters of pylon footing and soil layer. For the grounding
down-lead model, a novel dynamic surge impedance model considering the
corona effect is proposed. The novel model neglects the micro plasma dy-
namics of the corona phenomenon and concentrates on the change of surge
impedance of thin-wire conductors, which makes it possible to be imple-
mented into EMTPSS.

In Chapter 5, the BF performance evaluation procedure within simulating
models discussed above is applied in engineering. Firstly, the BF perfor-
mance of the composite pylon should be assessed in comparison with tradi-
tional metallic transmission towers. Although the BFR of composite pylon is
slightly higher than conventional transmission towers, it eliminates the dan-
ger of simultaneous outage of the double circuit. After that, a unique feature
of the composite pylon is that its insulated pylon body makes it desirable not
to grounded every pylon in transmission lines. It is found that if partially
grounding transmission lines, a longer traveling distance for lightning cur-
rent to ground will cause an overvoltage with higher amplitude and a rather
longer wave front. Besides, the amplitude of the overvoltage is mainly depen-
dent on the distance to the nearest grounded pylon. As for countermeasures,
improving pylon footing conditions is not effective anymore, and increasing
insulation distance has a limited effect to some extent. Future emphasis may
lie in the application and coordination of surge arresters. Finally, the BFR of
OHLs supported by fully composite pylons with external grounding down-
leads is summarized, and the theoretical lightning protection performance is
presented combined with previous research on shield failure.
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6.2 Research Contributions

In this section, the major contributions achieved in this Ph.D. project are
summarized as the response to the project objectives in Chapter 1.
The scientific contributions are listed as follows:

¢ Improvement of Monte Carlo method used to evaluate the statisti-
cal result of back-flashover performance considering environmental
factors

The transmission lines supported by composite pylon are designed to
be installed on large-scale land and operate for years. From the aspect
of lightning flashes, the waveform and amplitude of every lightning
flash terminating at OHLs are of randomness and uncertainties. From
the aspect of the soil layer, the electrical parameters of the soil where
pylons stand are also different from pylon to pylon. Considering the
uncertainties of those environmental factors and their non-linear effect
on BF performance, MCM is improved to give a statistical result for
BFR evaluation.

¢ Development of a dynamic surge impedance model considering corona
effect for thin-wire grounding devices

Traditional transmission tower surge impedance models all neglect the
corona effect because the dimension of the surge corona sheath is rela-
tively small by contrast to tower size. However, the corona effect can-
not be ignored when thin-wire conductors are adopted as grounding
devices. Therefore, a dynamic surge impedance model considering the
corona effect is proposed. The importance of the corona effect for mod-
eling thin-wire conductors is stressed out. Corona sheath can effectively
reduce the surge impedance of thin-wire conductors, thus providing ev-
idence for the application of thin-wire conductors as grounding devices
in transmission systems.

The engineering contributions are listed as follows:

¢ Calculation of backflashover rate of the overhead lines supported by
composite pylons

Generally speaking, the BFR should be given according to specific envi-
ronmental factors. Taking Danish factors as a case study, where the soil
is ranked into median soil resistivity and ground lightning density is
1.39 cases/km?-year, the BFR of OHLs supported by composite pylons
is 0.3 cases/100 km-year.

* Comparison of lightning transient performance of composite pylons
to conventional metallic tower
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After the down-leads of composite are modeled considering the corona
effect, the surge impedance of down-leads and the overvoltage level
are reduced, which makes the BFR of the composite pylon compara-
tive with two conventional metallic transmission towers. Meanwhile,
it eliminates the danger of simultaneous outage of double circuits that
possibly occurs in traditional OHLs. Therefore, composite pylons are
capable to being cast into operation because it has the same safety and
reliability, and advantages of aesthetics and economy.

* Validation of the partially-grounded scheme that not all pylons in the
transmission lines supported by composite pylons are grounded

The validation of a 400 kV partially grounded transmission line is stud-
ied. It is found that lightning overvoltage at a non-grounded pylon is
mainly dependent on the distance to the nearest grounded pylon. There
is a constant coefficient to consider that the overvoltage caused by light-
ning terminating in the span is smaller than lightning terminating at the
pylon head. This coefficient is revised and given recommended value
when applied in partially grounded transmission lines.

6.3 Research Perspectives

This project provides a complete process to evaluate the BF performance
of the novel 400 kV composite pylon with external grounding down-leads
from improvement on simulating models to validation on engineering appli-
cations. However, the fully composite pylon is still in design and experimen-
tal test processes and its configuration, junctions, dimensions, and materials
frequently change. Therefore, the following researches should be addressed
for next-step research for casting into operation.

6.3.1 Future Work in the Aspect of Simulation

* The flashover characteristics of cross-arm need to be studied further-
more. Flashover on metallic towers mainly occurs across the insulators.
However, flashover location is more complicatedin composite pylons.
Flashover possibly occurs from shield wire to upper phase conductor
across the surface of cross-arm, and from the down-leads through the
air gap across cross-arm to phase conductor. The flashover model used
in PSCAD for backflashover studies needs to be

¢ The pylon footing model can be extracted as a specialized project, which
is not studied comprehensively in this research. A more advanced
model to take both frequency-dependence and soil ionization effect into
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account can be studied deeply and developed to simulate the lightning
performance of pylon footing better.

* The dynamic coupling effect between the down-leads with corona and
phase conductors has not been considered into the current model, which
needs further study to improve the modeling accuracy.

* The application of surge arresters is only studied preliminarily and ten-
tatively. The surge arrester model is simply described by non-linear
volt-ampere curve. A more accurate surge arrester model needs to be
developed for lightning protection studies of composite pylons and the
scheme of installation of surge arresters needs to be proposed after bal-
ancing economics and insulation coordination performance.

6.3.2 Future Work in the Aspect of Experiment

* The flashover model used in this project is based on a typical model
used for insulator flashover on metallic towers. In view of the partic-
ularity of flashover characteristics on the composite pylon, the flashover
model can be improved after obtaining parameters from a specific flashover
tests on a real cross-arm.

¢ The novel dynamic surge impedance model considering the corona ef-
fect for thin-wire conductors is proposed based theoretical assumption,
which contains approximations and simplifications. The model needs
to be revised and verified by comparing with experimental results.

* A long-term onsite test of the composite pylon should be carried out
before casting into operation. Among this, comprehensive lightning
protection performance tests include shielding failure test, lightning
withstand test, and dry/wet/polluted flashover tests.

6.3.3 Future Work in the Aspect of Application

* Some engineering application details should be studied for preventive
research, for instance, the application and selection of surge arresters,
the application of grading rings, and the selection of grounding mesh.

¢ The fully composite pylon aims to replace conventional lattice tower.
Some specific conditions should also be considered, for instance, con-
structing composite pylons at the incoming of substations, and connect-
ing OHLs supported by composite pylons with power cable lines or gas
insulated lines.
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* Some other conditions to applying composite pylons should be con-
sidered to utilize its advantages better. Because of the anti-corrosion
of composite materials, the composite pylon is prior to being installed
in coastal regions. The lightning protection performance, especially
pollution flashover characteristics of composite pylon installed in such
regions should be studied.

¢ There is another plan to bring ground potential to shield wires, which
is to install grounding cables inside the crossarms and pylon body. The
lightning transient performance of these two plans is expected to be
compared. Their effectiveness and the visual impact to the whole tower
configuration should be discussed.
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Backflashover Performance Evaluation of the
Partially Grounded Scheme of Overhead Lines With
Fully Composite Pylons

Hanchi Zhang
Filipe Faria da Silva
Kai Yin

Abstract—A design of a fully composite pylon has been proposed
for new-generation 400 kV transmission towers to save line corri-
dors and to reduce visual impact. Correspondingly, a method of
external down-leads is proposed to bring grounding potential to the
shield wires, together with a plan that not all pylons are grounded
called ‘partially grounded transmission lines’ (PGTLs). This pa-
per investigates backflashover performance of a partial grounding
scheme of overhead lines (OHLs) supported by composite pylons.
The transient analysis was carried out in PSCAD based on Monte
Carlo method. For OHLs with every pylon grounded, reducing
footing resistance and soil resistivity can improve backflashover
performance effectively, but for PGTLs, these two methods do not
have obvious effect and increasing insulation distance has limited
effect. When lightning strikes at PGTLs, overvoltage is mainly de-
pendent on the distance to the nearest grounded pylon and a longer
distance will cause overvoltage with larger amplitude and longer
wave front duration. Therefore, backflashover rate also increases
along with the distance to the nearest grounded pylon until reaching
a value limited by the inceptive condition of flashover. A coefficient
recommended by CIGRE TB 63 to estimate backflashover rate is
discussed and modified when using in PGTLs.

Index Terms—Backflashover rate, partially grounded, fully
composite pylon, lightning overvoltage, grounding, OHLs.

1. INTRODUCTION

N RECENT years, usage of overhead lines (OHLSs) in trans-

mission system has faced with great challenges, because
of the increasing requirement for transmission capacity, along
with the public opposing to the erection of more conventional
metal lattice towers, which have negative visual impact. A fully
composite pylon has been proposed to meet the requirements of
compact structure and elegant appearance for new-generation
transmission towers [1]. The configuration and dimension of
the fully composite pylon is shown in Fig. 1. The pylon is in the
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Fig. 1. The design concept of the novel 400 kV fully composite pylon with
external grounding down-leads.

shape of a “Y’ geometric configuration. Conductors are fixed by
clamps on the surface of the cross-arm, which has an inclined
angle of 30° from the horizontal ground plane. Two shield wires
are installed at the tips of the two cross-arms. Because the
pylon body are made of fiber reinforced plastic (FRP) and the
cross-arms are design with sheds of silicon rubber on the surface,
the pylon itself cannot conduct lightning current if struck by
lightning flashes or when lightning flashes terminate at shield
wires. Correspondingly, as one choice of grounding design, two
bare-metal conductors downwards outside the pylon are used to
conduct the lightning current to ground when shield wires are
terminated by lightning flashes, which are shown as red lines
in Fig. 1, and they are potential locations to install line surge
arresters. An alternative of two conductors downwards inside
the cross-arms and pylon body to ground is being considered
and studied in [2], but it is not be addressed in present paper.
Out of economic and aesthetic considerations, a scheme where
not all pylons are grounded is desirable and investigated in this
paper, which is called ‘partially grounded transmission lines’
(PGTLs). PGTL is designed as a segment of OHLs, which is
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supported by several ungrounded pylons. At both ends of PGTL,
it is still necessary to install grounding equipment providing
a conducting path when lightning strikes on the shield wires
[3]. The grounding equipment can be composite pylons with
grounding down-leads, conventional steel transmission towers,
or steel tension towers at the corner of PGTLs. According to
the travelling wave theory, an overvoltage at a lightning strike
location will go on increasing before the negative wave reflected
from the ground reaches the striking point[4]. Thus, with alonger
distance between the lightning striking point and the grounding
point, the lightning overvoltage will become more severe. If the
reflection time is shorter than the lightning front time, longer
striking distance will cause higher overvoltage amplitude. If the
reflection time is longer than the lightning front time, longer
striking distance will cause overvoltage with longer duration.
Both conditions stress the insulation strength heavily leading
to backflashover (BF). Backflashover rate (BFR) is commonly
used to evaluate backflashover performance of transmission
lines, which is described as the number backflashovers of a
transmission lines per 100 km per year.

For conventional OHLs, several papers have studied that
the overvoltage with mid-span terminated by lightning is ap-
proximately 1.2 to 2.0 times higher than that with tower top
terminated by lightning[5]-[7]. Although the overvoltage at
mid-span is higher, the insulation strength of the air gap at
mid-span is stronger than the insulator surface on the tower, thus
backflashover is less likely to occur at mid-span than at the tower.
Therefore, critical lightning current of flashover when lightning
strikes at pylon head, /.5, is smaller than critical lightning current
of flashover when lightning strikes at mid-span, /.. Considering
this situation, BFR of the entire transmission lines is obtained
by the BF probability multiplying a coefficient, which equals to
the ratio of the occurring probability of /.; and /.. For variant
spans in conventional OHLs, the ratio according to lightning
current probability distribution is in a narrow range from 0.58
to 0.67[7]. Thus, 0.6 is selected as a compromised value.

For PGTL, the distance from lightning location to nearest
grounded pylon may be generally longer than most spans in
current transmission lines, which will causes overvoltage with
higher amplitude and longer duration. On the other hand, insu-
lation strength at cross-arm in ungrounded pylon within PTGL
may be generally weaker than mid-span to withstand such severe
overvoltage. Therefore, critical lightning current of flashover
when lightning strikes at mid-span /., will be lower, and the ratio
of the occurring probability of /.; and /. increases along with
the length of PGTL. The value of the coefficient used in BFR
evaluation for PGTL of different length needs to be investigated
and revised.

This paper deals with backflashover performance evaluation
of the PGTLs supported by the novel composite pylons, using
the simulation software PSCAD and the Monte Carlo Method
(MCM) and it is organized as follows. Chapter II and III de-
scribe the modelling details for the backflashover analysis for
composite pylons and propose a procedure to evaluate BFR
using MCM. Chapter IV analyzes that the distance of PGTLs is
the main factor affecting overvoltage, BF probability and BFR,
while conventional methods like reducing footing resistance
and soil resistivity, or increasing insulation distance do not
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TABLE 1
THE MEDIAN AND LOG STANDARD DEVIATION OF THE LIGHTNING CURRENT
PARAMETERS [7]

Variable M, median B, log std. deviation
I.[>20kA,kA] 333 0.605
S [ kA/ps ] 243 0.599
tr[us] 3.83 0.553
ty [ ps] 77.5 0.577

have substantial effects. Chapter V analyzes the reason and
influencing factor of the stabilization of BF probability and BFR
with the increasing of distance to the nearest grounded pylon.
Then, the equation used in conventional OHLs to estimate BFR
is discussed, and modified when it is used for PGTLs.

II. MODELLING OF TRANSMISSION LINES FOR
BACKFLASHOVER ANALYSIS

A. Lightning Current Model

There exist several widely used lightning current simulation
waveforms. The effect of lightning current waveforms on the
backflashover withstand level is studied and summarized in [8].
Among all models, CIGRE lightning current model is used
because of its consistency with the waveshape of lightning
flashes in nature[9]. Four variables are used to shape the light-
ning current waveshape of the first stroke of the downward
flash as recommended by CIGRE, namely, the lightning current
amplitude /., the maximum steepness S,,, the front time (from
30% to 90%) ty, and the tail time #;,. All the parameters yield
to log-normal distribution[10]. The median M and log standard
deviation [ of the variables are shown in Table 1.

In this paper, /. and # are treated as the inter-related variables
to shape the lightning current waveform. #;, is set as constant
equal to its median after concluding that it has little effect on
overvoltage level. S, is set as per unit value determined by /..
and #y and its base value is equal to the quotient by the medians
of I, and ty.

B. OHL Model

The simulated double-circuit OHL is at rated voltage of
400 kV. At one end of the OHL, phase conductors are connected
with a three-phase voltage source and shield wires are solidly
grounded. At the other end, the OHL is connected to a load.
The PGTL under research is set in the middle. At the ends of
PGTL segment, two grounded pylons are modelled, then two
50 km OHLs are set from grounded pylons to voltage source
and load respectively. The PGTL segment itself is divided into
two parts, in order to simulate the lightning striking location
with different distance to grounded pylon. The span is 250 m.
The distance of PGTL depends on the amount of ungrounded
pylons in PGTL. For instance, the shortest PGTL is 500 m within
1 ungrounded pylon. Fig. 2 shows the demonstration of OHL
model with PGTL.

C. Down-Leads Model

The surge impedance of the down-leads varies according to
the geometry, as the lightning wave travels from top to ground.
To cope with this behavior, the down-leads model is established
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as a combination of several parts. The ‘Bergeron Model in
PSCAD is used to simulate the transient characteristics of each
part[11]. The down-lead is regarded as two types of conductors,
the part along with pylon body is regarded as a vertical cylin-
drical conductor whose surge impedance Z,, can be calculated
by (1) and the part along with the crossarm is regarded as
combination of three horizontal cylindrical conductors whose
surge impedance Z;, can be calculated by (2)[12],

Z, = 60(In(h,/r) — 1) (1)
Zy, = 601n(2hy, /1) (2)

where r is the radius of the down-leads and 4 is the height
of different segment. To be noted, the height of the vertical part
h, is from earth bottom to top and the height of each horizontal
segments hj, is from earth bottom to the center of each segment.
Fig. 3 shows the demonstration of grounding down-leads and the
model in PSCAD. The insulation capacitances are calculated by
FEM software.

D. Tower Footing Impedance Model

After a lightning strike at shield wires of the pylon, the
overvoltage waves will travel along the shield wires through the
grounding down-leads to ground. A wave in opposite polarity
will be reflected after it travels to the pylon base. A concentrated
grounding system is selected for modelling pylon base, exhibit-
ing current magnitude dependence from soil ionization[9]. The

TABLE II
RECOMMENDED VALUES FOR LEADER PROGRESSION MODEL OF LIGHTNING
IMPULSE FLASHOVER

Configuration Polarity k [m?*/(kV?-us)]  E;[kV/m]
Air gaps, post insulators, Positive 0.8 600
long-rod polymer insulators Negative 1.0 670
Cap-and-pin porcelain  Positive 1.2 520
insulators, glass insualtors Negative 1.3 600

following current-dependence footing impedance model is used
as equation (3) to simulate the footing impedance [13],

Ry

Re =A< Ur/1,)

where R is the pylon footing resistance at low frequency and low
current, I  is the lightning current through the footing resistance
to ground and /, is the threshold lightning current initialing the
soil ionization described by (4) [14],
pEo
1, = 4
g 27 R3 @
where Ej is the soil ionization electric field gradient and p is
the apparent soil resistivity. £y can be also related to p, in the
equation (5) [15],

3

Eo =241 p"?1 ©)

E. Leader Progression Model for Flashover

The leader progression method (LPM) considers the physical
process of air gap discharge to describe the insulation surface
flashover, which mainly consists of two stages: the streamer
progression stage T and the leader progression stage 7;[16].

The streamer progression time can be calculated by (6)[17],
B 1

k1(E/Eso%) — k2
where, E is the maximum electric field before insulation
flashover and E5(9; is the electric field under the 50% flashover
voltage. k; and k2 are the factors of streamer progression time,
which are recommended to be 1.25 and 0.95 respectively[18].

The leader progression time can be calculated based on its
velocity recommended by CIGRE as (7) [10],

cc%s = ku(t) (;(_t)z — E1> (7
where, x is the length of the leader, u(?) is the voltage at the air
gap, D is the length of insulation, E; is the threshold electric field
of leader progression and k is the factor of leader progression
speed. E; and k are related to the type of the insulators and the
polarity of lightning impulse voltage, which are obtained from
experiments and are shown in Table II.

For ungrounded pylon, the flashover characteristics between
the shield wire and upper phase conductor along the crossarm are
more similar to that of a long-rod polymer insulator instead of
a cap-and-pin insulator with metallic connecting hardware, thus
the parameters of long-rod polymer insulator are selected[19].
For grounded pylon, a flashover is also likely to occur between
the down-lead and the phase conductor in the air gap, which

T, (6)
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uses the same parameters as long-rod polymer insulators. Thus,
these two situations can use the same leader progression model.

III. BFR ESTIMATION PROCEDURE

The BFR evaluation procedure based on the Monte Carlo
method uses the statistical result of quantities of random light-
ning surges to evaluate the probability that the backflashover oc-
curs [20]. The procedure consists of three steps: pre-processing
step, numerical simulation step and post-processing step.

A. Pre-Processing Step

In pre-processing step, a large number, Ny, Of lightning
currents were generated. Because the front time of lightning
current follows log normal probability distribution, a group of
front times were generated using inverse transform sampling.
Front time 77 and current amplitude /. are inter-related. The me-
dian of log-normal distribution of /. can be obtained according
to the value of 7/ in equation (8)[7],

M;=19.5-1;% ®)

Then, based on every front time, a group of lightning current
amplitudes can be generated based on their medians because of
log-normal probability distribution. In this paper, the number of
different front times is 100 and the number of different lightning
current amplitudes corresponding to every front time is also 100,
thus, the number of lightning currents Ny,q; is 10000.

B. Numerical Simulation Step

In numerical simulation step, all lightning currents derived
from the previous step were input into the OHLs model es-
tablished in PSCAD as lightning impulse current source. The
overvoltages between down-leads and nearest phase conductors
were recorded.

The backflashover probability for every lightning current
was estimated considering the operating voltage of the phase
conductors. When using LPM to determine the occurrence of
backflashover, u(z) in (7) is the voltage at the air gap, which
is the difference between the voltages on the down-leads and
the operating voltage V on the phase conductors. The operating
voltage can be regarded as a constant during the lightning
transients because of the relatively extremely short duration of
overvoltage. The result after determination of LPM to a certain
u(t) is only 1 (flashover) or 0 (not flashover). Hereby, the back-
flashover probability is related to the probability of the operating
voltage in the whole AC cycle when flashover is determined to
occur. The different operating voltage values from minimum
to maximum are used to determine flashover occurrence with
overvoltage together. A critical value of operating voltage V;
can be approached, which means the operating voltage higher
than V; can cause flashover with overvoltage, while the operating
voltage lower than V; cannot. The backflashover probability can
be estimated as the ratio of the duration in one cycle when the
operating voltage is above V; for the whole AC period.

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 37, NO. 2, APRIL 2022

TABLE III
THE SOIL RESISTIVITY AND SOIL IONIZATION ELECTRIC FIELD GRADIENT OF
DIFFERENT SOIL TYPES IN DENMARK

Soil type Soil resistivity Soil ionization E-field
p[Qm] Ey[kV/m]
Sand 200-300 752.90-821.48
Sandy clay / clayey sand 50-500 558.85-916.84
Clay 100-200 648.66-752.90

C. Post-Processing Step

In post-processing step, the BFR is calculated after processing
the results of backflashover probability of all lightning currents.

The BFR can be expressed in equation (9)[10],

BFR=K-N,- w
N, total

where X P(I¢) is the sum of the backflashover probability of
every lightning current and Ny, is the total number of light-
ning currents. N is the estimated number of lightning strikes
that terminate on the 100-km line, which can be calculated by
(10)[21],

€))

Ng= N, - (D+28H"%)/10 (10)

where N, is the ground flash density describing the number
of flashes that terminate on the ground per year per square
kilometers. H is the pylon height and D is the horizontal distance
between shield wires. K is a coefficient less than 1, considering
that overvoltage at the shield wire caused by lightning flashes
striking within the span is lower than that caused by lightning
striking at the pylon head. Consequently, the BFR is reduced
if lightning flashes striking within the span is considered. In
conventional OHLs supported by steel towers, K = 0.6 is usually
applied in the BFR estimation recommended by CIGRE TB 63
[10], [20], [22]—[24]. The value of K used in PGTLs is discussed
in Chapter V.

IV. RESULTS

A. BFR of Different Footing Resistance and Soil Resistivity in
OHLs With Every Pylon Grounded

For OHLs with every pylon grounded, after lightning strikes
at shield wires, the reflections of travelling waves from the tower
base through the down-leads arrive at the pylon top much faster
than those reflections from adjacent pylons [25]. According
to (4) and (5), it can be found that two parameters, the soil
resistivity and the footing resistance at low current determine
the performance of tower footing impedance. Thus, the BFR
of OHLs with every pylon grounded is influenced by these
two parameters. The soil resistivity depends on local soil type.
Hereby, the Danish soil conditions are selected as case study.
The soil of Denmark can be classified into three major types,
namely sand in the western and northern region, sandy clay or
clayey sand in the center and clay in the southeastern region.
The soil resistance and the soil ionization electric field gradient
of different soil types are shown in the Table III [26].

Pylon footing resistance is set as 5 €2, 10 £2, 20 €2, and 50 €.
The BFR of OHLs supported by grounded composite pylons
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with different combination of pylon footing resistance and soil
resistivity is summarized in Fig. 4.

It can be summarized that for OHLs supported by grounded
composite pylons, reducing footing resistance and soil resistivity
of grounded pylons can improve backflashover performance
effectively, which is identical to the case of OHLs supported
by steel lattice towers. When pylon footing resistance is low
enough, the effect of reducing soil resistivity is limited.

B. Overvoltage of Different Footing Resistance and Soil
Resistivity in PGTLs

Reducing footing resistance and soil resistivity of grounded
pylons can improve backflashover performance effectively in
the OHLs where every pylon is grounded. However, for PGTLs
neither of the methods are effective.

The wave fronts of overvoltages of different grounding param-
eters are studied. Hereby, an example under the same lightning
strike is shown in Fig. 5, where the PGTLs is 500 m long
including only one ungrounded pylon in the middle. The light-
ning flash with the amplitude of 60 kA (3.83/77.5 us) strikes
in the middle. The maximum overvoltage when the grounded
pylons are of lower footing resistance and soil resistivity is
—3722.64 kV, which is only 4.5% lower than when the grounded

Dnear = 250 m, I = 35 KA, t; = 3.83 ps, t, = 77.5 us
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Fig. 6. Overvoltage wave fronts of same Dnear and different Dfar.

pylons are of higher footing resistance and soil resistivity, which
is —3889.64 kV. For the span of 250 m, the 500 m PGTL
with one ungrounded pylon is the shortest scheme. Along with
the increasing of PGTL length, the effect of reducing footing
resistance and soil resistivity will become even more limited.
The differences of the maximum overvoltage on the PGTLs of
1000 m, 1500 m and 2000 m and a strike at the middle of the span
are 89.69 kV, 1.85 kV and 0 kV. Moreover, the small differences
in overvoltage cannot influence the BFR results obviously.

In summary, when the lightning strikes at the ungrounded py-
lon, reducing footing resistance and soil resistivity of grounded
pylons at the both ends of PGTLs has limited effect on the
amplitude of overvoltage and so as to the BFR.

C. Overvoltage of Lightning Location in PGTLs

Because the pylons within PGTLs are not grounded, when
lightning flashes terminate at the shield wires, the overvoltage
wave will travel to both ends in opposite directions on the shield
wires and go into ground through the grounded pylons. The
travelling distances to the two ends are different except when
lightning strikes at right middle. Hereby, D, is termed as the
nearer travelling distance from lightning location to one of the
grounded pylon while Dy,, is termed as the longer one.

The overvoltage at lightning location in PGTLs with different
distance to grounded pylons can be seen in Fig. 6 and Fig. 7.
The lightning surge is 35 kA (3.83/77.5 pus). If the Dy 18
the same, the overvoltage waveforms with different Dy, are
similar, especially in the wave front duration. The maximum
values of overvoltage range from —2289.55kV to —2708.74 kV,
increasing by 18.31%. If lightning current amplitude is lower, the
dispersion is even smaller. However, if Dy, is the same, the over-
voltage waveforms with different D, ., are obviously different.
The maximum values of overvoltage range from —2708.74 kV
to —4182.65 kV, increasing by 54.41%. The discrepancy among
the overvoltage waveshapes becomes also larger. Along with the
increasing of D, the waveshape of the overvoltage changes
from a ‘V’ shape to a ‘U’ shape, forming a flat bottom. This is
because the time for the overvoltage at the striking point to reach
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its peak is shorter than that for the reflection wave from ground
to reach the striking point. Before the arrival of the reflection
wave, the waveshape of the overvoltage is consistent with the
shape of the lightning current. After the arrival of reflection
wave, the overvoltage wave is chopped by superimposing the
reflection wave. During the propagation of overvoltage wave
on shield wires after lightning striking, corona will damp the
energy, which will reduce overvoltage amplitude. Along with
the increase of travelling distance, damping effect of corona
will become larger[27].

In summary, in PGTLs, lightning overvoltage is mainly de-
pendent on the distance to the nearest grounded pylon. Longer
distance to the nearest grounded pylon will cause overvoltage
with larger amplitude and longer wave front.

D. BFR of Different Distances of PGTLs

According to (10), BFR is the product of the amount of
lightning flashes terminating on 100 km lines per year and the
backflashover probability caused by lightning flashes, based on
MCM procedure. Backflashover probability is resulted from
lightning overvoltage which is mainly dependent on the distance
to the nearest grounded pylon as elaborated in the last section.

The backflashover withstand levels of the ungrounded py-
lons after lightning striking with different distances to nearest
grounded pylons is shown in Fig. 8. For a grounded pylon, its
BF withstand level is 83 kA. After After the nearest distance
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increases to exceed 750 m, the BF withstand level stabilizes
at 28 kA. The backflashover probability when lightning strikes
at the PGTLs for different distances to nearest grounded pylon
is shown in the Fig. 9. When the distance from the lightning
location to the nearest grounded pylon increases, the BF proba-
bility also increases, because of the increase of the overvoltage
amplitude and wave front duration. After the nearest distance
increases to exceed 750 m, the BF probability stabilizes at
0.6149.

Lightning flashes may not only strike at pylons, but also strike
in span. The overvoltage at the pylon caused by lightning flashes
striking within the span is lower than that caused by the same
lightning strike at the pylon head. Therefore, a coefficient K
is considered which is less than 1. For PGTLs, the analysis of
the value of K is discussed in next chapter. Hereby, K increases
and approaches to 1, along with the increasing of the distance
between ungrounded pylon and grounded pylon. Therefore, BFR
can be calculated by equation (10). The BFR of different length
of PGTL is shown in the Fig. 10, which increases and approaches
to 17.3161 cases per 100 km per year along with the increase in
the length of PGTL. To be noted, because the span is 250 m, the
length of 250 m means the pylons in OHL are all grounded. A
PGTL of 500 m has 1 ungrounded pylon, a PGTL of 750 m has
2 ungrounded pylon inside, and so on.

In Section IV.B, the ineffectiveness of reducing footing re-
sistance and soil resistivity to improve backflashover perfor-
mance of PGTLs was summarized. Another alternative method
is increasing the insulation distance between the shield wire
and the upper phase conductor. To be noted from equation (11),
increasing insulation distance will increase the pylon height and
shield wires corridor width, which means the OHLs will attract
more lightning flashes. The BFRs along with different distance
between ungrounded pylon and grounded pylon provided by
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different insulation distances are shown in following Fig. 11. It
can be seen that increasing insulation distance has limited effect
for practical application.

In summary, the BFR of PGTLs increases along with the
distance to the nearest grounded pylon, until it reaches a limit
value. Besides reducing footing resistance and soil resistivity,
increasing insulation distance has limited effect for practical
application either.

V. DISCUSSION

A. Discussion on the Stabilization of BF Probability of
Long-Distance PGTLs

The reason for the stabilization of the BF probability is
explained and the determining factor is discussed in this chapter.
The stabilization of the BF probability results from the sta-
bilization of the maximum value of overvoltages along with
the increase of the distance to the nearest grounded pylon. A
distance over 750 m corresponds to a reflection wave travelling
time that exceeds 5.36 us, which is longer than the front time
of 72.83% of the lightning currents, according to the cumulative
distribution function of lightning current parameters. Therefore,
the maximum value of overvoltages is not influenced by the
majority of lightning impulses when travelling time exceeds
5.36 us. As a result, the BF probability stabilizes when distance
to the nearest grounded pylon exceeds around 750 m.

The value of the maximum BF probability 0.6149 is limited
by the threshold electric field of leader progression development
E; in (7). Based on the mechanism of leader progression, it is
necessary for flashover occurrence that the electric field exceeds
E; and keeps over E; continuously during the development
of leader progression. When distance to the nearest grounded
pylon increase over 750 m, the wave front of the overvoltage is
long enough for the leader progression to develop as flashover.
Once the inceptive condition of leader progression is satisfied,
the longer duration of the ‘U’ shape bottom may ensure the
occurrence of flashover. Thus, as the inceptive condition for
leader progression, the threshold electric field E; is significant
to evaluate the flashover.

At present, the value of threshold electric field E; is recom-
mended by CIGRE when using leader progression model to de-
termine the occurrence of flashover, which was derived from the

TABLE IV
THE TEST CONDITIONS AND FITTED THRESHOLD ELECTRIC FIELD

Scholar Gap type Waveform  Polarity E;
[kV/m]

Pigini 1989[17] & line post 1.6/50 + 600
CIGRE 1991[10] insulator 0.5/50 - 670
Motoyama 1996[28] rod-rodairgap  1.2/3.2 + 750
Xi2014[29] composite 1.45/11 + 620

insulator 156/492 ~— — 570

0.70

PGTLs stabilized BF probability
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Fig. 12.  Sensitivity analysis result of PGTLs stabilized BF probability to the

threshold electric field E;.

results of experiments in [17]. Catering to the industrial demand,
line post insulators and suspension insulators were tested and
their E; were analyzed under different impulse polarities. Given
the lacking of experimental data, threshold electric field E; of
composite crossarm, one can refer to that of polymer insulators,
because of similarity in electrical design. They both have sheds
made of silicon rubber and composite material.

Despite this, a sensitivity analysis based on the different
values of threshold electric field E;, which were derived in
experiments under different conditions. Among all, the values
obtained by Motoyama[28] and Xi[29] present the highest and
lowest under the negative lightning impulse. The tested models
and conditions are summarized in Table IV. The sensitivity anal-
ysis results are shown in Fig. 12. When the value of E; changes
+10%, the deviation of BF probability is around +5%. The
sensitivity coefficientis —0.52, whose absolute value less than 1.
In summary, firstly, the stabilized BF probability is closely
related to E;. Secondly, although there is no such experimental
data to provide exact value of E; for crossarm, the simulating
BF probability is also convincing considering the uncertainty of
E; in a probable range.

However, there still exist some differences between crossarm
and polymer insulators. For instance, the air gap of crossarm
is much longer than that of line post insulator and the E; of
insulators was tested under standard lightning impulse volt-
age[16], [17], [29]. From [28], for short tail lightning impulse,
the value of E; might be higher. In a word, the threshold electric
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field of leader progression used for crossarm is higher than the
practical value recommended by CIGRE, which is necessary to
be revised in experiments in further research. Thus, the actual
BF performance might not be worse than simulating results.

B. Discussion on Span Flashover Coefficient K of
Long-Distance PGTLs

In this section, the value of K is analyzed and discussed. In the
past, most researchers used (10) to estimate BFR and K = 0.6
is recommended|[7].

For PGTLs, the overvoltage caused by lightning flashes strik-
ing at the ungrounded pylon head in the middle of PGTLs is
higher than at mid-span and at other pylon heads. Therefore, the
backflashover probability at the ungrounded pylon in the middle
of PGTLs is the highest. From middle to the grounded pylons,
BF probability decreases. The value of K can be estimated by
the unitization of BF probability.

The following Fig. 13 shows the estimation of K for the PGTLs
of different distance for example. At the ends of the PGTLs,
there are two grounded pylons. Within the PGTLs, there locate
ungrounded pylons with the span of 250 m. The PGTLs length
of 500 m, 1000 m, 1500 m, and 2000 m means the number of un-
grounded pylons within PGTLs is 1, 3, 5, and 7 correspondingly.
The origin of horizontal axis is where the middle ungrounded
pylon locates. The first step is the unitization of BF probability,
which means the highest BF probability is regarded as 1, and the
unitized BF probability of other ungrounded pylons equals to the
ratio of their BF probability to the highest BF probability. Thus,
the unitized BF probability of the middle ungrounded pylon is
1 and the BF probability at grounded pylons are extremely low
compared with that of middle pylon which can be regard as 0.
From the middle ungrounded pylon to the grounded pylon, the
unitized BF probability decreases from 1 to O and the height of
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every pylon is its unitized probability. The second step is the
probability average. As a result of the first step, the blue region
in Fig. 12 is the unitized BF probability distribution of every
pylon in PGTLs. The red region is in the same area of the blue
region, which averages the unitized BF probability of pylon to
the entire line. Because of unitization, the height of red region is
the value of K. Finally, the product of K multiplying the highest
BF probability of pylon in PGTL is the BF probability of the
entire line.

It can be derived that the value of K increases and approaches
to 1 but always less than 1, along with the increasing of the
distance of PGTLs. In this case, the K for PGTLs with different
lengths, represented by the amount of ungrounded pylons N
within PGTLs, can be induced in following equation (11). When
N ranges from 1 to 4, K is from 0.5 to 0.65. To be concise in
equation, before the amount of ungrounded pylons N increases
to the critical amount for stabilization, K is compromised and
unified as 0.6 here referring to the value recommended by
CIGRE. When N exceeds 5, the BF probability starts to stabilize
and the value of K is formulated by N.

5 (11)

VI. CONCLUSION

This paper investigated the backflashover performance of a
partial grounding scheme of OHLs supported by a novel fully
composite pylon. The OHLs was established and the transient
analysis was carried out in PSCAD based on Monte Carlo
method. A coefficient used in the equation estimating back-
flashover rate is discussed and modified when it is used in partial
grounding OHLs. The following conclusions can be drawn:

1) For common OHLs supported by composite pylons with-
out using PGTLs, reducing footing resistance and soil
resistivity of grounded pylons can improve backflashover
performance effectively according to the local soil char-
acteristics in Denmark.

2) For PGTLs supported by composite pylons, when the
lightning strikes at the ungrounded pylon, reducing foot-
ing resistance and soil resistivity of grounded pylons at
the both ends of PGTLs does not have obvious effect.
Increasing insulation distance has limited effect to some
extent. Future emphasis may lie in the application and
coordination of surge arresters.

3) For PGTLs supported by composite pylons, lightning
overvoltage is mainly dependent on the distance to the
nearer grounded pylon and longer distance to the nearest
grounded pylon will cause overvoltage with larger am-
plitude and longer wave front duration. Future research
will consider corona effect during the propagation of
overvoltage on shield wires.

4) For PGTLs supported by composite pylons, BF proba-
bility and BFR increase along with the longer distance
of PGTLs, but are limited to a certain value, which is
determined by the lightning current probability distribu-
tion in the nature and the threshold electric field of leader
progression development.
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5) The value of the coefficient K to estimate BFR consider-
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ing the lightning striking in mid-span of shield wire has
been examined for PGTLs. K increases and approaches
to 1, along with the increasing of the distance of PGTLs
supported by composite pylons.
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A design of a fully composite pylon with external grounding down-leads has been proposed for new-generation
400 kV transmission towers, able to save lines corridors and to reduce visual impact. This paper investigates and
compares the backflashover performance of a composite pylon and two conventional metallic towers, which have
been widely installed in Denmark. The transient models of overhead lines and all three towers were established
respectively and the transient analysis was carried out in PSCAD. Monte Carlo method was used to estimate
backflashover rate. The backflashover rate of composite pylon is 0.4526 cases per 100 km per year, which is in
the same range, but slightly higher than that of metallic towers. The separated grounding down-leads of double
circuits on composite pylon eliminates the danger of simultaneous backflashover of double circuits, which exists
in transmission lines supported by metallic towers. After comparing the overvoltages to three phases of the three
towers from backflashover, it is worthy considering that the installation of surge arresters at all three phases of
composite pylon has a strong impact on the backflashover rather, but for the two metallic towers only the surge

arresters at the upper phase has an impact.

1. Introduction

1 recent years, usage of overhead lines (OHLs) in transmission sys-
tem has been faced with great challenges, because of the increasing
requirement for transmission capacity along with the public opposing to
erect more conventional metallic towers, which have negative visual
impact. A proposal for a fully composite pylon has been designed to
meet the requirements of compact structure and elegant appearance for
new-generation transmission towers [1]. The fully composite pylon is in
shape of a ‘Y’ geometric configuration, shown in Fig. 1. (a). Conductors
are fixed by clamps on the surface of the cross-arm, which has an in-
clined angle of 30° from the horizontal ground plane. Two shield wires
are installed at the tips of the two cross-arms respectively. The
cross-arms and the pylon body are made of fiber reinforced plastic
(FRP). Therefore, the pylon itself cannot conduct lightning current if
struck by lightning flashes. Correspondingly, as one choice of grounding
schemes, two bare-metal conductors are installed outside the pylon to
conduct the lightning current to ground when shield wires are termi-
nated by lightning flashes, which are shown in Fig. 1. (a).

By contrast, variant metallic towers are still the mainstream in
transmission power grid at present. Two types of conventional metallic
towers, which have been widely installed in Denmark, namely Donau
tower and Eagle tower, are selected as comparison to assess the back-
flashover performance of the novel composite pylon [2]. The configu-
ration and dimension of two metallic towers are shown in Fig. 1. (b) and
(o).

The novel pylon has a more compact configuration and reduced
height due to elimination of insulator strings. However, there is little
experience and research on the lightning performance evaluation of a
pylon with such an unusual electric design. In [3], the backflashover
evaluation based on constant footing resistance, critical flashover
determination and single-variable lightning waveform is performed, but
the simulation procedure can be improved. Considering differences
between the novel fully composite pylon and conventional metallic
towers, several features need to be emphasized when evaluating back-
flashover performance. Firstly, compared to the OHLs supported by
conventional metallic towers, the OHLs supported by composite pylons
have more compact configuration with shorter spans, which reduces the
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tail time of transient overvoltage at insulation [4]. Secondly, compared
to the metallic tower body as lightning current grounding path, the
grounding down-leads of composite pylons have larger inductance.
Thirdly, mainstream, both theoretical and experimental research on
insulation flashover for OHLs is based on ceramic insulators. The poly-
meric cross-arms of novel pylons, which are more similar to polymeric
insulators, tend to have shorter dry-arc distance than ceramic ones [5].

This paper deals with the PSCAD implementation of Monte Carlo
Method (MCM) for the backflashover rate (BFR) evaluation of the novel
fully composite pylon and its backflashover performance is compared
with two widely-installed metallic towers in Demark. Chapter II de-
scribes the modeling details for the backflashover analysis of composite
pylons and proposes a procedure to evaluate BFR using MCM. Results in
Chapter III shows that although BFR of composite pylon is higher than
metallic towers, composite pylon will not suffer simultaneous back-
flashover of double circuits, but the backflashover on three phases are
the same severe.

2. Simulation model and procedure for Backflashover analysis
2.1. Lightning current model

CIGRE lightning current model is used because of its consistency
with the waveshape of lightning flashes in the nature. Four variables are
used in analytical expressions to shape the lightning current waveshape
of the first stroke of the downward flash recommended by CIGRE [6],
namely lightning current amplitude I,, maximum steepness S, front
time (from 30% to 90%) t;, and tail time t;. All the parameters yield to
log-normal distribution.

In this paper, I. and t; are treated as variables to shape the lightning
current waveform. t; is set as constant equal to its median after
concluding that it has little effect on overvoltage level. S, is set as per
unit value determined by I. and ¢ and its base value is equal to the
quotient by the medians of I. and t.

2.2. OHL model

The simulated double-circuit OHL is 100 km long, at the rated
voltage of 400 kV and highest system voltage of 420 kV. At one end of
the OHL, phase conductors are connected with a three-phase voltage
source and shield wires are solidly grounded. At the other end, the OHL

20.74m
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is connected to a load. The tested transmission tower under research is
set in the middle, 50 km to both ends of the whole line. Six adjacent
transmission towers are modelled in details because the tower in longer
distance have little impact on the overvoltage at the head of tower struck
by lightning. The span is 250 m. Fig. 2 shows a schematic of the model.
In the study of the three transmission towers, only the model of different
towers is replaced.

2.3. Down-leads and tower model

The surge impedance of the down-leads varies according to the ge-
ometry, as the lightning wave travels from top to ground. To cope with
this behavior, the models based on non-uniform transmission lines is
considered [7].

The tower model is established by horizontal cylindrical conductors
representing cross-arms and vertical cylindrical conductors representing
tower bodies. The down-leads model is established as a combination of
horizontal and vertical segments. The part along with pylon body is
treated as a vertical cylindrical conductors and the part along with the
cross-arm is treated as three horizontal cylindrical conductors. The
‘Bergeron Model’ in PSCAD is used to simulate the transient character-
istics of each segment [8]. The surge impedance of vertical segments Z,
can be calculated as Eq. (1) and surge impedance of horizontal segments
Zp can be calculated as Eq. (2) [9],

Z, = 60(In(h, /1) — 1) 1
Z, = 60In(2hy, / 1) (2)

where r is the radius of each segment and h is the height of different
segment. To be noted, the height of the vertical part h, is from earth
bottom to top and the height of each horizontal segments hy, is from earth
bottom to the center of each segment.

2.4. Frequency-dependent tower footing impedance model

In lightning studies estimating backflashover rate for transmission
lines, modeling of grounding systems plays an important role, because
the lightning current contains a very high frequency. With this regard, if
the high frequency grounding system impedance is not sufficiently low,
the resultant overvoltages may reach a level leading to insulation fail-
ure. In recent years, the full-wave electromagnetic field methods have
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Fig. 1. The sketch and configuration of all three transmission towers (not in real relative scale).



H. Zhang et al.

[ «—50 km—p|

QD

Voltage Source

Tower 0# ,ﬁ"/
(struck)

Electric Power Systems Research 196 (2021) 107263

Shield Wires

Phase Conductors

[€—50 km—p]

<

|

|
Yy —
4

| Load

V £ T\ | Jﬁ
Tower |
5# L’// ~

Fig. 2. The demonstration of OHL lines model.

been applied for modeling tower grounding system based on both the
time and frequency domain numerical solution of Maxwell’s equations,
for instance, the finite difference time domain (FDTD) method [10], the
finite element method (FEM) [11] and the method of moment (MoM)
[12].

This paper adopts the same approach presented in [13-16] for fre-
quency dependent modeling of grounding system. Firstly, the grounding
system impedance matrix over the frequency range of interest is ob-
tained by applying the full-wave approach MoM solution to Maxwell’s
equations. In this method, the governing electric field integral equation
is formulated for the induced currents along the grounding conductor
segments by making use of the MoM, which provides the current dis-
tribution along the grounding segments. Then, a rational approximation
of the grounding system admittance matrix is obtained by making use of
vector fitting techniques in the frequency domain [17]. Finally, the
obtained rational approximation is employed to generate a model of the
grounding system expressed in the form of state-space equations, which
can be simulated and expressed for in the time-domain blocks in elec-
tromagnetic transient software.

In this paper, the footing condition is set as a vertical electrode
buried in a two-layer soil. The length and the cross section radius of the
electrode are L = 3 m and r = 15 mm respectively. The soil is charac-
terized by resistivity of 100 Qem and 1000 Qem for upper and lower
layer respectively. The relative electric permittivity is set as 10.

2.5. Leader progression model for flashover

Leader progression method (LPM) considers the physical process of
air gap discharge to describe insulation surface flashover, which mainly
consists of two stages: the streamer progression stage T; and the leader
progression stage Ti. Ts can be calculated as follow [18],

1

= 6
ki (E/Eso%,) — ka ©

where E is the maximum electric field before insulation flashover while
Eso9 is the electric field under CFO. k; and k; are the factors of streamer
progression time, which are recommended to be 1.25 and 0.95
respectively.

T; can be calculated based on its velocity recommended by CIGRE as
follow,

R

where x is the length of the leader, u(t) is the voltage between the air
gap, D is the length of insulation, Fj is the threshold electric field of
leader progression and k is the factor of leader progression speed. E; and
k are related to the type of the insulators and the polarity of the lightning
impulse voltage, which are obtained from experiments [19].

2.6. BFR estimation procedure

The BFR evaluation procedure based on MCM uses the statistical
result of quantities of single random lightning protection case to eval-
uate backflashover (BF) probability. The procedure consists of three
steps: pre-processing step, numerical simulation step and post-
processing step.

In pre-processing step, a large number, Ny, of lightning currents
are generated to simulate the randomness and statistics of lightning
flashes in the nature. Because the front time of lightning current follows
log normal distribution, a group of front times are generated using in-
verse transform sampling. The median of log-normal distribution of I,
can be obtained according to the value of t;in Eq. (8) [20],

M; =19.5.4°% €)

With every front time, a group of lightning current amplitudes can be
generated. The number of different front times is 100 and the number of
different lightning current amplitudes corresponding to every front time
is also 100, thus, the number of lightning currents Ny, is 10,000.

In numerical simulation step, all lightning currents derived from last
step were input in OHLs model in PSCAD as lightning impulse current
source.

The BF probability for every lightning current was estimated
considering the operating voltage on phase conductors. When using LPM
to determine the occurrence of backflashover, u(t) in Eq. (7) is the
voltage at the air gap, which is the difference between the overvoltages
and the operating voltage V on phase conductors. The operating voltage
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can be regarded as a constant during lightning transients, because of the
relatively extremely short duration of overvoltage. The result after
determination of LPM to a certain u(t) is only 1 (flashover) or 0 (not
flashover). Thus, there is a critical operating voltage V;. The voltage
difference between overvoltage and the operating voltage larger than V;
can definitely cause flashover, and the voltage difference between
overvoltage and the operating voltage smaller than V; cannot cause
flashover. The BF probability can be estimated as the ratio of the
duration in one cycle when the operating voltage is above V; for the
whole AC period.

In post-processing step, BFR is calculated after processing the results
of BF probability of all lightning currents.

The BFR can be expressed in Eq. (9) [20],

BFR = 0.6~Nd~M )

total

where ¥ P(I.) is the sum of the backflashover probability of every
lightning current and Ny is the total number of lightning currents. Ny
is the estimated number of lightning strikes that terminate on the 100-
km line, which can be calculated by Eq. (10),

Ny = N,-(D+28H°%)-10™" 10)

where Ny is the ground flash density describing the number of flashes
that terminate on the ground per year per square kilometers. H is the
tower height and D is the horizontal distance between shield wires. The
numerical multiplicative coefficient 0.6 considers that overvoltage at
the shield wire caused by lightning flashes striking within the span is
lower than those striking at the pylon head. Consequently, BFR is
reduced by 40% if mid-span striking is considered.

3. Results

3.1. Comparison of BF probability and BFR between composite pylon and
metallic towers

The evaluation of total BF probability is based on MCM collecting
every BF probability of quantities of lightning flashes with different
front times and currents. The BF probabilities of the three transmission
towers of all the lightning flashes with different front times and currents
are shown as spectrums in Fig. 3.

A single spot in spectrum represents BF probability of a single
lightning flash. The x-ordinate and y-ordinate of the spot are the front
time and lightning current respectively. The color of spot represents the
BF probability. Because the parameters of all lightning flashes are
sampled following to their statistical probability distribution, lightning
BF probability Pgr can be obtained by the sum of BF probabilities of all
lighting flashes *P(1.) divided by the amount of lightning flashes Nyyq. It
can be found that both metallic towers provide similar results and under
lightning currents with front time shorter than around 3 ps composite
pylon also has similar backflashover performance. However, under
lightning currents with longer front time, compared with the results
from metallic towers, the minimum lightning current to cause back-
flashover on composite pylon is lower, and BF probability caused by
same lightning current is higher. As a result, lightning BF probability Pgr
provided by composite pylon is higher than metallic towers.

After calculating the total lightning BF probability Pgp, the factors
influencing BFR of the three towers are summarized in the Table 1.
Compared with Donau tower and Eagle tower at the same lightning
conditions, the composite pylon has lower height, which will attract
fewer flashes, higher surge impedance, which will cause higher over-
voltage, and shorter insulation distance, which means flashover is easier
to occur at the same overvoltage. As a result, the BFR of composite pylon
is 0.4526 cases per 100 km per year, which is a little higher than that of
Donau tower and Eagle tower.
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Fig. 3. BF probability spectrum after MCM.

3.2. Comparison of overvoltage of double circuit between composite pylon
and metallic towers

All three transmission towers are designed to support double-circuit
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Table 1
Factors influencing BFR of three transmission towers.

Tower type Composite pylon Donau tower Eagle tower
Ground flash density 1.39
N, [cases/kmzuyear]
Tower height H [m] 22.50 41.62 43.10
Shielding distance D [m] 21.28 20.74 27.09
Line flash density 20.26 28.3 29.60
Ny [cases/100 kmeyear]
DC footing resistance 50
Ro [Q]
Insulation length L [m] 2.8 3.2 3.72
CFO [kV] 1960 2240 2604
Total BF probability Pgp 0.0267 0.0134 0.0121
BFR [cases/100kmeyear] 0.4526 0.3176 0.2992

OHLs at 400 kV. For metallic towers, no matter which shield wires is
struck, lightning current travels through the tower body to ground. High
overvoltage rises across insulators, which may cause backflashover of
both circuits. A review from Queensland Transmission Company shows
that 4.7% of the outage faults of a 275 kV transmission line were double
circuit outages [21]. Multi-circuit outages account for 33.7% of total
lightning caused faults in Korea [22]. Although the probability of double
circuit outage is lower than single circuit outage, double circuit outages
often lead to especially severe power interruption problems. For com-
posite pylons, two down-leads are separated from shield wires to ground
individually. When one of shield wires is struck by lightning, high
overvoltage only rises on one of the down-leads, which solely faces with
the danger of backflashover.

Fig. 4 shows the overvoltage across cross-arm of composite pylon and
insulators on metallic towers to the upper phase conductors of double
circuits when lightning strikes at shield wires of one circuit. For com-
posite pylons, the overvoltage is measured from tip of down-lead across
cross-arm to upper phase conductors. For metallic towers, the over-
voltage is from suspending points across insulators to upper phase
conductors. The lightning parameters are the same for all three cases (80
kA, 3.83/77.5 ps) and the shield wires of circuit 1 is struck. Red lines
show the overvoltage waveforms across insulation to the upper phase
conductors in circuit 1, which is in the same side with shield wires struck
by lightning. Black lines show the overvoltage waveforms across insu-
lation to the upper phase conductors in the other circuit. It can be
observed that, for Donau tower and Eagle tower, the overvoltages of
both circuits are closely high. However, for composite pylon, the over-
voltage in circuit 1 is of a quite high amplitude while the overvoltage in
circuit 2 is of lower amplitude. The opposite phase between the over-
voltage oscillations of double circuits shows the overvoltage in circuit 2
of composite pylon is caused by induction of the overvoltage in circuit 1
instead of direct lightning current, which results in lower amplitude.

The BF probability of all six cases are calculated according to MCM
procedure introduced above and summarized in following Table 2. For
Donau tower and Eagle tower, although lightning flash strikes only one
of shield wires, both circuits are probable to occur backflashover at the
same time. For composite pylon, the phase conductor in the same circuit
with the struck shield wire is faced with higher BF probability, but the
other circuit has little probability to occur backflashover.

In order to prevent the backflashover of both circuits under the strike
of a single lightning flash, differential insulation may be adopted in
conventional OHLs supported by metallic towers, to sacrifice one circuit
with weaker insulation to protect the other circuit with stronger insu-
lation [23]. By contrast, backflashover cases may occur at both circuits
randomly in composite pylons and solely occur at the circuit with
weaker insulation in metallic towers, which overloads insulation
strength and shortens lifetime of insulators in metallic towers.

In summary, compared with conventional metallic towers, OHLs
supported by composite pylons are not faced with simultaneous back-
flashover of double circuits. Compared with conventional metallic
towers with differential insulation, OHLs supported by composite pylons
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(metallic towers) to the upper phase conductors of double circuits when
lightning strikes at shield wire of one circuit.
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Table 2
Maximum and BF probability of the overvoltages threatening both double cir-
cuits of three transmission towers under the lightning (80 kA, 3.83/77.5 ps).

Tower type Circuit No. Max. overvoltage [kV] BF probability
Composite pylon 1 —1479.20 0.4027
2 -90.21 0
Donau tower 1 —1264.62 0.3251
2 —795.18 0.0735
Eagle tower 1 —1326.80 0.3541
2 —871.25 0.0950

have longer lifetime.

3.3. Comparison of overvoltage of three phases between composite pylon
and metallic towers

The overvoltages of three phases in the same circuit of the three
towers are shown in Fig. 5. The lightning parameters are the same for all
three cases (80 kA, 2/77.5 ps). As for the composite pylon, the over-
voltages are measured at the locations on the down-lead nearest to the
phase conductors. As for the two metallic towers, the overvoltages are
measured at the locations suspending the insulators and phase con-
ductors. From the results, it can be found that the overvoltages on the
down-lead of the composite pylon are of closely amplitudes and all three
phase conductors are faced with backflashover of close probability.
However, for metallic towers, the overvoltages at the suspending points
of upper phase are far higher than the other two phases. In other words,
the tower configuration has an important impact on the overvoltage of
different phases according to their locations on the tower.

The application of surge arresters is a widely used method to protect
transmission lines. If the surge arresters are installed at all three phases,
this countermeasure will certainly have a best backflashover protection
performance than if no surge arresters are installed. Considering the cost
of surge arresters, it is economic to minimize the number of surge ar-
resters if possible. The default surge arrester model in PSCAD is selected
and Table 3 summarizes the BFR of the three towers using three different
strategies of surge arrester installation. The first strategy is without
surge arresters (No MOV). The second is to install surge arresters only on
the upper phases (MOV-Upper). The third is to install surge arresters on
all three phases (MOV-3-phase).

From the BFR results of the three towers, installing surge arresters on
three phases leads to the best performance and installing upper-phase
surge arresters is still better than no surge arresters, both results in
accordance with the expectations. However, for the two metallic towers,
the BFR of installing 3-phase surge arresters is only slightly lower than
that of installing a surge arrester only on the upper phase. For composite
pylons, installing 3-phase surge arresters has obviously lower BFR than
installing only upper-phase surge arresters. Compared with the BFR
without surge arresters, the BFR after installing surge arrester on upper
phase decreases 32.90%, while the BFR after installing surge arresters on
three phases decreases 86.01%. Thus, for metallic towers, it is not rec-
ommended to install surge arresters on all three phases out of economy,
but it is worthy to consider installing surge arresters on all three phases
of composite pylon for good backflashover performance.

To be noted, the above conclusions are only investigated from the
aspect of backflashover performance. The installation of surge arresters
is also need to be examined from the aspect of shielding failure in case
that lightning directly strikes at the phase conductors.

4. Conclusions

This paper investigated and compared the backflashover perfor-
mance of a novel fully composite pylon of 400 kV with external
grounding down-leads with two conventional metallic towers widely
installed in Denmark. The transient models of OHLs and all three towers
were established and the transient analysis was carried out in PSCAD.
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Table 3
Maximum and BF probability of the overvoltages threatening both double cir-
cuits of three transmission towers.

Tower type Method BFR [cases/100kmeyear]
Composite pylon No MOV 0.4526
MOV-Upper 0.3037(—32.90%)
MOV-3-phase 0.0633(—86.01%)
Donau tower No MOV 0.3176
MOV-Upper 0.0825(—74.02%)
MOV-3-phase 0.0622(—80.41%)
Eagle tower No MOV 0.2992
MOV-Upper 0.0794(—73.46%)
MOV-3-phase 0.0591(—80.24%)

Monte Carlo method was used to simulate the randomness of lightning
current waveforms in the nature in order to estimate the backflashover
rate. Methods to improve the backflashover performance of composite
pylons were proposed and analyzed. The following conclusions can be
drawn:

(1) Compared with conventional metallic towers at the same light-
ning conditions, the compact configuration of composite pylons
and larger surge impedance may attract fewer lightning flashes,
but it presents higher overvoltage, resulting in higher BFR. The
BFR of composite pylon is 0.4526 cases per 100 km per year,
which is higher than Donau tower and Eagle tower.

(2) All three towers are designed to support double circuits.
Compared with conventional metallic towers, OHLs supported by
composite pylons are not faced with simultaneous backflashover
of double circuits attributed to separated grounding down-leads.

(3) In the same circuit, where the shield wire is struck by lightning,
the overvoltages on the down-lead of composite pylon are of
closely amplitude, whereas the overvoltages across the upper
phase insulators on the metallic towers are far higher than those
of the other two phases. Thus, from backflashover, it might be
worthy considering that all three phases of composite pylon are
installed with surge arresters.
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Abstract— Design of a novel 400 kV fully composite pylon
utilizes external down-leads to bring grounding potential to
earth wires. In lightning transient studies, the effect of the
corona on the surge impedance of the thin-wire down-leads
should not be neglected. A simplified dynamic surge impedance
model for thin-wire conductors considering voltage-dependent
surge corona is proposed and implemented on the grounding
down-leads of the composite pylon. The model describes the
relationship between corona development and surge overvoltage,
it focuses on the macro effect of corona on the surge response of
conductors, and it ignores the micro plasma dynamics inside the
corona. Higher applied lightning current peaks will cause longer
corona radius and cause more reduction on overvoltage. If the
front time of applied lightning impulse current increases, the
maximum corona radius increases first and then decreases,
because the corona development is dominated by expansion
velocity and critical streamer-tip electric field in succession. The
dynamic surge impedance model shows a reduction of the
overvoltage at the top of the conductor by 10% to 20%
approximately compared with a constant surge impedance
model without considering corona. The backflashover rate of
composite pylon is reduced by 22.2 %, which is comparable to
metallic towers. The necessity to consider corona effect in the
lightning transients research of thin-wire grounding devices is
stressed out and the composite pylons with thin-wire grounding
down-leads can be an alternative of metallic towers.

Index Terms—corona effect, fully composite pylon, lightning
overvoltage, EMT, COMSOL

. INTRODUCTION

The increasing power demand requires the construction of
additional power plants and transmission lines. In the past
decades, many concepts of composite pylons have emerged to
meet the requirements of more efficient, durable, and compact
transmission towers[1]. If the pylon is fully made of
composite materials, it raises a challenge that a method is
needed to bring the ground potential to shield wires when

lightning strikes. A direct method is installing grounding
down-leads outside the pylon body to conduct lightning
current to the ground, as shown in Fig.1. The external
grounding down-leads are marked as red lines.
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Fig. 1 A sketch of the configuration of the fully composite pylon with external
grounding down-leads.

When a lightning flash strikes at the shield wires of the
overhead lines, the lightning current passing through both the
metallic tower and the down-leads of composite tower will
cause corona discharge at the edges of conductive paths. In
lightning electromagnetic transient studies, the tower is
represented by means of one or several surge impedance
sections that are assembled taking into account the tower
structure[2]. The tower models neglect surge corona because
of the relatively small corona radius compared with tower size.
However, the grounding down-leads anticipated to install on



composite pylons are very thin, with a cross-section radius of
a few centimeters, which is comparable to the corona
developing radius during a lightning surge. Corona discharge
around the down-leads decreases the surge impedance of the
down-leads, distorts the wavefronts of overvoltage, and
enhances the coupling effect between down-leads and phase
conductors. Thus, the impact of surge corona on the transient

performance of the grounding down-leads cannot be neglected.

The surge corona modeling for overhead lines has been
studied for several decades. There are two main ways to
model corona. One is to obtain a g-v curve by experiments
first and then, reproduce the specific g-v curve by constructing
linear, piecewise linear, or nonlinear circuits[3, 4]. However, it
is practical for simulation to reproduce the g-v curve without
field tests. Therefore, the other way is to attempt to reproduce
the g-v curve from the geometrical configuration of the
conductor and physical process. Some finite element method
(FEM) simulating tools are used, but the modeling of plasma
dynamics inside the corona makes the calculation quite time-
consuming[5]. Recent research has simplified the corona
dynamics then corona can be modeled by the finite-difference
time-domain (FDTD) method in the simulation of large-scale
transmission lines[6-8]. Another model considering the corona
physical process is the corona shell model, which points out
that space charges generated by the corona form a shell around
the conductor[9]. This concept simplifies the modeling of
corona around the thin-wire conductors considerably. The
corona shell model was initially proposed for the calculation
of steady-state corona, and it was applied to surge corona [10,
11]. There is little modeling research to be referred for the
surge corona on grounding down-leads in the lightning study
of composite pylons. The main difference lies in the vertical
position in space of down-leads whereas overhead lines are
horizontal. The corona modeling of trigger-wire of lightning
triggering rockets can be referred because the trigger-wires
and down-leads can be regarded as vertical cylinders and the
presence of corona is regarded as the increasing radius of the
cylinders[12, 13].

This paper proposed a simplified dynamic surge
impedance model of thin-wire grounding down-leads
considering  voltage-dependent surge corona for the
backflashover performance evaluation of a composite pylon.
The model describes the relationship between dynamic corona
development and surge overvoltage and focuses on the macro
effect of corona on the surge response of conductors. The
micro plasma dynamics inside corona are neglected, such as
particle  conservation  with  recombination,  streamer
development, and ionization. The corona effect is transferred
into the circuit model, which is convenient to be implemented
into EMT software. Section Il introduces the basic modeling
details of the entire transmission system and the procedure to
evaluate backflashover rate. Section Il reviews the surge
corona dynamics and introduces the modeling details of surge
corona development. The results are presented and discussed
in Section IV. The corona developing processes under
different lightning current waveforms are simulated, and the
dominant factors determining different stages of corona
development are analyzed. The reduction of considering surge
corona on the lightning overvoltage and the backflashover rate

is addressed, thus the importance of considering the corona
effect for lightning transient studies on thin-wire grounding
devices is stressed out.

II.  MODELLING

A. Lightning Current Source Model

CIGRE lightning current model is used because of its
consistency with the waveshape of lightning flashes in the
nature. Four variables are used in analytical expressions to
shape the lightning current waveshape of the first stroke of the
downward flash, as recommended by CIGRE[14], namely
lightning current peak amplitude lc, maximum steepness Sm,
front time (from 30% to 90%) tr, and tail time ty.

In this paper, Ic and t; are treated as the variables to shape
the lightning current waveform. ty is set as constant as 75 us
because corona development is irrelevant to the wave tail of
overvoltage. Sy is set as per unit value determined by I and t;
and its base value is equal to the quotient of I and t;.
Lightning channel impedance is set as 400 Q [14].

B. Down-lead Model with Voltage-dependent Corona

The configuration of the down-lead is special, and the
electric field distribution is different at the surface of the
down-lead at different heights. Thus, the down-lead is divided
into seven segments to get a more accurate simulation of
corona sheath development. The dimension of every segment
is shown in Fig. 2 on the left side. The bending and inclining
segments are approximated into vertical and horizontal
segments as shown in Fig. 2 on the right side.
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Fig. 2 The demonstration of down-lead segments and dimension

The surge impedance of the vertical cylindrical conductor
has been evaluated for decades and Sargent’s model is
adopted. The corona sheath is regarded as the increasing
radius of the conductor. Thus, the surge impedance of the
vertical segments and the horizontal segment is described by
the sum of conductor radius and corona radius, as described in
equation (1) and (2) respectively [15],
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where h is the height of the conductor, r is the cross-section
radius of the conductor, and rc is the radius of corona sheath,
which is voltage-dependent as described in the next chapter.

C. Other Simulating Models and Backflashover Rate
Evaluation Procedure

The pylon footing is simulated by frequency-dependent
model as described in [16]. The footing electrode is shaped as
a cylindrical conductor buried vertically inside the soil, whose
cross-section radius and length are 15 mm and 3 m
respectively. The soil is modeled into two layers. The soil
resistivity of upper and lower layers is 100 Qm and 1000 Qm.

The flashover is simulated by the leader progression model.
The modeling details are identical as described in [17]. The
transmission line model is established in PSCAD.

The evaluation procedure of backflashover rate (BFR) is
the same as described in [17], which is based on the Monte
Carlo method.

I1l.  DESCRIPTION OF CORONA DEVELOPMENT

Corona is the partial breakdown of the air in the vicinity of
a conductor applied high electric stress. The physical
properties of surge corona in the air are introduced at first.

One of the necessary conditions for corona to onset is that
the electric field around the stressed conductor exceeds a
critical threshold, namely corona inception electric field E¢r
[18]. Correspondingly, the overvoltage causing E is termed
as corona inception overvoltage Ver.

The other condition is the free electrons in high electric
field area to induce a self-sustained electron avalanche. The
occurrence of a specific electron and ionization to create space
charge takes a certain time, namely statistical time lag, ts [5].

The expansion of the corona sheath is governed by the
guiding electric field Eg, which is the sum of the electric field
created by conductor potential and the electric field created by
space charges in the corona. The expansion velocity equals to
the streamer velocity ver.

Corona effect only occurs when the applied voltage is
increasing. Thus, the corona only expands and develops
during wave front of impulse overvoltage instead of wave tail.
A critical electric field at the streamer-tip of the corona sheath
Es is necessary for streamer propagation, which determines the
maximum expansion radius of the corona sheath.

In summary, once the impulse overvoltage on the
conductor rises and exceeds V¢, the corona will onset after a
delay of ts. Then, corona expands at the velocity of v and the
electric field at the streamer’s tip is limited by E, until the
overvoltage starts decreasing.

A. Corona Inception Electric Field

The corona inception electric field Eg (kV/mm) of
cylindrical conductors was investigated experimentally by
Peek[18]. Afterwards, some more practical equations to
evaluate E.r were produced based on Peek’s law[19, 20]. The
equation by Hartmann is adopted[21],
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where m is the roughness coefficient of the conductor surface
and equals to 0.5, r is the conductor radius in mm.

As a result, the corona inception electric field E¢ is
calculated as 3 kV/mm. This value is imported into electric
field evaluation of the vertical conductor in COMSOL to
calculate critical voltage V.. According to the software
results, V¢ from Segment 1 to Segment 7 is equal to 690 kV,
640 kV, 610 kV, 480 kV, 380 kV, 330 kV, and 300 kV.

B. Statistical Time Lag

Statistical time lag ts is generally not related to the electric
field and other electrostatic parameters but is related to air
pressure, temperature, and other air conditions. Thus, it is
directly referred to the experimental results of other scholars.
In [5], ts varies from 0.4 ps to 0.7 ps. In [22], ts varies from
0.45 ps to 0.88 ps. In this paper, ts is considered as 0.6 s.

C. Corona Expansion and Shrinking Velocity

After electric field on the surface of conductor exceeds Eg,
corona effect onsets. The expansion velocity of corona
concluded in [5] ranges from 0.3 m/us to 2 m/us under the
voltage ranging from 300 kV to 500 kV. Besides, [23]
reported the radial speed of negative corona streamer from
conductor surface in coaxial cylindrical electric field equals to
around 0.1 m/us, while [24] also reported 0.1 m/us as the
speed for positive corona streamers. The highest speed in the
literature is 4.4 m/ps [25]. In the recent simulating research on
surge corona using FDTD, v is estimated as a constant of 1
m/us[8, 26, 27].

Corona expansion velocity ver is generally related to
electric field. In COMSOL Plasma Module, a 1-D air corona
discharge model is established. A simplified set of reactions
that correctly describes the creation and destruction of
electrons, ions and molecules of nitrogen in a background of
dry air is used. The corona developing process under different
voltage is shown in Fig. 3. It can be found that the corona
radius approximately increases at a uniform velocity at the
beginning and keeps constant gradually. Thus, v is regarded
as a constant related to voltage, and their relationship is fitted
and imported into PSCAD.
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Fig. 3 Corona radius development process under different applied voltage

When the overvoltage reaches its crest, it decreases, and
the corona will shrink until extinct. It is assumed that the
corona shrinking velocity is equal to 1 m/s.

D. Streamer-tip Electric Field

A critical electric field at the streamer’s tip limits the
expansion of the corona, which determines the maximum
extent of the radially expanding corona region. The critical
streamer-tip electric fields at positive and negative polarity are
as follows[28]. Only negative polarity is studied in this paper.

E,, =0.5 [kV/mm](3)

E, =15 [kV/imm](4)

The corona sheath is assumed as an ideal conductor with a

conductivity of 40 pS/m[8]. Electric field is produced both by

conductor potential and the space charge in the corona. The

space charge density distribution related to electric field is
described by equation (5),

E(r)= Q + Q
2re,r  2me,(2h—r)
where E(r) is the radial electric field, Q is the space charge per
meter, h is the height from ground flat to top of vertical
conductor, and r is the radial distance from center. For h>>r,
equation (5) can be simplified into equation (6), then the space
charge density distribution can be expressed by equation (7),

[VIm](5)
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Then equation (7) is given to the domain of corona,
together with electric potential on the conductor to calculate
the total electric field at the surface of corona. For every
maximum corona radius, the applied voltage on conductor that
causes the electric field at the surface of corona equal to Ey is
calculated. Because the height of every segment to ground is
different, the voltage to produce the same for every segment is
also different. The relationship of corona radius and applied
voltage is fitted in curves as shown in Fig. 4. As can be seen,

maximum corona radius is related to overvoltage, thus is
indirectly related to time, marked as rmax(t).
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Fig. 4 Maximum corona radius limited by critical streamer-tip electric field
under different polarities and amplitude of overvoltage on the conductor
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E. Corona Radius

Based on above analysis and assumptions, a time-variant
voltage-dependent surge impedance model is proposed to
describe the expansion of corona during a lightning transient.
When overvoltage on the down-lead exceeds V¢, corona
onsets. During expansion, rq(t) is restricted by both the
expansion velocity v and the maximum expansion radius
rmax(t). When overvoltage reaches its crest and starts
decreasing, corona starts shrinking at the shrinking velocity,
which is numerically equal to expansion velocity ver, until
corona extinguishes. Thus, it can be described as equation (8),
where tp is the time when r(to) equals to 0.

r (1) = {mi”{vﬂ (-t 1) T (O3, 0<t<T,

N (t) =V, - (t=t;), t, <t<t, [m](8)

IV. RESULTS AND DISCUSSION

A. Influence of Corona Developing on Surge Impedance
and Overvoltage

The overvoltage, surge impedance, and corona radius
influence each other in every time step. The surge impedance
is in negative correlation with corona radius, and overvoltage
is impacted by surge impedance. Then overvoltage induces the
development of corona radius. When overvoltage meets the
maximum, surge impedance is the lowest and corona radius is
the largest, then corona starts shrinking.

Fig. 5 shows the mutual influence among overvoltage,
surge impedance, and corona radius of Segment 1 as an
example. The lightning current is of 80 kA/2 ps. When
overvoltage exceeds V.., after a delay of t;, corona starts
developing at the velocity of v. The stage of statistical time
lag is marked in the blue shadow and the stage that corona
develops at ver is marked in the red shadow. When the electric
field of streamer’s tip reaches Epn, the electric field keeps
constant as Ep, and limits the corona radius to change with the
curve in Fig. 4. The stage that corona develops limited by Epn



is marked in the orange shadow. When overvoltage meets
crest and starts decreasing, surge impedance is the lowest and
corona radius is the largest, then corona starts shrinking. The
stage when corona shrinks is marked in the yellow shadow.

N Ic=30kA. t'=2,us
1 1 1 a
S 60— - o ¥ Constant Impedance Model without Corona
=< .1000 ! ! Dynamic Impedance Model with Corona |
o v
£ o0l | . ) . |
[+] 1 1 1 1
E 1 1
0 -3000- |=t;=0.65> i 1
O 1 1 1 1
-4000 ! ! —
0 0.5 1 1.5 2 25 3
600

o
o
o

Dynamic Impedance (§
=
o

(5]
(=]
[=]

N
o
o

Corona Radius (
o

0 05 1 15 25 3
Duriation (us)
Fig. 5 Relationship among overvoltage at the top of conductor, surge

impedance, and corona radius during one lightning impulse case

B. Corona Development of a single segment under different
lighnting peaks and front timnes

The corona developing processes of Segment 1 under
lightning current with different peaks and front times are
presented as an example.

Fig. 6 shows the corona radius developing processes under
the lightning currents of the same front time (2 ps) and
different peaks, from 40 KA to 160 kA at the increment of
20 KA. As a result, the maximum radius that the corona can
reach ranges from 0.076 m to 0.253 m. Because the front
times of the lightning current keep the same, the corona radius
also reach the maximum at around the same time. Looking
through into the corona initial stage, higher lightning current
peak will exceed V¢ earlier, so the corona onsets at an earlier
time.

Fig. 7 (a) shows the corona radius developing processes
under the lightning currents of the same peak amplitude (80
kA) and different front times, from 0.6 ps to 4 ps.

Firstly, if the front time is even shorter than 0.6 ps, there is
not adequate time for corona to onset and develop because t is
0.6 ps. Then the corona developing processes can be classified
into two cases. The first case is shown in Fig. 7 (b). The front
time increases from 0.6 ps to 0.9 ps, and the maximum corona
radius increases from 0.097 m to 0.239 m. In this case, the
front time is short, thus, the overvoltage as well as the electric
field can reach quite high magnitudes, but the electric field at
the streamer-tip is always lower than Ep,. Therefore, the

corona radius only depends on v, and a longer front time
leads to developing a longer corona radius. This stage is
termed the ve-dominant stage in this paper. The other case is
shown in Fig. 7 (c). The front time increases from 1.2 ps to 4
us, and the maximum corona radius decreases from 0.206 m to
0.132 m. Along with the increasing front time, the corona
developing process is limited by Ep, gradually. Therefore,
longer front time causes lower overvoltage as well as shorter
maximum corona radius. This stage is termed the Epn-
dominant stage in this paper.
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C. Corona Development of every Segment at different
height
The height where every segment locates from ground
influences the electric distribution, and the corona developing
process.



Corona developing processes of every down-lead segment
are shown in Fig. 6. If the lightning front time is short around
1 ps, as shown in Fig. 8 (a), corona development is mainly
dominated by expansion velocity. Segment 7 is the nearest to
ground, thus the voltage applied on it is the smallest, it is the
last one to reach Eg. In the ve-dominant stage, the maximum
extent that corona on Segment 7 can reach is the shortest one,
and the maximum corona radius of the other segments from
low to high also ranges from short to long. To be noted,
Segment 1 in this case has come into the Ep,-dominant stage,
thus its maximum corona radius is shorter than that of
Segment 2. In Fig. 8 (b), (c), and (d), the lightning front time
is long enough for the corona on all segments to come into the
Epn-dominant stage. Although the segments at low height
initial corona later, the relatively low voltage makes their ver-
dominant stage longer. As a result, the maximum corona
radius of the segments from low to high ranges from long to
short.
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Fig. 8 Corona radius developing processes of segments at different height.
D. Influence on Overvoltage Crest by Considering Corona
on the Down-leads.

The surge impedance of the model considering corona is
dynamic to the overvoltage. A constant surge impedance
model based on equation (1) without considering corona is
established for comparison.

Fig. 9 shows the overvoltage crests of the two models
under the lightning current of the same front time (2 ps) and
different peaks and their differences. Along with the
increasing of lightning current peak, the overvoltage of the
model with corona is always smaller than the overvoltage of
the model without corona and the difference of the
overvoltage crests increases from 8.97 % to 23.41 %. It results
from the decreasing surge impedance, which is due to the
increasing corona radius. Fig. 10 shows the overvoltage crests
of the two models under the lightning current of the same peak
amplitude (80 kA) and different front times and their
differences. Along with the increasing of lightning current
front times, the overvoltage of the model with corona is
always lower than the overvoltage of the model without

corona. However, the difference of the overvoltage crests
increases from 1.41 % to 18.43 % first and then decreases to
16.15 %. The trend of the overvoltage difference is consistent
with the trend of changing surge impedance, which is
consistent to the trend of corona radius.
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Fig. 9 Overvoltage crests of surge impedance models with and without corona
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overvoltage crests between the two models

E. Influence on Backflashove Rate by Considering Corona
on the Down-leads

BFR is linearly related to backflashover probability Pgr
and flash ground density Ng. Per is a joint result non-linearly
contributed by the pylon footing condition and surge
impedance. Thus, Ng is valued as 1.39 cases/km?-year, which
is the worst case collected in Denmark in 2004. Pylon footing
model is described in above Section Il. C. Pgr and BFR
provided by constant surge impedance model without
considering corona effect (CSI model) and dynamic surge
impedance model considering corona effect (DSI model) are
listed in following Table I.

TABLE |
THE MEDIAN AND LOG STANDARD DEVIATION OF THE LIGHTNING CURRENT
PARAMETERS

BFR
Surge Impedance Model PBF [cases/100 km-year]
CSI model 0.027 0.45
DSI model 0.021 0.35
A% 22.2%




It can be found that the difference in BFR provided by the
two models is 22.2 %. The improvement in BFR caused by
considering surge corona is very effective.

In [29], BFR of this composite pylon is quite higher than
the BFR of two conventional metallic lattice towers serving
widely in Denmark, Donau tower and Eagle tower, which are
0.32 cases/100 km-year and 0.30 cases/100 km-year. The
compact structure makes composite pylons attract fewer
lightning flashes, but the higher surge impedance of the thin-
wire grounding down-leads results in much higher BFR than
conventional metallic towers. When the surge corona on
down-leads is not neglected anymore, the BFR of composite
pylon is comparable to conventional lattice towers. It means,
from the aspect of BF performance, composite pylon with
external grounding down-leads can be an alternative for
traditional metallic towers. Thus, the importance of
considering corona effect for lightning transient studies on
thin-wire grounding devices is stressed out.

F. Discussion on the Limitation of the Novel Dynamic Surge
Impedance Model Considering the Corona Effect

The modeling parameters, especially statistical time lag,
are discussed firstly. In the dynamic surge impedance model,
some modeling parameters are calculated by finite element
method, such as corona inception voltage and corona
expansion velocity, while some modeling parameters are
referred from the research of other scholars, such as streamer-
tip electric field. Only statistical time lag is estimated as a
constant value based the research of other scholars. The
statistical time lag truly impacts overvoltage and
backflashover performance. On the one hand, if the front time
of lightning current is shorter than the statistical time lag,
corona does not develop. On the other hand, the longer
statistical time lag is, the shorter duration of corona
development will be. Thus, longer statistical time lag may
result in higher BFR. Statistical time lag is random with
uncertainties, and its variation does not influence the final
BFR linearly. In the future research, the statistical time lag is
expected to be processed by the Monte Carlo method together
with lightning current parameters.

The enhancement on coupling effect of surge corona has
not been considered in this research. In the design of
composite pylon, there are two down-leads paralleling
downward along the surface of the pylon shaft. The increasing
corona sheath can enhance the coupling effect between the
two down-leads. When the surge current passes through one of
the down-leads, the overvoltage will be further distorted and
reduced if the enhancement of the coupling effect is
considered. Besides, the coupling effect between the down-
leads paralleling with the cross-arm and the phase conductors
will induce an overvoltage on the phase conductors also. The
dynamic surge impedance model will be revised considering
the enhancement on coupling effect with other conductors.

V. CONCLUSIONS

This paper proposed a simplified dynamic surge
impedance model for thin-wire conductors considering
voltage-dependent surge corona and implemented the model
on the external grounding down-leads of a 400 kV fully

composite pylon. The corona development is simulated as the
increasing radius of the cylindrical conductor. Thus, the surge
impedance of the conductor with corona can change with the
corona radius depending on lightning overvoltage. The surge
corona developments on down-leads of different height under
different waveforms of lightning current are simulated. The
effect of considering surge corona on the overvoltage and
backflashover performance of composite pylons s
summarized. The importance of modelling surge corona effect
in the research on lightning transient performance of thin-wire
conductors is emphasized. The following conclusions are
drawn.

Surge corona developing processes and overvoltage under
different lightning current waveforms are simulated and
summarized. Higher applied lightning current peaks will cause
longer corona radius and cause more reduction on
overvoltage. If the front time of applied lightning impulse
current increases, the maximum corona radius will increase
first and decrease because the corona development is
dominant by the expansion velocity and the critical streamer-
tip electric field in succession.

The overvoltage caused by the dynamic surge impedance
model and constant surge impedance model without corona is
compared. The dynamic surge impedance model reduces the
overvoltage at the top of conductor by 10 % to 20 %
approximately. As a result, the backflashover rate provided by
dynamic surge impedance model is reduced by 22.2 %, which
is comparable to conventional lattice towers. Therefore, it is
necessary to consider corona effect in the research on
lightning transient performance of thin-wire grounding
devices. From the aspect of BF performance, composite pylon
with external grounding down-leads can be a qualified option
for next-generation transmission towers as an alternative of
traditional metallic towers.

Finally, the limitations of the proposed dynamic surge
impedance model are discussed. The randomness of statistical
time lag and coupling effect with other conductors will be

studied in the future work to simulate the lightning
performance of the thin-wire grounding devices better.
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In this paper, a full-wave approach based on the method of moment (MoM) is proposed to investigate the
harmonic impedance of a tower and its connected ground electrode in the frequency domain. The accuracy of the
results is validated in comparison with NEC-4. The proposed numerical method is also employed for the eval-
uation of a full-sized HVDC tower harmonic impedance. The main contribution is the assessment of the harmonic
impedance of a real tower with detailed geometrical information connected to the multi-layer grounding system.
The validity of the transmission line method is evaluated through comparison with the results computed using
the developed full-wave approach at the high frequency. In addition, the simulation results assure that a real
tower’s harmonic impedance could be smaller than the value estimated for very simplified models at the high
frequencies. When the full-wave method is applied and the precise model of the ground electrode is considered,
the harmonic impedance of the tower in the frequency domain and consequently, the transient impedance in the
time domain are different, while the grounding system is assumed to be a perfectly conducting plane. These
differences can become very significant, especially close to the resonant frequencies. The harmonic impedance of

power transmission towers is strongly influenced by the connected grounding system.

1. Introduction

ONe of the leading causes of a power transmission line (PTL) un-
scheduled outages are a lightning surges. Seven out of twelve significant
blackouts that occurred in 2019 were reported to be due to a lightning
strike to the PTLs [1]. The transient behavior of the transmission tower,
which is struck by lightning, is vital in determining the basic impulse
level (BIL). Accordingly, the detailed tower and grounding system
modeling (GSM) are indispensable in the transient analysis. The light-
ning impulse is often specified by its wide-band frequency contents from
dc to several MHz. The transient overvoltage quantities depend on some
different parameters like lightning current waveform, GSM, mechanical
specifications, construction, shield wire, and surge impedance charac-
teristics of a tower or its transient impedance [2]. Significantly, the
grounding system (GS) and the tower surge impedance (TSI) have
considerable effects on the lightning performance of the PTLs. The
available models of the tower in the Electromagnetic Transient Pro-
grams, such as ATP-EMTP [3] PSCAD/EMTDC [4], indicate some of the
assumptions that limit its applicability at the high frequencies. Addi-
tionally, for the GSM, the resistive model has been utilized, which is not

* Corresponding author.

perfect for lightning studies. The tower impedance changes from the
tower top to the tower bottom as the wave travels. A proper GS can
provide a low-impedance path for the lightning currents into the soil to
dampen the occurred transient overvoltages. However, the modeling of
GSs is exceedingly difficult, because of its dynamic behaviors such as a
multilayer structure [5], [6], and the frequency dependency of soil re-
sistivity and permittivity [7]. The theoretical methods of the harmonic
impedance calculation are based on quasi-static or full-wave ap-
proaches. The quasi-static techniques, such as circuit theory or
transmission-line model (TLM) [8] fail to provide precise results when
used for the estimation of the harmonic impedance. Also, the main
limiting factor of the quasi-static approaches is low computational ef-
ficiency, which makes them prohibitively slow, in particular for the
harmonic impedance calculations. The electrical dimensions of the
problem should be much smaller than the smallest wavelength of the
flowing current in the TLM. The full-wave methods can be presented as
the most accurate results over a wide frequency range [9]. The numer-
ical solution of Maxwell’s equations can be performed using the finite
element method (FEM) [10], the method of moments (MoM) [11], the
finite-difference time-domain (FDTD) method [12]. The practical
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method is defined as a direct method in which an excitation current is
injected at the top of the tower.

To estimate the surge impedance, several approaches have been
using based on analytical and practical methods. It is worth noting that
diverse expressions have been employed to determine the surge
impedance, which was entirely dependent on the waveform of excitation
current, the magnitude of the excitation current, and induced voltages.
Hence, there is no agreement on the determination of surge impedance
in the time domain [13].

In the time domain, tower transient behavior and the measured value
of surge impedance are related to the angle and direction of excitation
waveform [13], [16], and [18]. In the frequency domain, the harmonic
impedance of the tower is a function of electromagnetic specifications
and geometry of the system [13]. Therefore, using procedures based on
the frequency domain is well suited to illustrate TSI [17]. The same
approach for the tower surge impedance calculation has been used to
appraise GS modeling. Therefore, among these techniques, MoM can be
considered as an efficient approach in the frequency-domain because 1)
it uses the thin-wire approximation with deducting two-dimensional
surface integration to the one-dimensional line, 2) the harmonic
impedance is not excitation waveform-dependent [18], [13]. To carry
on with the attempts performed in [19], a numerical simulation is pre-
sented for harmonic impedance calculation of the integrated model. This
model consists of detailed modeling of the tower and a GS in the
frequency-domain unitedly.

This paper is organized as follows. In Section II, the developed full-
wave approach is demonstrated concisely. The proposed method vali-
dation is investigated in Section III. The used delta-gap excitation model
and the harmonic impedance analysis of the simple tower considering
different GS configurations are shown in Section IV. Finally, the simu-
lation results of the tower geometry impact on harmonic impedance
considering multi-layer GS are analyzed as a proposed integrated model
in Section V. Conclusion notes are described in Section VI.

2. Approach description

This section is a general description of the theory of dielectric layers
modeling and the procedure of MoM implementation [20]. The problem
is defined by representing each layer with a thickness d, resistivity p,,
permittivity &, and permeability . This procedure is based on the
developed concept for appraisal of arbitrary microstrip structures in a
multilayer medium [21].

Fig. 1 shows a three-layered medium which is separated by two
planar interfaces. A vertical wire of length h along the z-axis of the multi-
layer medium is considered [22]. The source and observation point
could be assumed in any layer of interest. For mathematical modeling,
the mixed-potential integral equation (MPIE) is utilized [23]. These
potentials consist of vector and scalar. J; is the current density on the
surface S of the perfect electric conductors (PECs) placed in a layered
media is obtained by applying boundary conditions on the surface of the

planar interface 1

L

Source

planar interface 2

Fig. 1. Illustration of multi-layer medium.
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elements of the model given in (1)

—a % E(r) =a x E(r) ¢))

where E;(r), Es(r), and r are the incident electric field, scattered field,
and the position vector defined according to the rectangular coordinate
system, respectively. The expression of electric current density Js(r) and
surface charge density p,(r) are related to in (2)

V.Js(r) +jop,(r) =0 2

where @ and p, are the angular frequency and density of electric charge,
respectively. The MPIE formulation is obtained by fulfilling the
boundary condition at the surface of elements and are given in (3)

E(r) = [ —joA(r) = VV(r)] (3

where A(r) and V(r) being potential of magnetic vector and electric
scalar potential, respectively. The gradient operator is V. By substitut-
ing (3) into (1) gives (4)

@ % [jwA(r) + VV(r) =@ x E(r), r on S (4

In this paper, the presented formula in (5) is selected as a Greens
functions form for the magnetic vector potential [24]. The potentials
could be explained in terms of Green’s functions, which are obtained on
the base of spectral-domain Greens functions for microstrip structures
given in (6) and (7)

_ Gy ny ze

G- G o )
G. 0 G.

V(r) = / G, (1 )p.(r )dS ®)
N

Ar) = / Ga(rlF )I,(r )dS @
N

where G4 and G, are magnetic vector and electric scalar potential
Green'’s function, respectively. The spatial domain Green’s functions are
determined easily using inverse Fourier transform of its spectral pairs
[24].

1 [~
Gay = 2—/ Gy (k) Jo (kyA)kydk, ®
7 Jo

where k; = (kﬁ + k§)0'5, and ky, k, are wave vector components in the

each layer on xy plane. p is Jy is first kind Bessels function, and 6,;,‘, isthe
Green’s function for spectral domain [23]. The radial distance between
the source segment and the point for calculating the electric field is A. It
should be pointed out that Sommerfeld integrals presented in (8) is
solved numerically.

3. Model verification

The validation of the models against experimental results is the most
crucial part of the modeling. However, there has not been a compre-
hensive comparison between modeling and experimenting with the
input impedance of towers connected to a ground electrode buried in
multi-layer soil. The fundamental reasons for the lack of comparison are:
1) the measured voltage is path-dependent at the high frequencies be-
tween any two points, 2) there are complexities of measuring each
layer’s electrical parameters in a multi-layer soil structure. Due to the
noted practical limitations for validation, NEC-4, as a widely accepted
numerical electromagnetic code, is applied to investigating the pre-
sented method [25].

In this section, to verify the proposed method, a very simple case,
consisting of a tower and vertical ground electrode (VGE), is applied. An
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antenna theory approach [13] is well suited to the frequency domain
analysis of layered microstrip structures to calculate the Green’s func-
tions for multi-layer media, which are basically shown by Sommerfeld’s
integrals and formulas in the spatial and spectral domain, respectively.

Fig. 2 shows the tower geometrical configuration, and the junction
point between the tower and ground electrode is used to excite the
ground surface by a 1-V voltage source. A 0.4-m cylindrical tower with a
5-mm diameter is considered. The soil is characterized by a resistivity of
10 Q.m and a relative permittivity of 10. This integrated model, tower,
and GS are simulated numerically using a full-wave method.

Figs. 3 (a) and (b) present the absolute value and phase angle of the
current distribution vector along with the integrated model at higher
frequencies, namely 10 MHz. The obtained results through NEC-4 are
also illustrated in Fig. 3 along the z-axis. It can be seen that two methods
predict similar behavior in the estimation of current distribution. This
approach’s usefulness is validated from the excellent consensus between
the proposed method’s results and computed results by NEC-4. It is seen
that the proposed method can compute the distribution of current along
with the integrated model precisely. The differences between absolute
values in Fig. 3(a) refers to the selected basis function for the excitation
source at the excitation terminal. The terminal is excited by an ideal
voltage source of magnitude Vs in the integrated model. The triangular
basis functions are employed. If 6—0, the induced terminal current
passes into the ideal voltage source, and subsequently, it will expand to
the half-subsectional basis function. An incident field is provided by the
delta-gap voltage source at the excitation terminal.

4. Analysis of harmonic impedance of the integrated model in
the frequency domain

The most relevant contribution of lightning impulse for the outage
rate of PTLs comes out from the tower surge impedance and the tower-
footing GSs. The typical tower surge impedance characteristic and dy-
namic behavior of GSs are analyzed in detail elsewhere (e.g., [7]). Ac-
cording to the measurement expenses, complications of working on
high-frequency phenomena, and the towers’ diversity, few measure-
ment results are presented. Also, the detailed information about the
tested towers and their GS condition is not accessible. Numerical solvers
are widely used to analyze the harmonic impedance of towers and GSs.

4.1. Harmonic impedance calculation based on MoM
The harmonic impedance is extremely helpful in the transient anal-
ysis. It is given by (9)

awm:%g ©)

where I(f) and V(f) are phasors of the injected current and the steady-
state harmonic electric potential at the injection point in reference to

h=0.4m
First layer (Air) <— D=5mm
Second layer (Soil)
h,=0.5m
&=10
p=10Q.m

Fig. 2. Vertical electrode buried in soil which is connected to very sim-
ple tower.
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the remote terminal, respectively(see [29], [31]). It depends on the
electromagnetic characteristics and the geometry of the medium, and
not on excitation. The input harmonic impedance of the integrated
model can be calculated from the MoM matrix directly. Based on MoM, a
full-wave frequency-domain approach, the integrated model is divided
into N small segments. Accordingly, a lower number of segments needs
to be taken into account (see [24]).

4.1.1. Excitation model

Two theoretical models can be applied to an excitation source
modeling, namely, delta-gap and impressed current models [26]. In this
part, the modeling of the delta-gap excitation approach is reviewed
concisely. According to the presented model in [26], the tower is excited
by the voltage source V;, applied within a tiny gap region of length 6—
0 and across the reference plate (perfect electric conductor (PEC)) and
the excitation terminal (see Fig. 4(a)). To obtain finite input impedance,
a nontrivial voltage must always be induced across the gap, which has a
width of almost zero. Thin wire approximation is employed to compute
the distributed currents along all conductors in the mentioned case. To
avoid the first segment current discontinuity, the first segment is utilized
to create the induced terminal current at each frequency. Within the
MoM methodology, Fig. 4(b) shows the expanded finite series of current
distribution on the surface of conductors, which is located on the
multi-layer medium. To solve (4), the electric current density on the
conductors surface (tower and vertical ground electrode) can be defined
as follow:

N
AGES A ED VA (10)
n=1

where the half-subsectional basis function, f.(r'), generates terminal
current and f,(r') represents full-subsection basis functions. I' and I°
denote the induced current coefficient that is associated with half-
subsectional basis function and the unknown coefficients that are asso-
ciated with the triangular basis functions, respectively [27]. The voltage
source of the delta gap at the tower top creates the incident excitation
field given by (11)

E =V8(r—r)a 11)

where r is the terminal and r is the distance along with the integrated
model. As presented in Fig. 4(b), the induced terminal current, I, goes
along the voltage source, which expands into a half-subsectional basis
function, also located at r,,. The identical MPIE governing the surface
current, J;, on the surfaces of the integrated model conductors is given
by (12)

/GA(r\r’)Js(r’)dS +Vd(r—r)a=0 12)

4.1.2. Integration path influence on the harmonic impedance
It is well known that the voltage between two points along a deter-
mined path in the general case is given by (13)

g d
v, = /F,m,ﬁ — AV(r) fa/z’.ii 13)
Ewa=E;+E, a4

where S shows the integration path on the excitation terminal. In the
case of an electrostatic field, the voltage value is not dependent on the
integration path and it is unique. Once the current distribution has been
computed along with the components, the electric field can be computed
at any point by summing the contributions due to the currents in each
segment. In this situation, the last term of (13) is zero and the voltage is
exactly different from electric scalar potentials.

Generally speaking, for a dynamic electromagnetic field, the electric



M. Ghomi et al.

Proposed method,
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Fig. 3. Current distribution along the ground electrode and tower at 10 MHz. (a) absolute value (b) phase angle.
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Fig. 4. Setup for the calculation of harmonic impedance of the integrated
model. (a) delta-gap excitation generator, (b) triangular basis functions, and the
segmented integrated model.

field is not conservative and the integral of the electric field between any
two points is path-dependent. Due to this issue and to determine a
unique voltage, the gradient of the scalar potential calculated along a
unique straight path extends to the remote ground reference point. The
path-dependent voltage is estimated by (15) expression based on Fara-
day’s law.

: 9

Vi) -V =2 B ds (15)

where V' (r), V(r), and B are voltages obtained along a path on S and
magnetic flux density, respectively. The input impedance at the excita-
tion terminal is calculated as follows:

— —
j:g E toar* dl

Vs
Zupulf) =5 = =52 a6)

One way to circumvent the problem of path dependence is to use the
scalar potential instead of the voltage as the integral of the electric field
over a given path. Such an approach has the benefit that the scalar po-
tential is uniquely derived. Hence, with this assumption, the voltage or
the integrated value is independent of the integration path [13].
Adaptive Simpson’s integration is employed to evaluate the integrals
over the finite interval, while Mosig’s method of averages is applied to
assess the integrals over the infinite interval, which features a very fast
convergence [32].

4.1.3. Terminal length effect on the harmonic impedance
The presence of the excitation terminal can create a parasitic
inductance [30]. It can be estimated by (17)

L=02xhx (1n%+0'2;317

3 a7

+ 0.5) [nH]
where h and b are the length and width of the excitation terminal in mm,
respectively. For instance, for a conductor radius of 12.5 mm, the port
width is set to 25 mm. The terminal’s impedance magnitude (wL) for
several port lengths in the maximum frequency of 10 MHz is given in
Table 1. This table shows that to achieve a negligible impedance, the
excitation terminal length must be no longer than 100 mm. This length is
considered for the excitation segment.

4.1.4. Moment impedance matrix

In this part, the impedance matrix of the system is obtained by
making use of the MoM solution to Maxwell’s equations. Maxwell’s
equations are reduced to a matrix form by applying to (12). The electric
field at the observation point will be computed once finding the current
of each segment. The moment impedance matrix is defined by (18). Also,
the impedance matrix can be expressed by (19). Eventually, by formu-
lating the problem as a close form matrix, given by (20), unknown co-
efficients vector is computed [27].

Zyy Zi Nt I V,
: : D= : (18)
Ziyng ZiiNn+1 0 0
Z[[ ZIC I/ V)-
(2 7)) -(%) -

where Zi(f) and ZU(f) represent self and mutual impedance, respectively
which i,j € {t,c}. I can be obtained from the following resultant matrix
equations:

[l = Vi)

where (2], [I], and [V;] are the moment impedance matrix, the unknown
coefficients vector, and the excitation vector, respectively. Finally, for
the wide frequency range, the relation between the terminal voltage and
induced current in an impedance matrix form is obtained from the
moment impedance matrix by manipulation of (19). Ziyy is given as
follow:

Zupu(f) = Z'(F) = Z°(F)(Z(F)) ' 2°(F)

(20)

(21

where Zj,u(f) is the calculated harmonic impedance. From Fig. 6, the
proposed method for calculating long integration path harmonic
impedance converges to the impedance estimated by the conventional

Table 1
Excitation Terminal Impedance Magnitude.

Terminal Length (mm) Impedance (Q)

10 0.10484
50 1.25520
100 3.31200
1000 61.4200
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H=100 m
Air
L

Soil

Perfect ground p=10000Q m

=10

(c)

(a)

Fig. 5. Geometry of the two-layer medium. (a) tower end is connected to PEC
adapted from [13], (b) integrated model which tower end is connected to
vertical electrode buried in soil resistivity of 100 Qm, and (c) resistivity of
1000 Qm.
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Fig. 6. Integration path effect on the harmonic impedance absolute value of
integrated model shown in Fig. 5(c) [p= 1000 Qm].

method for long integration path.

4.2. Grounding system effect on integrated model harmonic impedance

To assess the GS effect on the harmonic impedance of a tower, a
cylindrical tower is considered. The specification of this case is adapted
from [13]. The configurations are shown in Fig. 5. The tower is placed in
the upper layer, and the depth of the first layer is equal to the tower
length. The upper layer medium is an air, which is supposed to be
lossless and characterized by magnetic permeability y, and permittivity
0. The input impedance of the problem is calculated with and without a
real model of the GS. The end of the tower is connected to the
zero-potential ground, PEC (see Fig. 5(a)), and in the Figs. 5(b) and (c),
the tower is connected to the VGE length of 3-m buried in soil with a
resistivity of 100 and 1000 Qm, respectively. The related permittivity of
soil is set to 10.

To further appraise the impact of the integration path on the har-
monic impedance, various lengths (0.5, 2, 50, 100-m) of the integration
path are taken into account. The harmonic impedance of the integrated
model is illustrated in Fig. 6. It is clear from the figure that the harmonic
impedance strongly depends on the length of the integration path (Paths
in Fig. 6). In this paper, the concept of remote terminal voltage which is
presented by Greev as a scalar potential [13] is used for validating the
calculated harmonic impedance of the integrated model, which was
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presented as a direct characterization in Section IV-A-4. The corre-
sponding voltage for the infinity case is almost equivalent to the scalar
potential. The path-dependence effect on harmonic impedance is visible
at frequencies under 700 kHz. It is clear that the applied method must be
rigorously checked for the impact of path dependency on the harmonic
impedance.

Fig. 7 shows the obtained harmonic impedance using TLM and MoM,
which have the same results up to the first frequency (FRF) of 0.75 MHz
when assuming a PEC. The full-wave approach can calculate the mini-
mum and maximum values of input harmonic impedance at the higher
frequencies more accurately than the TLM method, which does not
calculate zero or infinite accurately. The high deviations at the specific
frequencies may be attributed to radiation loss, which the full-wave
model considers. The TLM method does not consider the mutual
coupling between the adjacent segments, so it is expected that they
might lead to differences in the high-frequency response. In the TLM, the
VGE is supposed to have zero resistivity and the tower is simulated by a
surge impedance whose value is calculated by (22)

H, per
Z, = 60ln—2<~ (22)

Aiower

where Hyoyer and aiower are the height and radius of the tower in meters,
respectively. Z; has a value of 317.9 Q for the tower radius of 0.5 m and
the tower height of 100 m [13], [15]. The detailed formulation of the
grounding system modeling using the TLM can be found in [14]. It is
assumed that the 3-m vertical electrode is buried in the soil with two
different resistivities of [p= 100 Q.m, Fig. 5(b)] and [p= 1000 Q.m,
Fig. 5(c)]. The influence of an accurate model of the GS on the input
impedance is illustrated. It may be noted in Figs. 7 and 8 that the TLM
model greatly overestimates the values of harmonic impedance at high
frequencies. Also, the harmonic impedance of the integrated model has a
different behavior from the estimated harmonic impedance of the tower,
which is connected to the perfect GS. This dissimilarity at the frequency
of resonance and different behavior at high frequency may be ascribed
to change system transfer function in the frequency domain and radia-
tion losses. The subsequent stroke impulse with a larger front rise rate
has higher frequency contents in comparison with the first stroke im-
pulse [29]. It is worth noting that the use of the TLM could be revised
principally at the lightning studies [13].

5. Impact of tower geometry on harmonic impedance
considering multilayer soil

In this section, to further assess the applicability of the proposed

2tesvecscccccne

TtTssssene

101 Proposed Model
— — — NEC-4[13]

0
10YF e o TLM[13]

T R m——
100 10° 1d* 10°
f [Hz]

Fig. 7. Geometry of the two-layer medium. (a) tower end is connected to PEC
adapted from [13], (b) integrated model which tower end is connected to
vertical electrode buried in soil resistivity of 100 Qm, and (c) resistivity of
1000 Qm.
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Fig. 8. Harmonic impedance of tower and its connected VGE [absolute value (left column) and phase angel (right column)] shown in Fig. 5(b) [p= 100 Qm] and
Fig. 5(c) [p= 1000 Qm]. Full-wave model: red line, TLM model: blue dashed line. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

integrated model, the input impedance of the typical full-sized HVDC
tower is investigated compared to an approximated model of the towers
in the frequency domain [17]. The tower is simulated with three levels
of detail. Firstly, in a very simplified model, only the main cylinder with
a height of 89.5 m and simple cross arm is considered [tower(a), Fig. 9
(a)]. Next, the simplified model, four legs and cross arm with the width
of 20 m are added to the geometry [tower(b), Fig. 9(b)]. Finally, all
members and components of the steel lattices tower are taken into ac-
count in [(tower(c), Fig. 9(c)] as a complex model. The equivalent model
of the presented integrated model in the frequency domain, the medium
of the integrated model, and the top view of the real tower are shown,
respectively in Figs. 9(d), (e), and (f). For each case, the harmonic
impedance is calculated up to 10 MHz. The full-wave method based on
MoM solutions to Maxwell’s equations is used for evaluating the

——x=20m—> <“«—x=20m—> “«——x=20m—>

harmonic impedance observed from the tower top. This model has been
extensively used to determine the transient surge impedance in lightning
studies. It is worth noting that the real tower structure is much more
complicated compared with the very simple equivalents (see Fig. 9)
[28]. The influence of the tower elements on the harmonic impedance
with an accurate model of GS is analyzed unitedly in this study.

All towers are connected to the VGE buried in uniform and multi-
layer soil structures. To this aim, two configurations of the soil layers are
defined in Table 2 with resistance values of 100 and 1000 Qm. A soil
permittivity is set to 10 for all cases. The electrode is 3-m long and has a
diameter of 30 mm. The input impedance seen from the tower top is
determined as the harmonic impedance in the frequency domain, as
explained in section IV-B.

Fig. 10 shows simulation results of the computed harmonic

Shield wire Shield wire Shield wire o Shield wire |
vI(f)
10 —
| | ¢
\‘ 6
5L
\ a d=89.5m =
\ €
\ N 2ol
%
5
he T [ I T ) 7 im 10 1 1 | ! 1
h=3m h=3m h=3m 5 -10 5 0 5 10 15
z 7 7 d; - X
u T—>x Ln (z=0)—= Y-axis [m]
(@) ®) © © (f)

Fig. 9. HVDC tower side view. (a) very simplified structure, (b) simplified structure, (c) real tower, (d) frequency-dependent representation of tower which is
connected to the ground electrode, (e) medium of integrated model, (f) 2-D top view of the simulated real tower in the X-Y plane.
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Fig. 10. Influence of tower model on the harmonic impedance [absolute value

and phase angle] of the integrated model. The ground electrode of towers is

buried in the uniform soil (see cases 1 and 2 in Table 2).

Table 2

Adopted Values of The Soil Resistivity.
Ground structures p1(Q.m) P2(Q.m)
Case 1 (uniform soil) 100 100
Case 2 (uniform soil) 1000 1000
Case 3 (multilayer soil) 100 1000
Case 4 (multilayer soil) 1000 100

impedance of the tower, which is connected to the VGE with the adopted
parameters in Table 2 for case 1. In this case, the maximum value of
harmonic impedance magnitude for the presented tower has a notice-
able difference between the simplified towers (tower (a) and (b)) and the
complex model of the tower.

For case 2, the soil is characterized by the resistivity of 1000 Qm.
Towers are connected to this GS. According to Fig. 10, the obtained
harmonic impedance of a very simplified tower is markedly higher than
the obtained results for Figs. 9(b) and (c). The peak values of the har-
monic impedance magnitude are 23 and 140 for cases 1 and 2, respec-
tively. The LF harmonic impedance is the same for all towers in each
case. The values of R;r are 33.9 and 313 Q for the case of 1 and 2,
respectively. It can be seen that all towers have the same response at low
frequencies up to FRF. For instance, in case 1, the FRF value is different
and changes from 1.4 MHz for the tower (a) to 0.92 MHz for the tower
(c). It varies from 1.2 MHz for the tower (a) to 1 MHz for the tower (c) in
case 2.

To further analyze the influence of the tower-footing GS on the
harmonic impedance of the integrated model, the same VGE with a
length of 3-m buried in a multi-layer soil is taken into account in cases of
3 and 4. The upper soil layer depth is set to d, =1m. The electrical pa-
rameters of soil are given in Table 2. The obtained results associated
with the harmonic impedance (amplitude and phase angle) observed
from the tower top are shown in Fig. 11.

For case 3, the maximum value of harmonic impedance magnitude is
significantly distinct between the illustrated towers in Fig. 9. The
maximum value of input impedance for the tower in Fig. 9(a) has
appeared in the second resonant frequency at 4MHz, but the peak value
of the harmonic impedance of the complex tower model occurs at 6
MHz. The results show different behavior for the simplified and complex
models depending on the differences related to the maximum values of
harmonic impedance at resonance frequencies [see Fig. 11(a)]. A pre-
dicted impedance using a full-wave approach might be smaller than the
predicted values for a very simplified tower. Differences could become
very significant, especially close resonant frequencies.

To supplementary evaluate the effect of the buried VGE in multi-
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Fig. 11. Influence of a tower model on harmonic impedance [absolute value
and phase angle] of the integrated model. The ground electrode of towers is
buried in the multilayer soil (see cases 3 and 4 in Table 2).

layer soil on the integrated model harmonic impedance, the upper and
lower soil layers are, respectively, characterized by resistivity of p; =
1000Qm and p, = 100Qm, both having the same relative electric
permittivity of 10. (see case 4 in Table 2). The magnitude and phase
angle of the harmonic impedance of this case is demonstrated in Fig. 11
(b). From the results shown here, it is observed that the harmonic
impedance is a function of different parameters such as the tower’s
geometry and electromagnetic characteristics of medium and tower
footing GS specifications. The influence of the tower elements and the
exact model of the GS on the peak value of harmonic impedance
magnitude is briefly presented in Table 3.

6. Conclusions

This paper can be regarded as a continuation of the work developed
by Grcev and Ametani in [13] and [17]. A precise full-wave MoM-based
solution of Maxwell’s equations for calculating the harmonic imped-
ance’s integrated model was proposed. The contributions of this paper
are listed as follows:

a) A comprehensive methodology based on the full-wave approach was
introduced, which can directly provide the integrated model’s har-
monic impedance consisting of a tower and grounding system.

b) The impedance vectors, including the self and mutual impedances,
are calculated in the multi-layer medium using MoM matrix directly,
which differs from the approach adopted in [13] and [17].

c) Simulations are implemented to solve the full-wave Maxwell’s
equations regarding the tower’s detailed model and the grounding
system’s real geometry.

d) The correctness of the theoretical procedure, TLM, is examined
through comparison with the obtained results of the integrated
model based on the developed full-wave approach.
In all cases, (tower (a) and (b)), overestimate the peak value of the
harmonic impedance in comparison to the detailed model at the
specific frequencies. However, the input harmonic impedance of the
tower in the frequency domain, and consequently, the transient
impedance in the time domain, was different as long as the GS is
assumed a perfectly conducting plane. The related differences for
cases 1, 2, 3, and 4 are 23, 140, 57, and 47% in the frequency
domain. It can bring about notable errors in transient impedance
values in the time domain.

f) The frequencies of resonance, the minimum and maximum values of
the harmonic impedance, varied when the system transfer function is
changed based on the GS model.

—

e
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Table 3

Comparison of Max.Values of the Integrated Model Input Impedance.
Cases R[] |Z|m[] Yodiff(|Zm) FRF(MHz)

(a) (b) (c) (a) (b) (©

1 33.9 2924 2650 2371 23 1.4 1.13 0.92
2 313 1828 963 759 140 1.2 0.95 1
3 93.5 2070 1530 1315 57 1.7 0.91 1.02
4 42.6 2576 2275 1751 47 1.8 1 1.1

g) The exact model of the tower and grounding system could be
necessary for the back-flashover rate approximation and other surge
performances associated with the PTLs. These are significant factors
in optimizing the cost of insulation coordination and the protection
systems.
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Abstract

A proposal for a fully composite pylon has been designed to
meet the requirements of compact structure and elegant
appearance for new-generation 400 kV transmission towers,
able to save lines corridors and reduce visual impact.
Correspondingly, a method of external down-lead has been
proposed to bring grounding potential to the shield wires.
Based on this design, in this paper, lightning overvoltage level
of the fully composite pylon is investigated by using transient
simulation tools and backflashover performance is evaluated
through Monte Carlo method. An equivalent distributed
parameter model of the pylon is established, with the stray
capacitances of phase conductors calculated in advance.
Monte Carlo method is used to simulate the randomness of
lightning current waveform in the nature. The overvoltage
levels are simulated in PSCAD to determine the occurrence of
backflashover. The backflashover rate (BFOR) is estimated by
accumulate the probability of backflashover after repeated
random sampling of lightning current. Simulating results show
that the BFOR is 0.074 flashes/100 km-year and the
overvoltage level calculated becomes lower in the modified
model considering stray capacitances. Effects of both the
lightning peak current and the tail time on the probability of
backflashover occurrence is also summarized.

1. Introduction

In recent years, usage of overhead lines in transmission system
has been faced with great challenges, because of the increasing
requirement for transmission capacity along with the public
opposing to erect more conventional metal lattice towers,
which have negative visual impact. A proposal for a fully
composite pylon has been designed to meet the requirements
of compact structure and elegant appearance for new-
generation transmission towers, which has the advantages of
saving lines corridors and reducing visual impact[1]. The fully
composite pylon is in the shape of a ‘Y’ geometric
configuration, shown in Fig. 1. Conductors are fixed by clamps
on the surface of the cross-arm which has an inclined angle of
30° from the horizontal ground plane, thus the conductors are
in a diagonal form. Two shield wires are installed at the tips of
the two cross-arms respectively. The cross-arms and the body
are made of fibre reinforced plastic (FRP) so the pylon itself
can not conduct lightning current anymore. Correspondingly,
two bare-metal down conductors downwards outside the pylon
are used to conduct the lightning current to ground when shield
wires are terminated by lightning flashes, which are shown as
red lines in Fig. 1.

- oy
dicen oluemard

Fig. 1 The picture of the novel 400 kV fully composite pylon

The novel pylon has a more compact size and reduced height
due to the elimination of insulator strings. However, there is
little experience and research on the lightning performance
evaluation about a pylon with such an unusual configuration
and electric design. High voltage overhead lines are exposed
to lightning strikes, which may cause flashover threatening the
safe and steady operation of power grid[2]. If the flashover
occurs when the lightning flash strikes directly on the phase
conductors bypassing the shield wires, the rate of this
condition per 100 km-years of the transmission line is termed
the shield failure flashover rate (SFFOR). Direct lightning
strikes to shield wires can increase the electric potential of the
shield wires in a short time, which may also provoke a
flashover between shield wires and conductors. The rate of this
condition per 100 km-years of the transmission line is termed
the backflashover rate (BFOR)[3].

The SFFOR of this pylon has been studied comprehensively in
previous studies. The lightning shield performance of the
pylon was investigated based on the electro-geometric model
(EGM) and found that there existed an unprotected zone in the
middle span of the pylon[4]. The lightning shield performance
of the pylon was investigated furthermore based on the method
of scale model test, it was proved that shield failure happened
in the middle of pylon[5]. To optimize the lightning shield
performance, two different shield angles, -60 ° and -70 °, were
investigated via both the electro-geometric model (EGM) and
scale model tests. And -60 ° can provided better shield
performance[6]. According to the above experience, the
possibility of lightning shield failure was deeply investigated
via both the revised electro-geometric model (EGM) and scale



model tests[7], and it was proved to be practically negligible.
Operating experience showed that for the overhead lines over
500 kV, lightning strike accidents were majorly caused by the
shield failure of lightning striking towers and shield wires.
However, for the overhead lines below 500 kV, lightning
strike accidents were majorly caused by the backflashover
when lightning striking towers and shield wires [8]. Therefore,
the research on BFOR of this 400 kV fully composite pylon is
as significant as SFFOR.

The present paper uses the mathematical calculation function
of Matlab and the electromagnetic transient analysis function
of PSCAD to deal with the BFOR evaluation procedure based
on Monte Carlo method. The Monte Carlo method is used to
simulate the randomness of lightning current waveform in the
nature in order to approach the probability of backflashover[9].
The procedure consists of three steps: pre-processing,
numerical simulation and post-processing. In the first step,
inverse transform sampling is used in Matlab to create a set of
different lightning current waveshapes, with peak current and
wave tail time as variables following log-normal distribution,
to simulate the statistics of lightning flashes in the nature. In
the second step, the OHL transmission system with the novel
pylons is established in PSCAD and after inserting the
lightning current set from Matlab, the overvoltage level of the
certain points on the down-lead is calculated. In the third step,
the backflashover is determined in Matlab according to the
comparison of the overvoltage level and critical flashover
voltage and the BFOR is estimated by the numerical results
from the repeated random sampling[10].

2. Methodology

2.1.  Transmission line modelling

2.1.1 Configuration of the pylon and wires coordination

The configuration of the fully composite pylon and
coordinates of the phase conductors and shield wires are
shown in Fig. 2, by setting the horizon as the x-axis and the
symmetry axis of the pylon as the y-axis.
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Fig. 2 The configuration of the fully composite pylon and
coordinates of the phase conductors and shield wires

2.1.2 OHL Model

The simulated 400 kV/50 Hz double-circuit OHL is 100 km
long. The pylon stroke by lightning flash is in the middle of
the whole line and the neighbouring two pylons are modelled,
the span between which is 250 m. The OHL is simulated in
PSCAD by the means of ‘Bergeron Model’. At one end of the
OHL, phase conductors are connected with a three-phase
voltage source and shield wires are solidly grounded. At the
other end, the OHL is connected to a load. Corona effect that
influence the effective radius of OHL is not simulated for
simplification reason.

2.1.3 Down-lead Model

Because the novel pylon body is made of composite materials,
the external down-lead is the only path to conduct lightning
current to ground. The down-leads can be and regarded as
cylindrical bare conductors.

The down-leads can be modelled by a ‘Bergeron Model’ in
PSCAD. The Bergeron Model is represented by a distributed
inductance, capacitance and lumped resistance property to
approximate system losses[11]. In this paper, one down-lead
is divided into two parts, one is the vertical part along with the
pylon body and the other is the approximately horizontal part
along with the cross-arm, where the overvoltages need to be
simulated. The former is modelled in PSCAD by the means of
‘Bergeron Model’. Because the length of the latter is relatively
short, it is modelled by several RLC-Pi-equivalent circuits so
as to the distributed capacitance can be modelled more
precisely by considering stray capacitances together[12]. The
stray capacitances are calculated by the finite element analysis
software COMSOL, the simplified model and results
calculated are shown in Fig. 3. The physical model is simply
one cross-arm with three phase conductors, one shield wire
and an external down-lead surrounded by air. The colorbar
shows the electric potential on the cross-arm

Phase B

Phase C'

Cross-arm

014

Fig. 3 The model and simulating results of stray capacitances
in COMSOL



Given that the radius of the down-lead r is 8 mm, the resistivity
p is 3.78 x 10® Q m and the permeability is equal to o the
permeability of vacuum, the resistance R and inductance L per
unit can be calculated at power frequency. R is equal to 0.19
Q/km and L is equal to 0.047 mH/km. A generic value of 50
Q is used to represent grounding resistance. The sketch of the
down-lead model established in PSCAD is shown in Fig. 4.

G1 G2

X o

= ~

-|@ » — . C — .
74.5 [pF] AL c 74.5 [pF]

= Pl

= ~

|}¢! » — = * . — .
53.8 [pF] Bl B2 53.8 [pF]

= =

~ ~

-|E » — . . —— .
52.4 [pF] ci A2 52.4 [pF]

Duwngd 3

| Bergeron Model

Downl gd 4

50.0 [ohm]

Fig. 4 The sketch of the down-lead model established in
PSCAD

2.1.4 Lightning Model

A direct lightning that strikes to one of the shield wires
connected to the grounding down-lead is modelled as an ideal
current source in parallel with a resistance, which represents
the lightning-channel surge impedance[13]. This value ranges
from 400 Q to 1000 Q and here is set as 400 Q[14]. The
waveform is selected as CIGRE type, which is a piecewise
function shaped by four variables, namely the peak of the
lightning current I, the maximum steepness Sm, the front time
(from 30% to 90%) t;, and the time to half t;.

2.2. Procedure to estimate BFOR

A simple but approximate deterministic formulation is used to
estimate the BFOR (the amount of backflashovers per 100 km
lines per year), as shown in equation (1)[3],

BFOR = 0.6 X Ng X P(I.) [flashes/100 km-year] (1)

where Ny is the estimated number of lightning strikes which
terminate on the 100 km line, and P(l¢) is the cumulative
probability that a overvoltage caused by lightning current |
equals or exceeds the critical flashover voltage level, which is
defined as the voltage level where the probability of flashover
occurrence is 50%. The numerical multiplicative coefficient
0.6 takes it into consideration that backflashovers within the
span can be neglected whereas the voltages caused by the

strokes to shield wires along the span practically are lower than
those to pylons[15].

2.2.1 Lightning incidences

Ground flash density Ng is used to describe the number of
flashes which terminate on the ground per year per square
kilometers. The estimated number of lightning strikes which
terminate on the lines Nq can be calculated by Ng and shadow
area using equation (2),
Ng =Ng X A [flashes/ km-year](2)
The red area shielded by the grounding wires shown in Fig. 5
is called shadow area, where if the lightning terminates within,
it will be attracted to the lines. D is the horizontal distance
between the grounding wires, H is the height of the pylon, and
R is the protective radii which is related to H, as shown in
equation (3)[16],

R = 14 x H*® [m](3)

R " D ) R
Fig. 5 The demonstration of shielding shadow area

Therefore, the estimated number of lightning strikes which
terminate on a 100 km line can be changed into equation

@121,
Ng = Ng x (D + 28 x H*®) x 107" [flashes/100 km-year](4)

2.2.2 Lightning current variables

Analytical expressions to simulate the lightning current
waveshape of the first stroke of the downward flash are
proposed and recommended CIGRE. Four variables are used
to shape the lightning current wave, namely the peak of the
lightning current I, the maximum steepness Sm, the front time
(from 30% to 90%) tr, and the time to half t,. All the parameters
yield to log-normal distribution. The statistical parameters
median M and log standard deviation B of the variables are
shown in Table 1[3].

Table 1 The median M and log standard deviation B of the
lightning current parameters

Variable M, median B, log std. deviation
I (>20kA, kA) 333 0.605
Sm (kA/us) 24.3 0.599
tr(pus) 3.83 0.553
th (us) 775 0.577

In this paper, the peak of the lightning current I and the time
to half , or in another term, wave tail time t, are treated as the



variables to shape the lightning current waveform. The front
time t; is equal to the median and the steepness can be
determined by Ir and t;.

2.2.3 Generating the lightning set

Because the probability distributions of the variables follow a
log-normal distribution, several mathematical methods can be
used to create a set of lightning flashes.

The function in Matlab ‘lognrnd’ can generate a group of
random numbers when the median and log standard deviation
of the log-normal distribution are known.

Inverse transform sampling (ITS) can be used when the
cumulative distribution function F(x) is known or can be
derived by integrating the probability distribution function
f(x). Then the inverse function of F(x), F}(x) can be obtained.
According, the random sampling of uniform distribution can
be done easily by computer, if u is an element generated by
uniform distribution, x=F*(u) is a sampling element of f(x).
As a result, the sampling set of f(x) can be generated from the
sampling set of uniform distribution.

In this paper, ITS is adopted to generate the set of random
numbers because the cumulative distribution function of log-
normal distribution is known. Besides, acceptance-rejection
sampling (ARS) and Markov chain-Monte Carlo sampling
(MCMCS) can also be used, however they are of lower
computational efficiency compared to ITS.

2.2.4 Lightning polarity and CFO

Given that 90% of the lightning flashes to ground are negative
while other 10% are positive, the lightning current set is
divided into two parts proportionally. For instance, the set size
created in this study is 100000, thus 90000 of them are
negative lightning flashes and 10000 are positive lightning
flashes.

The critical flashover (CFO) is defined as the voltage level
where there is 50% probability for flashover to occur, which is
determined by the distance of a specific air gap and the
environmental factors. Given the environmental condition is
wet due to rain, the equations of the CFO under different
lightning polarity are selected as follows[15],

CFOneg,wet = 605 X Dflash [kV](S)

CFOpos,wet =560 X Dfash [kV](G)
where Driash IS the gap distance when flashover happens. The
overvoltages simulated from positive and negative lightning
currents need to be compared with corresponding CFO
respectively.

2.2.5 Phase angle of the operating voltage

The phase angle of the three-phase system is assumed as a
uniformly distributed variable between 0° and 360°.
Compared with the period of operating voltage, the duration of
overvoltage is very short. When calculating the difference

between overvoltage and operating voltage, the phase angle
must be taken into consideration.

For a certain lightning current input, the occurrence of the
backflashover depends on whether the difference of the
overvoltage on the down-lead and the operating voltage
exceed CFO. It can be transferred that the occurrence of the
backflashover depends on whether the overvoltage exceed the
sum of operating voltage and CFO. As shown in Fig. 6 to be
specific, if the overvoltage is below the sum of CFO and
minimum value of operating voltage, the backflashover won’t
occur, thus the probability of the backflshover equals to 0. If
the overvoltage is below the sum of CFO and maximum value
of operating voltage, the backflashover will definitely occur,
thus the probability of the backflshover equals to 1. When the
overvoltage is between the above two conditions, the
occurrence of backflashover depends on the operating voltage
at certain phase angle, thus the probability of backflashover
can be estimated by the the relation between the operating
voltage amplitude and the phase angle, as shown in equation

™,

t
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Fig. 6 The demonstration of calculating the backflashover
probability under a certain overvoltage

For all the lightning currents input, given that the sample set
size of lightning currents is large enough, the probability of
backflashover can be estimated by the discrete statistical
method. The probability of backflashover P(lc) is equal to the
ratio of the cumulative probabilities of backflashover under
every negative and positive lightning flash, which are
calculated above among the total number of the lightning
flashes input. Thus P(l¢) can be equated as follows in equation

@),

Pl = 0.5 x 0.9xY, P(|V0—Vph|2CF0n)+0.1><ZP(|VO—Vph|2CFOp)(8)

Ntotal



where V, is overvoltage on the down-leads, Vo is the
operating voltage of the phase conductors, CFO, and CFO, are
negative critical flashover voltage and positive critical
flashover voltage respectively, and N is the total number of
the lightning flashes input. The numerical multiplicative
coefficient 0.5 represents the 50% probability for flashover to
occur based on the definition of CFO.

3. Results

3.1. Outcome of the procedure

For the case under study, the parameters of the BFOR
estimation can be specified or calculated.

The worst case of ground flash density Ng in Denmark was
during 2001-2005, which was equal to 1.39 flashes/km??,
According to the configuration of the pylon, the height of the
pylon H is 22.5 m and the horizontal distance between the
grounding wires D is 21.28 m. Therefore, the estimated
number of lightning strikes which terminate on the 100 km line
Nq is equal to 27.5 flashes/100 km-year.

The set size of lightning peak current is 1000 and the set size
of lightning wave tail time is 100, thus the total number Niota
of the input lightning flashes is 100000. According to the
simulating results, the number of negative lightning flashes
that cause backflashover is 876.43 while the number of
positive lightning flashes that cause backflashover is 1127.14
among 100000 flashes. Therefore, the cumulative probability
that the overvoltage caused by lightning current equals or
exceeds CFO, P(l¢), is equal to 0.0045.

In summary, the BFOR of this case is 0.074 flashes/100
km-year. Referred to the ‘110 (66) kV-500 kV Overhead
Transmission Line Operation Specifications’ published by
China State Grid in 2005[17], which regulated that the
criterion of the BFOR of 220 kV OHL is 0.221 flashes/100
km-year, the BFOR of this case is rather lower than the
criterion value.

3.2. Effect of stray capacitances on overvoltage

Capacitors can provide the high-pass path for high frequency
wave. Therefore, when the stray capacitances are taken into
consideration and modelled in the transient analysis for the
down-lead after lightning striking, the transient steep lightning
current would be dispersed partially. Fig. 7 (a) shows the
overvoltages on the down-lead without considering stray
capacitances, whereas Fig. 7 (b) shows the overvoltages
considering stray capacitances. It can be found that the

maximum magnitude of the overvoltage is by 24.28% lower
when modelling stray capacitances.
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Fig. 7 (a) The overvoltages on the down-lead modelled without
stray capacitances (b) The overvoltages on the down-lead
modelled with stray capacitances

3.3. Effect of lightning current parameters on
backflashover

The random values of peak value and tail time of lightning
current are sampled independently. In Fig. 8, the graph (a)
shows the probability distribution function (PDF) in histogram
of tail time of lightning current t, and the graph (b) shows the
PDF in histogram of in histogram of peak value of lightning
current I¢ . The graph (c) in Fig. 8 shows the probability of
backflashover under the lightning flashes with different peak
values and tail times. Every point on the graph (c) in Fig. 8
represent one lightning waveform shaped by one combination
of a peak current and a tail time and its colour represents the
probability of backflashover occurrence when the shield wire
is terminated by this lightning flash.

It can be seen that along with the increase of the peak value of
the lightning current or the increase of the tail time, the
probability of the backflashover increases because the
overvoltage levels rises up. The curves of the critical
probability of 0 and 1 can be plotted and shown as the long-
dash red curve and short-dash red curve in graph (c)
respectively. The relation between ¢ and t, to result in



backflashover can be fitted and described in rectangular
hyperbolic functions as follows equation (9) and (10),

_ 7229
th

I +139.6 [KA](9)

=22 45278
th

[kA](10)
When the peak current and tail time of a lightning flash can be
located beyond the short-dash curve, it can be determined that
this lightning will result in backflashover. Conversely, if the
peak current and tail time of a lightning flash can be located
below the long-dash curve, it can be determined that this
lightning will not result in backflashover. if the peak current
and tail time of a lightning flash can be located between the
two curves, the occurrence of backflashover depends on the
phase angle of operating voltage at that time.
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backflashover under the lightning flashes with different peak
values and tail times

4. Conclusion

This paper investigates the backflashover performance of a
novel fully composite pylon of 400 kV with external
grounding down-leads. The transmission system model was
established and the transient analysis was carried out in
PSCAD. Monte Carlo method was used to simulate the
randomness of lightning current waveform in the nature in
order to estimate the backflashover rate. The following
conclusions can be drawn:

e After Monte Carlo procedure, the BFOR of this case is
estimated to 0.074 flashes/100 km-year, which is rather
lower than the criterion in industrial standards.

e The stray capacitances were considered and calculated in
the study, which will decrease the maximum magnitude of
overvoltage when lightning striking compared with the
case ignoring stray capacitances. Thus the modelling of

stray capacitances is recommended and necessary to
accord with practical conditions.

e The relationship of both peak current and tail time to the
probability of backflashover occurrence is summarized and
described in equations. The threshold of the lightning
waveform to result in backflashover is fitted which can be
referred in the following research on lightning protection
performance.
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Abstract— Design of a 400 kV fully composite pylon with
external down-leads to bring grounding potential to earth wires
has been proposed to meet the requirements of saving lines
corridors and reducing visual impact. The backflashover
performance of the pylon is investigated by EMT and the Monte
Carlo method is employed on lightning current waveform
parameters and soil resistivity. The backflashover rates of the
pylon are estimated for different soil conditions and ground
flash density in a broad variation. A case study in Denmark is
exampled and compared with the backflashover rate of a
conventional transmission tower. Because of the non-linearity of
the relationship between backflashover probability and the
value of soil resistivity, selecting constant soil resistivity for
transmission tower footing model in high-resistivity region may
overestimate the BFR.

Index Terms-- backflashover rate, fully composite pylon, soil
resistivity, Monte Carlo method, EMT

. INTRODUCTION

Modernization of overhead transmission lines has met
huge challenges, because the capacity demand for
transmission lines keeps growing increasingly and the public
opposes the erection of traditional lattice towers, which
impacts visual environment. A scheme of a fully insulating
pylon has been developed for next-generation transmission
towers, which has the prominent features of compact
structure and aesthetic appearance[1]. The fully insulating
pylon looks in a “Y’-shape appearance, demonstrated in Fig.
1. Both of the cross-arms and the pylon shaft are
manufactured with composite materials. Phase conductors are
clamped on the top of the cross-arms and the angle between
two cross-arms is of 120°. Each of earth wires is fixed at the
tip of each cross-arm. When lightning flashes strike on the
pylon or earth wires, the pylon itself can no longer serve as
the access for lightning current to ground. As one option of
grounding approaches to conducting the lightning current,
two bare conducting wires are planned to install from the

earth wires along the pylon shaft to ground externally, which
are denoted in red in the following Fig. 1.
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|

Fig. 1. Sketch of the 400 kV fully composite pylon with external
grounding down-leads

As one of the significant indices to assess the lightning
protection performance of overhead lines (OHLS),
backflashover rate (BFR) is a statistical result correlating the
electrical stress of lightning and the electrical strength of
insulation, both having a probabilistic nature. Some simplified
mathematical methods were recommended by CIGRE and
IEEE, respectively, based on observational and experimental
data[2, 3]. Both methods intend to calculate the lightning
withstand level, then estimate BFR based on the probability
that lightning current exceeds the level. In [4], the probability
distributions of both lightning crest current and front time are
taken into consideration, along with their correlation
coefficient. In order to simulate the statistical uncertainties of
lightning events, Monte Carlo method (MCM) is generally
used to solve such problem and it has an excellent consistence
to observation data[5]. A standard MCM for lightning



performance evaluation of transmission lines needs a large
amount of lightning events, which are characterized by
different lightning current waveshape parameters and different
lightning stroke locations[6]. For evaluation of backflashover
rate, lightning stroke location is generally omitted, while
lightning current crest and lightning front time are selected as
key parameters for MCM, which are implemented in EMT
software[7, 8]. Besides the lightning parameters, tower footing
resistance also affects backflashover performance of the
towers significantly. However, at present, MCM is only
applied on the pre-ionization footing resistance of the tower[9,
10]. It has been ignored that the pre-ionization footing
resistance of the tower is closely related to soil resistivity,
which also varies in a wide range from tower to tower
randomly.

The concept of fully composite pylon makes a step
forward for next-generation transmission towers to integrate
economy, reliability and aesthetics together. A general
evaluation on backflashover performance is necessary to be
proposed considering broad variation of environmental
factors, such as lightning waveform and soil resistivity. In
particular, for the regions with high soil resistivity that has
large dispersion, selecting a constant soil resistivity value for
footing model might introduce error into backflashover
evaluation from reality. This paper applies MCM on both
lightning current parameters and soil resistivity, especially
high soil resistivity with large dispersion on backflashover
performance evaluation. The paper is organized as follows.
Section 1l to Il describe the simulating models of the
transmission system within composite pylons for lightning
transient analysis and put forward a procedure to estimate
BFR based on MCM for both lightning current parameters and
soil resistivity. The results of backflashover performance with
varying lightning parameters and soil conditions are presented
and compared with constant soil resistivity, and the integrated
lightning protection performance is analyzed and compared
with a traditional metallic tower in Section IV. Section V
discusses the deviation of the BF probability by applying
MCM on soil resistivity and constant soil resistivity.

1. MODELLING

A. General Simulating Models

The Fig. 2 demonstrates a schematic of the transmission
lines model. The pylon struck by lightning is placed in the
middle. Only other six adjacent pylon models are established
considering the pylons in longer distance do not have obvious
influence on the overvoltage at the struck pylon. The span is
250 m.

ohage Source

- Shield Wires
P/ Phase Conductors

Tower
B

Fig. 2 The demonstration of OHL lines model

A direct lightning that strikes at one of the earth wires
connected to the grounding down-lead is modelled. CIGRE
model is adopted as lightning impulse source. The grounding
down-leads are modelled by a combination of several
segments  characterized by surge impedance. The
backflashover is modelled based on leader progression
method, describing the insulation surface flashover based on
the physical process of the discharge development in the air.
The modelling details of the above components during the
simulation can be referred in [11].

B. Current-dependent Pylon Footing Impedance Model

The influence of the pylon footing surge impedance on the
transient overvoltage at the top of down-leads is related to the
magnitude and frequency of injecting lightning current. For
large-scale metallic lattice tower, a grounding grid is
commonly used because of the large-size tower base, and it
mostly exhibits frequency-dependence. A composite pylon
with a relatively small-size pylon base and a concentrated
grounding system is desirable, and it mostly exhibits current
dependence.  Therefore, current-dependent model s
established and the footing resistance can be calculated as a
function of injecting current in equation (1)[12],

RO
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where Ry is low-current footing resistance, Ir is the lightning
current injecting into ground and lg is the critical current to
ionize the surrounding soil described by equation (2),
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where Ey is the electric field gradient for soil ionization and p
is the soil resistivity. The relationship of them can be
described in the equation (3),

E, =241 p**® 3)
The footing device is set as an electrode buried vertically.

Ro of a single vertical electrode is also related to p and the
dimension, in equation (4),

0 4L
R,=—In—-1

0 ZIZ'L( r j )
where the length L and the radius r of the electrode are 3 m
and 15 mm respectively. Equation (4) can be simplified into
equation (5),

R,=0.3p (5)

The soil types are ranked into three levels: low-resistivity
soil (fills-ashes, cinders, brine wastes), median-resistivity soil
(clay, shale, gumbo, loam) and high-resistivity soil (gravel,
sand, stones, with little clay and loam). Reference [13]
provides the soil resistivities of different soil types with their
average, minimum and maximum values. The distribution of
soil resistivity follows log normal distribution, approximately.
The average is regarded as W, the median of log normal
distribution and the minimum and maximum are regarded as
u+3o, the confidential interval of 99.7%. As a result, o, the
deviation of distribution can be obtained. The probability



distributions of the three types of soil are shown in Fig. 3 and
the statistics parameters are shown in Table I.
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Fig. 3. The probability distribution of different soil classifications

TABLE | THE STATISTICS PARAMETERS OF DIFFERENT SOIL
CLASSIFICATIONS

Soil classification Soil resistivity [Qm]

Min. Ave., p Max. Dev., o
Low resistivity 5.9 23.7 70 0.41
Median resistivity 10.2 158 1350 0.81
High resistivity 590 940 4580 0.34

1l. BFR ESTIMATION PROCEDURE

A. Pre-processing step

In the pre-processing step, a large amount of soil resistivity
and lightning currents were generated to simulate the broad
variation of natural soil condition and lightning flashes. A
pool of lightning waveforms and a pool of soil resistivity were
generated randomly based on inverse transform sampling
respectively[14].

The random sampling of lightning currents is of two
correlated parameters, front time t; and current crest I.. A pool
of tr were generated at first. The distribution of I. is correlated
to t. After generating the front time pool, the median of log-
normal distribution of I; can be calculated by each value of t;
in the pool by equation (6)[2],

M, =19.5-t,°% (6)

Then, corresponding to every t;, there produces one
median of I¢ following log-normal distribution. Given that the
deviation of I;, a pool of lightning current crests can be
generated also based on inverse transform sampling.

The sizes of front time pool and current crest pool are both
100, thus, the size of lightning current waveform pool Nigtal iS
10000. The size of soil resistivity pool of every soil type Motal
is 100. The adequacy of the sample size is proved as follows.

According to the Central Limit Theorem, the confidence
interval can be calculated as follows,

« S « S
Cl=(X-Z x—=,X+2 x—=) (7
Jn Jn
where x is the sample mean and z* is the statistic associated
with a certain confidence interval. In case of a 90% confidence

interval, z* equals to 1.64, approximately. s is the sample
standard deviation and n is the sample size. Thus, estimation
precision level can be described in following equation (8),

« S
=7 X—=
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The estimation precision levels of front time and lightning

current crest are 0.0907 and 0.1095, and take 2.37% and

0.33% of the medians. The estimation precision levels of three

soil resistivity are 0.0413, 0.0814 and 0.0342, and take 0.17%,

0.05% and 0.03%o of the medians. At a 90% confidence

interval, the sample size with a precision level lower than 5%
is enough to provide reliable results using MCM.

B. Numerical simulation step

The major task in this step is to obtain the lightning
overvoltage between down-leads and nearest phase conductors
on the pylon struck by lightning and calculate backflashover
(BF) probability. The transmission system has already been
established in PSCAD. The lightning current waveform pool
and three-type soil resistivity pools obtained in last step were
input in as lightning impulse current source and pylon
grounding condition respectively.

The AC voltage on phase conductors is considered when
estimating the BF probability for each lightning current and
soil resistivity. When determining backflashover, the voltage
function u(t) in leader progression method equals to the
voltage difference between the AC voltage V on phase
conductors and the overvoltages on the down-leads. The
duration of lightning transients is extremely instant compared
with AC period, thus the change of AC voltage can be
neglected and AC voltage can be treated as a constant. A
critical AC voltage Vi is defined first. u(t) higher than V; can
definitely cause flashover, while u(t) lower than V; cannot
cause flashover. As a result, the BF probability can be
calculated as the probability that the AC voltage is higher than
Viinone AC period.

C. Post-processing step

All the results of BF probability from last step are
processed in this step. The BF probability of each lightning
current P(l) is calculated first by processing the results of BF
probability under all conditions of soil resistivity P(p). Then,
BFR is evaluated by processing the results of BF probability
of all lightning waveforms.

The BF probability of every lightning current can be
expressed in equation (9),

> P(p)
P(l)==— 9)
Mtotal
where P(l) is the BF probability of one lightning current, ZP(p)
is the sum of the BF probability under all soil resistivity of one

certain soil type and M is the total number of input soil
resistivity. Then, the final BFR can be expressed in equation

(10)(2],

BFR:O.6-Nd-zP(I)

total

(10)



where XP(1) is the sum of BF probability of each lightning
waveform. Nqy is the statistical amount of lightning flashes
striking on a 100-km OHL per year. ZP(1)/Niotar is termed as
BF probability, Potal.

Ng depends on the lightning density and tower
configuration in equation (11),
N, =N, -(D+28H°)-10" (11)

where Ny is the ground flash density, terming the amount of
flashes that strike on per-square-kilometer ground every year.
D is the horizontal width of earth wires and H is the height
from pylon bottom to earth wire. The overvoltages caused by
lightning flashes terminating within the span is smaller than
the overvoltages caused by those terminating at the pylon head.
Thus, the numerical multiplicative coefficient 0.6 takes it into
consideration that the BFR should be reduced to 60%
approximately if lightning flashes terminate at mid-span[2].

In order to assess Ng, different regions proposed different
gradings based on local meteorological conditions[15, 16].
Referred to those standards, a classification to assess Ny is set
so that the backflashover performance can be evaluated under
different lightning conditions, as shown in Table II.

TABLE Il THE CLASSIFICATION OF LIGHTNING DENSITY

. . . Ground flash density range
Lightning density level [case/km?-year]
Low lightning density Ng<2
Median lightning density 2<Ng<4
High lightning density 4<Ng<6
Extra high lightning density Ny > 6

V. RESULTS

A. Comparison of backflashover probability of the
composite pylon with constant soil resistivity footing
model and MCM on soil resistivity footing model

The sampling of soil resistivity for MCM follows the log
normal distribution, which is defined by median and deviation.
Therefore, the BF probability of composite pylon is evaluated
with the pylon footing model of constant soil resistivity and
the pylon footing model of soil resistivity dealt by MCM. The
results are shown and compared in following Fig. 4.
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The relationship of BF probability and constant soil
resistivity is shown as the black dot-line. The red dots
represent three specific values of BF probability at the soil
resistivities that equal to the medians of soil resistivity
distribution of different types, as listed in Table Il. The blue
lines show the levels of BF probability when MCM is applied
on soil resistivity distribution of different types. It can be
found that when soil resistivity is lower than around 500 Qm,
BF probability is approximately linear to the log of soil
resistivity. When soil resistivity is higher than 500 Qm, BF
probability is not closely sensitive to the change of soil
resistivity. For low-resistivity soil and medium-resistivity soil,
the MCM BF probability is close to the BF probability of the
median soil resistivity. However, for high-resistivity soil, the
MCM BF probability has a larger deviation, around 10%
smaller than the BF probability of the median soil resistivity.

B. Results of lightning protection performance of the 400 kV
composite pylon compared with metallic towers

After obtaining BF probability, BFR can be calculated
considering ground flash density and pylon geometry as
formulated in equation (10) and (11). The BFRs of the
composite pylon under different ground flash density and soil
conditions are calculated and presented in Table Ill. To be
noted, BFR is linear to Ng.

TABLE 11l THE BFRS OF THE 400 KV COMPOSITE PYLON UNDER DIFFERENT
GROUND FLASH DENSITY AND SoIL CONDITIONS

BFR [ case/100 km-year ]

Soil type Low Ny Median Ny High N, Extra high Ny
Low-p soil 0~03 03~05 05~08 08~
Median-p soil ~ 0~0.7 07~14 14~23 23~
High-p soil 0~10 1.0~23 23~33 33~

Considering the future on-site test will be carried out in
Denmark, a case study is carried out based on Danish
meteorological and geological conditions. The worst case of
ground flash density Ny in Denmark was selected, which was
equal to 1.39 cases/km? during 2001-2005. Most soil in
Denmark is clay or sandy clay, which is classified as median-
resistivity soil[17]. Thus, the BF probability resulted by the
lightning flashes terminating on earth wires is equal to 0.024.
The BFR is evaluated as 0.4 cases/100 km-year.

The 400 kV Donau tower which has been widely installed
in Denmark is referred for comparison[18]. The Donau tower
model was established based on the multi-conductor lossless
line model. Lightning current pool, tower footing impedance
pool and other external factors were the same as those in the
simulating model of the composite pylon. The different factors
influencing backflashover performance of composite pylon
and Donau tower are summarized in Table IV. Looking into
the composite pylon, its compact configuration makes it
attract fewer lightning flashes. The larger surge impedance of
down-leads will cause larger overvoltage. The air clearance
between down-leads and phase conductors is shorter than the
length of suspension insulators on Donau tower. When the
same overvoltage level rises up on the composite pylon as on
Donau tower, flashover has higher probability to occur. In
total, the estimated BFR of composite pylon is only a bit
higher than that of Donau tower, which equal to 0.3 cases/100



km-year, but composite pylon has other advantages of saving
corridors, reducing cost and improving visual impact.

TABLE IV THE COMPARISON OF FACTORS INFLUENCING BACKFLASHOVER
RESULTS BETWEEN COMPOSITE PYLON AND DONAU TOWER

Tower type Composite pylon Donau Tower
Tower height H[ m] 225 41.62
Earth wire distance D [ m ] 21.28 20.74
Air clearance L [ m] 2.8 3.2
BF probability P(Ic) 0.024 0.018
BFR [ cases/100 km-yr ] 0.4 0.3

V. DiscussioN oON MCM APPLIED ON SOIL RESISTIVITY
IN BFR EVALUATION FOR COMPOSITE PYLONS

The deviation between MCM result and constant median
result is due to the non-linearity of the relationship between
backflashover probability and the log of soil resistivity. MCM
is prior to solve such non-linear problem.

For low-resistivity soil and medium-resistivity soil, the
values of soil resistivity in sample are lower than 500 Qm, BF
probability is approximately linear to the log of soil resistivity.
Because soil resistivity yields to log-normal distribution, the
linearity between BF probability and the log of soil resistivity
results in the small deviation between the MCM BF
probability and the BF probability of the median soil
resistivity. However, for high-resistivity soil, most values of
which are larger than around 500 Qm, the relationship of BF
probability is not linear to the log of soil resistivity and it
presents an increasing and concave trend. Thus, it can be
inferred that the MCM BF probability is much lower than the
BF probability of the median soil resistivity.

The turning point of the linearity between BF probability
and the log of soil resistivity is related to the insulation level
of the transmission pylon. If the insulation level is higher, the
slope of the BF probability-to-log of soil resistivity
relationship will be smaller, which means the turning point
will locate at higher soil resistivity and vice versa.

In summary, if current-dependence footing model with
constant soil resistivity is adopted in backflashover study for a
transmission tower installed in high resistivity region, the BFR
is probably overestimated because of the non-linearity
between BF probability and the log of soil resistivity, and the
dispersion of soil resistivity.

VI. CONCLUSIONS

This paper proposed a general evaluation on the
backflashover performance of a novel fully composite pylon
considering broad variation of environmental factors. To deal
with the broad variation, Monte Carlo method is employed on
both lightning current parameters and soil resistivity. The
sample size for MCM is examined also.

Firstly, the non-linearity of the relationship between
backflashover probability and the log of soil resistivity is
concluded. A turning point of soil resistivity exists. Before the
point, BF probability is approximately linear to the log of soil

resistivity, while after the point BF probability is not closely
sensitive to the change of soil resistivity.

Then, there is a large deviation between the MCM BF
probability and the BF probability of the constant median soil
resistivity for high resistivity soil, but similar results for low
and medium resistivity soils. Thus, if current-dependent
footing model with constant soil resistivity is adopted in
backflashover study for a transmission tower installed in high
resistivity region, the BFR is probably overestimated.
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Abstract— Design of a novel 400 kV fully composite pylon
utilizes external down-leads to bring grounding potential to
earth wires. In lightning transient studies, the corona effect on
the thin-wire down-leads should not be neglected. A simplified
dynamic surge impedance model for thin-wire vertical
conductors considering voltage-dependent surge corona is
proposed. The model describes the relationship between corona
development and the surge overvoltage, it focuses on the macro
effect of corona on the surge response of conductors, and it
ignores the micro plasma dynamics inside the corona. Higher
applied lightning current peaks will cause a longer corona
radius and cause more reduction in overvoltage. If the front
time of applied lightning impulse current increases, the
maximum corona radius increases first and then decreases,
because the corona development is dominated by expansion
velocity and critical streamer-tip electric field in succession. The
dynamic surge impedance model shows a reduction of the
overvoltage at the top of the conductor by 40% approximately
compared with a constant surge impedance model without
considering corona, which shows it is necessary to consider the
corona effect in the lightning transients research of thin-wire
grounding devices.

Index Terms—corona effect, fully composite pylon, lightning
overvoltage, EMT, COMSOL

. INTRODUCTION

The increasing power demand requires the construction of
additional power plants and transmission lines. In the past
decades, many concepts of composite pylons have emerged to
meet the requirements of more efficient, durable, and compact
transmission towers[1]. If the pylon is fully made of
composite materials, it raises a challenge that a method is
needed to bring the ground potential to shield wires when
lightning strikes. A direct method is installing grounding
down-leads to conduct lightning current to the ground.

When a lightning flash strikes at the shield wires of the
overhead lines, the lightning current passing through both

metallic towers and the down-leads of the composite tower
will cause corona discharge at the edges of conductive paths.
In lightning electromagnetic transient studies, the tower is
represented by means of one or several surge impedance
sections that are assembled taking into account the tower
structure[2]. The tower models neglect surge corona because
of the relatively small corona radius compared with tower size.
However, the grounding down-leads anticipated to install on
composite pylons are very thin, with a cross-section radius of
several centimeters, which is comparable to the corona
developing radius during a lightning surge. Corona discharge
around the down-leads decreases the surge impedance of the
down-leads, distorts the wavefronts of overvoltage, and
enhances the coupling effect between down-leads and phase
conductors. Thus, the impact of surge corona on the transient
performance of the grounding down-leads cannot be neglected.

The surge corona modeling for overhead lines has been
studied for several decades. There are two main ways to
model corona. One is to obtain a g-v curve by experiments
first and then, reproduce the specific g-v curve by constructing
linear, piecewise linear, or nonlinear circuits[3, 4]. However, it
is practical for simulation to reproduce the g-v curve without
field tests. Therefore, the other way is to attempt to reproduce
the g-v curve from the geometrical configuration of the
conductor and physical process. Some finite element method
(FEM) simulating tools are used, but the modeling of plasma
dynamics inside the corona makes the calculation quite time-
consuming[5]. Recent research has simplified the corona
dynamics then corona can be modeled by the finite-difference
time-domain (FDTD) method in the simulation of large-scale
transmission lines[6-8]. Another model considering the
physical process of the corona is the corona shell model,
which points out that space charges generated by the corona
form a shell around the conductor[9]. This concept simplifies
the modeling of corona around the thin-wire conductors
considerably. The corona shell model was initially proposed
for the calculation of steady-state corona and recently, it was
applied to surge corona [10, 11]. There is little modeling



research to be referred for the surge corona on grounding
down-leads in the lightning study of composite pylons. The
main difference lies in the vertical position in space of down-
leads whereas overhead lines are horizontal. The corona
modeling of trigger-wire of lightning triggering rockets can be
referred to because the trigger-wires and down-leads can be
regarded as vertical cylinders and the presence of corona is
regarded as the increasing radius of the cylinders[12, 13].

This paper proposed a simplified dynamic surge
impedance model for thin-wire vertical conductors
considering voltage-dependent surge corona. The model
describes the relationship between dynamic corona
development and surge overvoltage and focuses on the macro
effect of corona on the surge response of conductors. The
micro plasma dynamics inside corona are neglected, such as
particle  conservation with  recombination,  streamer
development, and ionization. The corona effect is transferred
into the circuit model, which is convenient to be implemented
into EMT software. The corona developing processes under
different lightning current waveforms are simulated and the
overvoltage produced by the models with and without corona
is compared. Only negative polarity lightning cases are
studied in this paper.

1.  MODELING

A. Lightning Current Source Model

CIGRE lightning current model is used because of its
consistency with the waveshape of lightning flashes in nature.
Four variables are used in analytical expressions to shape the
lightning current waveshape of the first stroke of the
downward flash, as recommended by CIGRE[14], namely
lightning current peak amplitude I, maximum steepness Sm,
front time (from 30% to 90%) of, and tail time ty.

In this paper, Ic and t; are treated as the variables to shape
the lightning current waveform. ty is set as constant as 75 ps
because corona development is irrelevant to the wave tail of
overvoltage. Sy is set as per the unit value determined by I
and tr and its base value is equal to the quotient of I and t:.
Lightning channel impedance is set as 400 € [14].

B. Down-lead Model with Voltage-dependent Corona

The surge impedance of the vertical cylindrical conductor
has been evaluated for decades and Sargent’s model is
adopted. The corona sheath is regarded as the increasing
radius of the conductor. Thus, the surge impedance of the thin-
wire conductor is described by the sum of conductor radius
and corona radius, as described in equation (1) [15],

2h
r+r,

Z =60(In(~/2

)-1) (1)

where h is the height of the conductor, r is the cross-section
radius of the conductor, and re is the radius of the corona
sheath, which is voltage-dependent as described in the next
chapter.

C. Other modeling assumptions

Because the height of the down-lead is 20 m, the traveling
time for lightning current from the top of the down-lead to the

ground is around 0.06 ps, which is very short in a lightning
transient. The overvoltage is supposed to be the same along
the conductor in the vertical direction at the same time. The
expansion of the corona surrounding the conductor in the
vertical direction is also supposed as uniform. Therefore, the
down-lead with corona sheath is modeled as a cylindrical
conductor with a time-variant voltage-dependent radius.

Some parameters are calculated by COMSOL, and the
model in COMSOL is shown in Fig. 1 with the dimension of
every part. The down-lead is in the configuration of a vertical
cylindrical conductor with a height of 20 m from the ground
flat and a cross-section radius of 0.01 m. A 5-meter part of the
conductor is buried in soil and the ideal grounding layer is set
as a hemisphere with a radius of 10 m. Corona is modeled in a
cylindrical shell surrounding the conductor.

In order to illustrate the sole impact of variable surge
impedance of down-lead on overvoltage, the footing
impedance of the down-lead is set as constant as 10 Q.
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Fig. 1 A sketch of the geometry model established in COMSOL for parameter
evaluation and its dimension

I1l.  DESCRIPTION OF CORONA EXPANSION

Corona is the partial breakdown of the air in the vicinity of
a conductor applied to high electric stress. The physical
properties of surge corona in the air are introduced at first.

One of the necessary conditions for corona to onset is that
the electric field around the stressed conductor exceeds a
critical threshold, namely corona inception electric field Ec
[16]. Correspondingly, the overvoltage causing E. is termed
as corona inception overvoltage Vcr.

The other condition is the free electrons in a high electric
field area to induce a self-sustained electron avalanche. The
occurrence of a specific electron and ionization to create space
charge takes a certain time, namely statistical time lag, ts [5].

The expansion of the corona sheath is governed by the
guiding electric field Eg, which is the sum of the electric field
created by conductor potential and the electric field created by



space charges in the corona. The expansion velocity equals the
streamer velocity ver.

The corona effect only occurs when the applied voltage is
increasing. Thus, the corona only expands and develops
during wave front of impulse overvoltage instead of wave tail.
A critical electric field at the streamer-tip of the corona sheath
Es is necessary for streamer propagation, which determines the
maximum expansion radius of the corona sheath.

In summary, once the impulse overvoltage on the
conductor rises and exceeds Ve, the corona will onset after a
delay of t;. Then, corona expands at the velocity of v, and the
electric field at the streamer’s tip is limited by Ep until the
overvoltage starts decreasing.

A. Corona Inception Electric Field

The corona inception electric field Eg (KV/mm) of
cylindrical conductors was investigated experimentally by
Peek[16]. Afterward, some more practical equations to
evaluate E¢r were produced based on Peek’s law. The equation
by Hartmann is adopted[17],

0.1269

0.4346
r

E, = m~2.594-(1+ ) [kV/mm](2)
where m is the roughness coefficient of the conductor surface
and equals 0.5, and r is the conductor radius in mm.

As a result, the corona inception electric field E¢ is
calculated as 3 kV/mm. This value is imported into the
electric field evaluation of the wvertical conductor in
COMSOL to calculate critical voltage V. According to the
software results, V¢ at the bottom of the conductor equals
430 kV, while V¢ at the top of the conductor equals 240 kV.
Out of simplification, Vcris unified as 350 kV.

B. Statistical Time Lag

Statistic time lag ts is generally not related to the electric
field and other electrostatic parameters but is related to air
pressure, temperature, and other air conditions. Thus, it is
directly referred to the experimental results of other scholars.
In [5], ts varies from 0.4 ps to 0.7 pus. In [18], ts varies from
0.45 ps to 0.88 ps. In this paper, ts is considered as 0.6 ps.

C. Corona Expansion and Shrinking Velocity

After the electric field on the surface of the conductor
exceeds Egr, the corona effect onsets. The expansion velocity
of corona concluded in [5] ranges from 0.3 m/us to 2 m/us
under the voltage ranging from 300 kV to 500 kV. Besides,
[19] reported the radial speed of negative corona streamer
from conductor surface in coaxial cylindrical electric field
equals to around 0.1 m/us, while [20] also reported 0.1 m/us
as the speed for positive corona streamers. The highest speed
in the literature is 4.4 m/us [21]. Corona expansion velocity ver
is generally related to the electric field, but out of
simplification and referring to relevant simulating research
using FDTD, v, is estimated as a constant of 1 m/us[8, 22, 23].

When the overvoltage reaches its crest, it decreases, and
the corona will shrink until extinct. It is assumed that the
corona shrinking velocity is equal to the expansion velocity.

D. Streamer-tip Electric Field

A critical electric field at the streamer’s tip limits the
expansion of the corona, which determines the maximum
extent of the radially expanding corona region. The critical
streamer-tip electric fields at positive and negative polarity are
as follows[24]. Only negative polarity is studied in this paper.

E, =05 [kV/mm](3)

E,, =15 [kV/mm](4)

The corona sheath is assumed as an ideal conductor with a
conductivity of 40 pS/m[8]. The electric field is produced both
by conductor potential and the space charge in the corona. The

space charge density distribution related to electric field is
described by equation (5),

E(r)= Q + Q
2re,r  2me,(2h—r)
where E(r) is the radial electric field, Q is the space charge per
meter, h is the height from ground flat to the top of vertical
conductor, and r is the radial distance from the center. For
h>>r, equation (5) can be simplified into equation (6), then the
space charge density distribution can be expressed by equation

(),

[V/m](5)

() =5 o V/ml(e)
Pl =2 = S5 [CIm?)(7)

Then equation (7) is given to the domain of the corona,
together with the electric potential on the conductor to
calculate the total electric field at the surface of the corona.
For every maximum corona radius, the applied voltage on the
conductor that causes the electric field at the surface of the
corona equal to Ey is calculated. The relationship of corona
radius and the applied voltage is fitted in curves as shown in
Fig. 2. As can be seen, maximum corona radius is related to
overvoltage, thus is indirectly related to time, marked as rmax(t).
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Fig. 2 Maximum corona radius limited by critical streamer-tip electric field
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E. Corona Radius

Based on the above analysis and assumptions, a time-
variant voltage-dependent surge impedance model is proposed



to describe the expansion of corona during a lightning
transient. When overvoltage on the down-lead exceeds Ve,
corona onsets. During expansion, re(t) is restricted by both the
expansion velocity v and the maximum expansion radius
rmax(t). When overvoltage reaches its crest and starts
decreasing, corona starts shrinking at the shrinking velocity,
which is numerically equal to expansion velocity ver, until
corona extinguishes. Thus, it can be described as equation (8),
where tp is the time when re(to) equals 0.

I (t) = min{Vcr '(t_ts _tcr)1 Mhax (t)}, O<t< tf
¢ rCr(tf)_Vcr.(t_tf)l tf <t<t0

IV. RESULTS

[m](8)

A. Influence of Corona Developing on Surge Impedance
and Overvoltage

The overvoltage, surge impedance, and corona radius
influence each other in every time step. The surge impedance
is in negative correlation with corona radius, and overvoltage
is impacted by surge impedance. Then overvoltage induces the
development of corona radius. When overvoltage meets the
maximum, surge impedance is the lowest, and corona radius is
the largest, then corona starts shrinking.

1,=80KA, t=2u5

Constant Impedance Madel without Carona
Dynamic Impedance Model with Corona

0 05 1 15 2 25 3 35 4
Duriatien (;5)

Fig. 3 Relationship among overvoltage at the top of conductor, surge
impedance, and corona radius during one lightning impulse case

Fig. 3 shows an example of the mutual influence among
overvoltage, surge impedance, and corona radius. The
lightning current is of 80 kA/2 ps. When overvoltage exceeds
Vu, after a delay of t, corona starts developing at the velocity
of ver. When the electric field of the streamer’s tip reaches Epn,
the electric field keeps constant and limits the corona radius to
change with the curve in Fig. 2. When overvoltage meets crest
and starts decreasing, surge impedance is the lowest, and
corona radius is the largest, then corona starts shrinking.

B. Corona Development with Different Lightning Current
Peaks

Fig. 4 shows the corona radius developing processes under
the lightning currents of the same front time (2 ps) and

different peaks, from 50 kA to 200 kA at the increment of
10 kA. As a result, the maximum radius that the corona can
reach ranges from 0.14 m to 0.79 m. Because the front times
of the lightning current keep the same, the corona radius also
reaches the maximum at the same time. Looking through into
the corona initial stage, the higher lightning current peak will
exceed V¢, earlier, so the corona onsets at an earlier time.
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Fig. 4 Corona radius developing processes under different lightning current
peaks from 50 kA to 200 kA at an increment of 10 kA

C. Corona Development with Different Lightning Current
Front Times
Fig. 5 (a) shows the corona radius developing processes

under the lightning currents of the same peak amplitude (80
kA) and different front times, from 0.5 ps to 4 ps.
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Fig. 5 (a) Corona radius developing processes under different lightning current
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Firstly, if the front time is even shorter than 0.5 ps, there is
not adequate time for corona to onset and develop because t; is
0.6 ps. Then the corona developing processes can be classified
into two cases. The first case is shown in Fig. 5 (b). The front
time increases from 0.5 ps to 0.9 ps, and the maximum corona
radius increases from 0.10 m to 0.47 m. In this case, the front
time is short, thus, the overvoltage, as well as the electric field,
can reach quite high magnitudes, but the electric field at the



streamer-tip is always lower than Ep,. Therefore, the corona
radius only depends on v, and a longer front time leads to
developing a longer corona radius. The other case is shown in
Fig. 5 (c). The front time increases from 1 ps to 4 ps, and the
maximum corona radius decreases from 0.43 m to 0.16 m.
Along with the increasing front time, the corona developing
process is limited by Ewn gradually. Therefore, longer front
time causes a shorter maximum corona radius.

D. Influence on Overvoltage Crest by Considering corona
on the Down-leads.

The surge impedance of the model considering corona is
dynamic to the overvoltage. A constant surge impedance
model based on equation (1) without considering corona is
established for comparison.
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Fig. 6 Overvoltage crests of surge impedance models with and without corona
under lightning current of different peaks and the difference in overvoltage
crests between the two models
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Fig. 7 OVervoItage crests of surge impedance models with and without corona
under lightning current of different front times and the differences in
overvoltage crests between the two models

Fig. 6 shows the overvoltage crests of the two models
under the lightning current of the same front time (2 ps) and
different peaks and their differences. Along with the
increasing lightning current peak, the overvoltage of the
model with corona is always smaller than the overvoltage of
the model without corona and the difference between the
overvoltage crests increases from 29.04 % to 44.86 %. It
results from the decreasing surge impedance, which is due to
the increasing corona radius. Fig. 7 shows the overvoltage
crests of the two models under the lightning current of the
same peak amplitude (80 kA) and different front times and
their differences. Along with the increasing lightning current
front times, the overvoltage of the model with corona is
always lower than the overvoltage of the model without
corona. However, the difference of the overvoltage crests

increases from 10.83 % to 44.71 % first and then decreases to
23.69 %. The trend of the overvoltage difference is consistent
with the trend of changing surge impedance, which is
consistent with the trend of corona radius.

V. DISCUSSION ON SENSITIVITY AND ERROR CAUSED BY
THE SIMPLIFICATION OF MODELLING PARAMETERS

In the modeling of corona dynamics, three parameters are
valued as constant out of simplifications, namely corona
inceptive voltage V., statistic time lag t;, and corona
expansion and shrinking velocity ver, which possibly lead to
errors in the simulating results and need examination. Subject
to the page limit, only the impact of v is discussed here. The
value of v reviewed in previous literature is from 0.1 m/us to
4.4 m/ ps. Thus, the value of ve is within this range.
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Fig. 9 Corona radius developing processes (a) and overvoltage (b) caused by
the new model at different v, under lightning with a front time of 2 ps

From the results in the last section, corona expansion
velocity v influences the development of surge corona
dominantly when lightning front time is short. Thus two
lightning currents with a front time of 0.8 ps and 2 ps are
selected as examples and the lightning current peak amplitude
is the same, 80 kA. The corona radius developing processes
and overvoltage in the two cases are shown in Fig. 8 and Fig.
9 respectively. When lightning current is of short front time,
larger v¢r makes corona reach a longer extent. As a result, the
peak of overvoltage is reduced by the decreasing surge
impedance. However, when lightning current is of longer front
time, the major factor to impact corona development is critical
streamer’s tip electric field Epn. Even though v determines the
time of corona sheath from the largest extent to extinct, the
largest extent that corona can reach is limited by Epn. As a
result, ver hardly impacts the overvoltage level.

Even though under the slow front lightning flashes the
value of ver has a limited impact on the overvoltage level, its
impact on the results caused by fast front lightning flashes
cannot be ignored. Corona expansion velocity is generally
related to electric field, but there is no concise, precise, and
well-acknowledged analytical equation to describe the
relationship in large-scale corona phenomenon. In [19-21, 25],



the average velocity is experimentally calculated, and the
results vary in a quite wide range. Thus, valuing corona
expansion velocity deserves further studies and discussion.
Although the velocity of corona expansion and shrinking
should be different because of their different mechanisms in
the physical process, the shrinking velocity does not influence
the extent of corona development.

VI. CONCLUSIONS
This paper proposed a simplified dynamic surge
impedance model for thin-wire vertical conductors

considering voltage-dependent surge corona and emphasized
the importance of modeling surge corona effect in the research

on the lightning transient performance of thin-wire conductors.

The corona development is simulated as the increasing radius
of the wvertical cylindrical conductor. Thus, the surge
impedance of the conductor with corona can change with the
corona radius depending on lightning overvoltage. The
following conclusions are drawn.

Surge corona developing processes and overvoltage under
different lightning current waveforms are simulated and
summarized. Higher applied lightning current peaks will cause
a longer corona radius and cause more reduction in
overvoltage. If the front time of applied lightning impulse
current increases, the maximum corona radius will increase
first and decrease because the corona development is
dominated by expansion velocity and critical streamer-tip
electric field in succession.

The overvoltage caused by the dynamic surge impedance
model and constant surge impedance model without corona is
compared. The dynamic surge impedance model reduces the
overvoltage at the top of a conductor by 40% approximately.
Therefore, it is necessary to consider the corona effect in the
research on the lightning transient performance of thin-wire
grounding devices.

The simplified value of corona expansion and shrinking
velocity is discussed and examined. Different value of corona
velocity has little impact on the overvoltage caused by slow
front lightning flashes but has a large impact on the
overvoltage caused by fast front lightning flashes. Therefore,
the value of corona expansion velocity needs further studies
and discussion because of its wide range in previous research.
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Abstract—This paper presents systematic research on the
lightning performance of a novel Y-shaped composite pylon for
400 kV transmission lines and the feasibility of empirical
formulas for this kind of tower when considering the effect of
tower-footing impedance. The transient overvoltage response to
a lightning surge at the tip of the pylon is modeled in
PSCAD/EMTDC. Compared with the Donau tower, the
composite pylon shows a similar backflash rate (BFR) level.
Then, we use qualitative analysis based on lumped parameter
model and distributed parameter model to predict the critical
flashover current (I;) of the composite pylon. We find that the
calculated results exhibit higher error deflection when the
existing empirical formulas are applied in the Y-shaped pylon.
Furthermore, the simulated lightning performance has a lower
sensitivity to varied tower-footing impedance compared with
empirical formula calculation. The special structure of the Y-
shaped pylon, the discontinuity in surge impedance and the soil
ionization are analyzed to account for the role of tower-footing
impedance on lightning performance. Finally, we improve the
accuracy of the empirical formulas to the Y-shaped pylon
lightning performance and discuss the effect of the footing
impedance on the BFR.

Keywords— BFR, tower-footing impedance, surge impedance,
composite pylon, empirical formula

I. INTRODUCTION

Composite towers have been regarded as next-generation
towers for transmission lines due to their lower

978-1-6654-2346-5/21/$31.00 ©2021 IEEE

environmental, visual and economic impacts [1]. Compared
with traditional transmission towers, the application of a
composite pylon can reduce both the line corridor areas and
the use of steel [2], decreasing the cost of component
transportation and assembly [2]. In recent years, the increase
of new renewable energy leads to a growing demand for new
overhead lines and towers [3]. A composite pylon, which has
a ‘Y’ shape with an integrated cross-arm without insulator
strings, is a promising substitute for the traditional
transmission tower. A proposal that a bare grounding
conductor through the cross-arm is designed as downlead
system to provide zero potential for the shield wire. The mast
of the pylon body is composed of a vertical steel cylindrical
mast with a radius of 1 m. Low-density polyethylene (LDPE)
is used as filling material inside the cross-arm to curb the
partial discharge and to guarantee enough insulation between
phase conductors and downlead [4].

Lightning performance is an essential factor to the safe
and reliable operation of transmission overhead lines (OHLs).
There are two kinds of lightning failures of OHLs. One is
flashover caused by a direct lightning strike to phase
conductors (shielding failure), and the other is the back
flashover between the shield wire and phase conductor. To
date, there are just a few scientific works on shielding failure
of the composite pylon. Claus Leth Bak et al. [2] studied the
lightning performance of the novel pylon and showed that
transmission lines supported by the Y composite pylon have
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a lower probability of being struck by lightning and the
shielding failure flashover rate is nearly zero. Subsequently,
a scale model was built, and the relevant experiments were
performed. The test results verified the lightning performance
evaluation of the composite pylon [5].

Additionally, the backflash rate (BFR) of the composite
pylon has never been studied to date. The tower grounding
system and the soil resistivity play an important role in the
backflash rate (BFR). The ground system for Y-shaped pylon
including the downlead routing and electrode shape is largely
different from traditional ones, as will be seen in section II.
In engineering practice, empirical formulas are often used to
evaluate the BFR [6]. Whether the lightning performance of
the composition pylon can be predicted by the traditional
empirical formulas with acceptable error is also unclear. Thus,
it is of great importance to carry out the research work on
BFR of the novel pylon considering the variation of tower-
footing impedance.

In this paper, PSCAD/EMTDC is employed to investigate
the transient overvoltage response of a novel composite pylon
with the tower-footing impedance changing from 5 Q to 20 Q.
The influence of tower-footing impedance on Donau tower is
also studied for comparison (Fig. 1). In section II, the
developed Y-shaped pylon model and empirical methods are
demonstrated. In section III, the lightning performance of the
composite pylon and Donau tower are studied via simulation,
and the applicability of the traditional formulas for the Y-
shaped pylon is discussed. In section IV, we modify the
empirical formulas considering the downlead configuration
and the effect of the soil ionization. Finally, we discuss the
role of changing footing impedance on lightning performance.

II. METHODOLOGY
A. PSCAD Modeling

A double circuit transmission line with seven pylons was
modeled as the base of the simulation, assuming lightning hit
on the tip of the middle pylon. Bergeron model with a
frequency of 1 MHz was used for modeling the downlead
system. The pylon adopts a novel unibody cross-arm with an
inclination angle of 30°, and the dimensions of the pylon are
illustrated in Fig. 2. The length of the cross-arm tube is 12 m.
Aluminum Conductor Steel-Reinforced (ACSR) in a duplex
bundle is used. According to EN 50341-1 and CIGRE TB. 72
[7], the air clearances between the phase conductor and upper
phase conductor to shield wire on the unibody cross-arm
should be 3.6 m and 2.8 m, respectively [7]. A bare conductor
with radii of 17.5 mm inside each cross-arm is connected with
the iron pylon body. The pylon span is 250 m.

(a)

Fig. 1 Concept map of the (a) Y-shaped composite pylon and (b) Donau
tower.

(1) Lightning parameters.

Here, the double exponential lightning waveform with
front time Tyof 1.2, 2, 4, 8 pus is employed to investigate the
transient response of the Y-shaped pylon. The tail time of
lightning current has little effect on the transient voltage [8],
and a constant tail time 7; of 50 ps is considered in this paper.
Only the first strike will be accounted for in the simulation.

! Reinforced fiber plastric |

<
' = Cross-section

Fig. 2 The parameters of the Y-shaped pylon.
(2) Surge impedance of the down lead.

The surge impedance of the ground system is a key
parameter to determining the lightning transient overvoltage.
Inspired by a multistory tower model [9], the down lead
inside the cross-arm can be divided into a suitable number of
parts, as shown in Fig. 3. For calculating the inductance and
the capacitance of downlead inside the cross-arm, we treat the
segmented FRP circumscribed downlead as a uniform
cylinder since its height is much larger than the radius of the
cross-arm. The diameter on the geometric center coordinates
of the cross-arm is taken as the average diameter. Based on
this assumption, formulas to calculate the inductance L and
capacitance C are exhibited as (1) and (2). At the high
frequencies associated with lightning surges, the surge
impedance of each segment is equal to the square root of L/C.

ul b2h—a 2h—b
L=t L 22T 1
87 Zﬁ(ﬂlnazh—b Holt O
C= 27l )

1, b2h—a 1  2h-b
In +—1

& alh-b & b

Where /, i, and b are the length, height, and radius of the
cross-arm segments. « is the radius of the down lead. u; and
&1 are the relative permeability (1= ) and permittivity of the
LDPE (¢/=2.2) [10]. The propagation speed is 1/(eu0¢0).

___________ e
) 28m
. 3.68m h=21.681 m
h=20.001 m
h=18.123 m

[ 368m

"o hT16.658m
m

Fig. 3 The sketch of the actual composite cross-arm and the equivalent
calculation model.

The surge impedance of the iron pylon cylindrical body
can be expressed as (3). The propagation speed is light speed.

2= 60{1{2?]_1} 3)
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(3) Tower-footing impedance.

A concentrated rod with a radius of 1 m is mounted in the
ground as an electrode of this composite pylon as Fig. 4 (a).
In order to investigate the effect of the tower-footing
impedance on the BFR of the Y-shaped pylon, the tower-
footing impedance values Ry varying from 5 Q to 20 Q are
adopted. The high magnitude of lightning current flowing
through the grounding electrode (iz) causes soil ionization
and discharge, which decreases the tower footing impedance
below the measured low-current status (Ry). Thus, the tower-
footing impedance depends on the magnitude of the current
flowing into the earth. In this paper, the current dependence
model is used for tower footing modeling. The critical
gradient E-field Ey for soil ionization is approximately 400
kV/m. The current amplitude /; required to achieve this
gradient can be determined by (4) [11-13].

I = PE,
¢ 27R?

“

Where p is the soil resistivity, and the dynamic tower
footing impedance R; of the concentrated rod electrode can be
expressed as a function of Iz [11, 12].

R=—fo (5)

bl 1)

The dynamic footing impedance when 100 kA lightning
strikes on the top of the pylon (Fig. 4 (b)) and then going
through the footing electrode is shown in Fig. 4 (b).

Lightning current (kA)

3
Time (us)

Fig. 4 (a) The schematic of the soil ionization. (b) The R; changes with
different Ry when the lightning current passes through the pylon footing
electrode (black line), and the lightning waveform (red line).

(4) Flashover criterion.

The leader progression method (LPM) is based on the
physical process of air gap discharge to characterize the
insulation surface flashover. According to the CIGRE WG
33-01, the leader progression time can be calculated as (6).

@_ u(t) B
r _Ku(t)(D—x on (6)

Where x is the length of the leader, u(f) is the voltage at
the air gap, D is the length of insulation, Ey is the threshold
electric field of leader progression, and K is the factor of
leader progression speed. £y 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 similar
material composition and insulator length, the flashover
characteristics along the composite insulator can be regarded
as that of a post insulator [14]. The K and Ey for negative
discharge are recommended by CIGRE to be 1.0x10°
m?/V?/s and 670 kV/m [15].

(5) BFR calculation.
The BFR of transmission lines is given by

BFR=0.6N,P(I,) (7

1. is the striking lightning current that causes flashover.
P(I.) is the probability that the struck current / exceeds the
critical current /.. N; estimates the number of strikes to the
line per year per 100 km, which can be calculated by (8). The
highest N, in the last twenty years in Denmark was equal to
1.39 flashes/km?-year [5].

N
N, = 1—(;”(2814}6 +D) (8)

Where the 4, and D are the height of the pylon and the
horizontal distance between the shielding wires.

For 220 kV and above transmission lines, the phase
voltage has a considerable impact on the lightning
performance [11]. 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

U,=U,+U, ©)

Where the U, is the lightning-caused overvoltage on the
cross-arm between the upper conductor and shield wire, and
U, is the phase voltage. Then critical current /. can be
obtained by simulation. The probability of lightning current
can be approximately expressed by a lognormal distribution,
as (10) shows.

1 _%( ln(x/;M)]z (10)

f(X):\/ﬁﬁxe

The two coefficients M and S for lightning current crest
are 31.1 and 0.484, respectively [11]. The accumulative
probability of the current exceeding a certain value Z. is

P(x)=1= [ f(x)dx (11)

B. Empirical formulas calculation

The lightning protection level can be evaluated by
empirical formulas, which are important in engineering
design and application. In general, there are two kinds of
empirical methods, including the method based on the
lumped-parameter model (LM) and the method based on the
distributed-parameter method (DM), to predict /.. Based on /.
results, BFR can be obtained through formula (7). Here, we
studied the applicability of the two methods on the Y
composite pylon with different tower-footing impedance. Uy
is equal to flashover criteria acquired by LPM in section I A.

(1) Lumped-parameter model formulas.

If the height of the transmission tower is lower than 40 m,
the LM can be used to estimate the critical current /.. This
method neglects the effect of the capacitance of the downlead
system and calculates the overvoltage level by equivalent
inductance. /. can be calculated by (12) [16].

I = Ys
T (—k)YR +YLIT, +h I T,)

(12)

Where £ is the coupling coefficient between shield wire
and phase conductor. L;, L., and L,; are the equivalent
inductance of the shield wire, the downlead inside the cross-
arm, and the steel pylon body. L is the total inductance of
downlead and lattice tower. The shunt coefficient y refers to
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the ratio of lightning current going through the tower-footing
impedance iz to the total lightning current /. It is commonly
recommended for 400 kV transmission tower to be 0.88 [16].

(2) Distributed-parameter model formulas.

The DM takes the wave traveling process and the effect
of adjacent towers into consideration. This method assumes
that the surge impedance of the tower body is equal to half of
the shield wire; that is, there is no reflection at the conjunction
point of the shield wire and tower body. In addition, the wave
shape of the voltage is defined as a linear rising front and an

infinite tail. The critical current /. is given by
1, =V | KipKgp (13)

Vrris the voltage at the top of the pylon when lightning
strikes on the tower, which is equal to U;+U..

U, =kVyy —h,(1=k)I, /T, (14)
Where Krr and Ksp are
Z, —2R,
K=k, + ot Lttt h (15)
Z,+2R T,
RZ
R~ (16)
Z,+2R
2T 4T
Ko =l+apy(I+ap)| (1-—5) —agap (1-—=) = | (17)
T/- T/.

Where aris the reflection coefficient at the point of tower
footing impedance, and pylon body and oz is the reflection
coefficient at the point of transmission line and adjacent
towers. Then, /. can be calculated accordingly.

III. SIMULATION AND CALCULATION RESULTS
A. BFR by simulation

330 kV and 500 kV transmission lines are 0.2 and 0.12
flashes/100 km-year, respectively. According to the research
in [18], the BFR for 400 kV lattice traditional tower is about
0.1 flashes/100 km-year. This kind of Y-shaped composite
pylon shows good lightning protection behaviors.

B. 1. Prediction by empirical formulas

The comparison of the /. obtained by simulation (/..s) and
calculation (/..c) is shown in Fig. 6. We take the simulation
results as the standard, and the calculation error can be
defined as |I.-c-I.s|/I..s. The calculation errors increase along
with the 77 duration increases. Meanwhile, the simulation
results in the software show low sensitivity to the change of
R; compared with calculation results.

(@ (b)

Y pylon Donau
10l 1.2/50 ps 107 1.2/50 ps
1021 o—% 2150 Hs o 102 o'—_o__ZIS%Ts__o
i 5
& o——0——0—0
10° 4/50 us 10° 4/50 us
10 8/50 ps 10
8/50 s
10-5 L I L L 1o~5 n " 1 L
5 10 15 20 5 10 15 20

Footing Resistance (Q2) Footing Resistance (Q)

Fig. 5 The BFR (flashes/100 km-year) for (a) Y composite pylon and (b)
Donau tower with different tower footing impedance.

To quantify the difference between the calculation and
simulation results, the average error, which means the
average of the error of all data points, is introduced to indicate
the accuracy of the empirical methods. The average
calculation errors for both Y-shaped pylon and Donau tower
are exhibited in Table I. Compared with the LM, the DM
shows a good prediction for composite Y and Donau.
However, for Ty of 8 ps, both the two methods have large
errors around 40 %. Thus, it is necessary to propose a
modified method to improve its accuracy.

BFR for Y-shaped composite and Donau tower with TABLE L AVERAGE CALCULATION ERROR
different tower footing impedance are shown in Fig. 5 (a) and
(b). In this research, the worst case was for the lightning front Tower Method M bM
time of 1.2 ps and Ry of 20 Q, with a BFR of Y-shaped pylon Y Error 32.26 18.21
of about 0.07 flashes/100 km-year, which is very similar to Donau (%) 2133 16.76
that of the Donau tower (0.065 flashes/100 km-year).
According to Overhead line Operation Specifications
published by China State grid [17], the acceptable BFR for
(a) 450 Distributed parameter model (b) 400 Distributed parameter model () 430 —O-— Distributed parameter model @ 4% —0—Distribuled paramstar; model
400 O~ Lumped parameter model 400 >— Lumped parameter model 400 —O— Lumped parameter model 400 —O— Lumped parameter model
350 PSCAD simulation 350} —0—PSCAD simulation 350} —O—PSCAD simulation 350 —0— PSCAD simulation
g 0 > g 0o g 0 g
T 2501 O < 250} 3 250 3 250
200 N 2001 200 200
150 SIS Lo 150} 8\\—?::‘\0 150 150
100 S o) 100 F Y 100 100 &%
50l ; i i sol_i i i i 50l i i . sol—i i :
5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20
Footing Resistance (Q) Footing Resistance (Q2) Footing Resistance (Q) Footing Resistance (Q2)
50
(e) 450 Distributed parameter model (0 . Distributed parameter model (g) 450 —@— Distributed parameter model (h) 4 | —@— Distributed parameter model
400 - Lumped parameter model 400 —®~— Lumped parameter model 400 —@— Lumped parameter model 400 —@— Lumped parameter model
350 PSCAD simulation 350 b —8— PSCAD simulation 350 | —@—PSCAD simulation 350 | —@— PSCAD simulation
~ 300 — oo} ‘ ~ 300 i —~ 300
< <
S 250 _%’ 250} T a2s0f % 250
200 200} 200}
17 N SO~ VRO S 150 150 s 3 i
100 bahs iy 100} 100} .‘ *.::8::
0y 20 0 20 0 20 0 10 15 20

10 15 10 15
Footing Resistance (Q2) Footing Resistance (Q2)

10 15
Footing Resistance (Q2) Footing Resistance (Q)

Fig. 6 The comparison of /. for Y-shaped pylon obtained by PSCAD simulation, LM and DM with Ty of (a) 1.2 S, (b) 2 Us, (c) 4 us, (d) 8 Us. /. for Donau
tower obtained by simulation and calculation with 7y of (¢) 1.2 us, (f) 2 Us, (g) 4 us, (h) 8 us.
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IV. MODIFICATION FOR EMPIRICAL FORMULAS

In order to improve the accuracy of the empirical
formulas, the downlead configuration and the effect of soil
ionization are considered to modify the existing empirical
formulas.

A. Configuration of downlead

For LM, the shunt coefficient y is the critical factor to
determine the calculation accuracy. It depends on the
configuration of the tower and the transmission voltage level.
Here, we get the precise y at varied 7y and R; by the PSCAD
simulation, and the results show in Fig. 7. We can find that y
is not a fixed value, and it varies with R; and 7. According to
the modified p, the 1. of Y-shaped pylon can be recalculated.
By doing this, the average error decreases from 32.26 % to
25.91 %.

5 1.2/50 ps

20 30 40 50

Footing Resistance (Q)

10

Fig. 7 The y for Y-shaped pylon with different R; and 75

The DM can be described by lattice diagram, and it fully
considers the surge traveling process. The configuration of
the downlead is different from traditional towers, and two of
the downleads connect with the tower body and form a star-
connection structure. Besides, the multi-discontinuities of the
surge impedance can lead to a different voltage distribution
along the pylon body compared with the Donau tower. Thus,
the specific structure and surge impedance discontinuity of
Y-shaped pylon are considered in the inference process. Here,
the lattice diagram for the surge traveling of Y-shaped pylon
is depicted in Fig. 8. there are four points of discontinuity in
the equivalent circuit. They produce both reflected and
transmitted waves and make the travel process complex. Thus,
besides the basic assumptions mentioned in section II B, we
suppose Zg;=2%Zc;. Zc; is the surge impedance of the
downlead inside the cross-arm. Namely, e=Zgx//4, and the
surge impedance discontinuities at (1) and (4) are neglected

[11].

Subsequently, we define the reflection and refraction
coefficient. When lightning current passes point (2) from the
cross-arm side to the pylon body side, the reflection
coefficient is a;’, and the refraction coefficient is a,”. While
the voltage from tower footing impedance passes through the
point (2) from the pylon body side to the cross-arm side, the
reflection coefficient is f,', and the refraction coefficient is

S>". Wherein, f,"-0,=1, and a."-f,'=1. This case is a multi-
outgoing line system. The surge impedance of two outgoing
lines should be equivalent in the calculation of traveling
coefficients.

| z,2 Zs; ! yrmmmm e
T e S [ |
| TP i
RIS .—H:J:]:Hn T, |
' Cl" . . Zy 3) R :
; Z8 ) By (] oo '
"""""""" [ 1 1
e i H
ea,' C, :
CZ Tl
%)
ea,0,"B," C, T,
G

g p 1

eaa,"B, B, C, L’a/"ﬂzuﬂg”:
1 1

Fig. 8 The lattice diagram for the wave travel of the Y-shaped pylon. (1) and

(4) indicate the top of the pylon, (2) is the connection point of the cross-arm

and pylon body, and (3) is the bottom of the pylon. C; and C; are the cross-

arms, 7} is the pylon body.

ARy 4
a, =~ (18)

Z,+Zg

, L—Z
By =——F (19)

Zo+Z;

Where Zc; and Zr are the surge impedance of the
downlead inside the cross-arm and surge impedance of the
pylon body. Z; is Thevenin equivalent surge impedance of Zc;
and Zr. Z¢ is the equivalent result of Z¢; and Z¢,. The Vrris

7 2T ’ ” 2T
I+, 1-—9)+ae, p, 1-—=5)
I I
+a’a, B, B, (1_—TT Lyt
f

Vir=e (20)

Where Tr, Tc, and Ty are travel time from top to bottom,
travel time in the cross-arm, and time in the pylon body,
respectively. On the basis of ensuring 277+n T} longer than 7},
travel processes where the time exceeds 277+27), are
neglected.

The modified MD with the minimum average error of
12.32% delivers an improved match with the simulated
results, compared with the unmodified value of 25.91 %.

B. Effect of the soil ionization

The impact of soil ionization when lightning current
passes through the footing electrode should be accounted for.

(a) 350 (b) 350 — (c) 350 - (d) 350 .
Y-shaped pylon Distributed parameter model —O~ Distributed parameter model —0— Distributed parameter model
300} 300 F >—Lumped parameter model 300 —O— Lumped paramet.er moFieI 300+ =0~ Lumped parameter model
—0—PSCAD simulation —O—PSCAD simulation —O—PSCAD simulation
250 250+ 250 250+
g g g g
> 200t o 200F < 200 35 200r
L L o L ©
= =l %ﬁ\ﬂ—* . ol
Distributed parameter model O\O\O\o
100+ »— Lumped parameter model 100 100 100 o —0
PSCAD simulation O——o——o o
50 H 1 N | 50 L . 50 1 L L i 50 L i L i
5 10 15 20 5 20 5 10 15 20 5 20

Footing Resistance (0) Footing Resistance ()

10 15
Footing Resistance () Footing Resistance (1)

Fig. 9 The comparison of /. for Y-shaped pylon obtained by PSCAD simulation, LM and DM with 7} of (a) 1.2 ps, (b) 2 ps, (c) 4 us, (d) 8 us considering the

effect of soil ionization.
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The R; should be calculated through equations (4) and (5) to
get the impedance of the soil after ionization. /. calculated by
both the LM and DM is shown in Fig. 9. At this time, the error
of the two modified methods further decreases to 19.35 % for
modified LM and 7.57 % for modified DM. In addition, the
calculated /. also shows lower sensitivity to R;. Thus, it seems
that the particular configuration of the tower results in a soil
ionization effect leading to a relatively flat BFR curve as a
function of R; for Y-shaped pylon.

C. Comparison of two modified methods

After modification, both two methods show improved
calculation accuracy. For LM, the formula form does not
need to be revised. However, this method's accuracy strongly
depends on the shunt coefficient y, which requires the aid of
simulation software. In addition, the neglecting of the
capacitance of downlead may cause a relatively high error.

For DM, the calculation accuracy is largely increased
even with a broad scope of 7rand R;, but the disadvantage is
that the process of calculation becomes more complex.

V.  EFFECT OF FOOTING IMPEDANCE

The traditional empirical calculation for the Y-shaped
pylon shows a strong tower-footing impedance dependence,
especially for the DM. The dependence of 1. on R; relies on
the proportion of the ground voltage ¥, in the overvoltage of
the whole tower Vrrin the formula. The larger the proportion
is, the more sensitive the tower overvoltage is to the change
of ground impedance. Here, we introduce a ratio p (0<p<1)
which is equal to V, divided by tower top voltage Vrrto
describe the proportion of the ground voltage on the top
voltage. For LM and modified LM, the V /Vrr is equal to
P=YRAyRi+yLI T+yhd Ty).

For the original DM, the p is R./Krr. While for the
modified DM, the p is given by (21).

” ” ’ ” 2T
= b .5 +a,5 by (1+a1)(1—T—T) Ve (21)
f

The p calculated from the four methods is shown in Fig.
10. We found p is increased with the footing impedance
increasing, and p calculated from both modified empirical
formulas is lower than that of values from unmodified
methods, especially for the DM. The lower the p, the lower
the susceptibility to R;. Thus, the /. calculated by the modified
methods has a weak tower-footing impedance dependence.

00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 1.0 0.0 02 04 06 08 1
Ratio Ratio Ratio atio
[ m 50 Il Vodified LM 10Q DM 15Q [l Modified DM 20 Q
Fig. 10 The ration p of V, to V77 calculated by four methods as the tower-
footing impedance increases when 7;is 8 ps.

VI. CONCLUSION

This paper reports the effect of tower footing impedance
on the lightning performance of a composite Y-shaped pylon.
PSCAD/EMTDC is employed to investigate the transient
response of lines when a flash of lightning strikes on the top
of the pylon. The feasibility of the empirical methods based
on the lumped-parameter model and distributed-parameter

model for Y-shaped pylon were discussed. The study showed
that when empirical methods are applied on the Y-shaped
pylon, the calculation error is higher than for a traditional
tower, especially for LM. Then, the two methods were
modified considering the configuration of the pylon and soil
ionization, and their accuracy improved. Finally, through the
Vo/Vrr, we explain the influence of the tower footing
impedance on the lightning performance of the Y-shaped

pylon.
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