ENGENHARIA
ELETRICA:

COMUNICACAO INTEGRADA | -

NO UNIVERSO DA ENERGIA e

Joao Dallamuta
Henrique Ajuz Holzmann
(Organizadores)

[Atepa

Ano 2021



ENGENHARIA
ELETRICA:

COMUNICACAO INTEGRADA [

NO UNIVERSO DA ENERGIA /

Joao Dallamuta
Henrique Ajuz Holzmann
(Organizadores)

[Atepa

Ano 2021



as

—

S
N
N
)
Q
W
()]
]
&
=
S
O
v
3
§

»

A

/encl/as

C

Editora Chefe
Prof? Dr® Antonella Carvalho de Oliveira
Assistentes Editoriais
Natalia Oliveira
Bruno Oliveira
Flavia Roberta Bardo
Bibliotecaria
Janaina Ramos
Projeto Gréfico e Diagramacgéo
Natéalia Sandrini de Azevedo
Camila Alves de Cremo
Luiza Alves Batista
Maria Alice Pinheiro
Imagens da Capa 2021 by Atena Editora
Shutterstock  Copyright © Atena Editora
Edicao de Arte  Copyright do Texto © 2021 Os autores
Luiza Alves Batista  Copyright da Edicao © 2021 Atena Editora
Revisdo Direitos para esta edigdo cedidos a Atena
Os Autores Editora pelos autores.

@@@ Todo o contelido deste livro esta licenciado sob uma Licenca de
Atribuicdo  Creative ~ Commons.  Atribuicdo-Nao-Comercial-
NaoDerivativos 4.0 Internacional (CC BY-NC-ND 4.0).

O contelido dos artigos e seus dados em sua forma, correcdo e confiabilidade sao de
responsabilidade exclusiva dos autores, inclusive nao representam necessariamente a posicao
oficial da Atena Editora. Permitido o download da obra e o compartilhamento desde que sejam
atribuidos créditos aos autores, mas sem a possibilidade de altera-la de nenhuma forma ou
utiliza-la para fins comerciais.

Todos os manuscritos foram previamente submetidos a avaliacdo cega pelos pares, membros
do Conselho Editorial desta Editora, tendo sido aprovados para a publicacao com base em
critérios de neutralidade e imparcialidade académica.

A Atena Editora € comprometida em garantir a integridade editorial em todas as etapas do
processo de publicagao, evitando plagio, dados ou resultados fraudulentos e impedindo que
interesses financeiros comprometam os padrdes éticos da publicacédo. Situagdes suspeitas de
ma conduta cientifica serdo investigadas sob o0 mais alto padrao de rigor académico e ético.

Conselho Editorial

Ciéncias Humanas e Sociais Aplicadas

Prof. Dr. Alexandre Jose Schumacher - Instituto Federal de Educagao, Ciéncia e Tecnologia do
Parana

Prof. Dr. Américo Junior Nunes da Silva - Universidade do Estado da Bahia

Prof. Dr. Antonio Carlos Frasson - Universidade Tecnoldgica Federal do Parana

[/:\tena

Editora

Ano 2021


https://www.edocbrasil.com.br/
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4774071A5
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4774071A5
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4444126Y9
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4771171H3

as

7

Exalas e aa Terra e Engenhar

/érnclas

C

Prof. Dr. Antonio Gasparetto Junior - Instituto Federal do Sudeste de Minas Gerais
Prof. Dr. Antonio Isidro-Filho - Universidade de Brasilia

Prof. Dr. Carlos Antonio de Souza Moraes - Universidade Federal Fluminense

Prof. Dr. Cris6stomo Lima do Nascimento - Universidade Federal Fluminense

Prof? Dr? Cristina Gaio - Universidade de Lisboa

Prof. Dr. Daniel Richard Sant’Ana - Universidade de Brasilia

Prof. Dr. Deyvison de Lima Oliveira - Universidade Federal de Rondénia

Prof? Dr® Dilma Antunes Silva - Universidade Federal de Sao Paulo

Prof. Dr. Edvaldo Antunes de Farias - Universidade Estacio de Sa

Prof. Dr. Elson Ferreira Costa - Universidade do Estado do Para

Prof. Dr. Eloi Martins Senhora - Universidade Federal de Roraima

Prof. Dr. Gustavo Henrique Cepolini Ferreira - Universidade Estadual de Montes Claros
Prof® Dr® lvone Goulart Lopes - Istituto Internazionele delle Figlie de Maria Ausiliatrice
Prof. Dr. Jadson Correia de Oliveira - Universidade Catélica do Salvador

Prof. Dr. Julio Candido de Meirelles Junior - Universidade Federal Fluminense

Prof® Dr? Lina Maria Gongalves - Universidade Federal do Tocantins

Prof. Dr. Luis Ricardo Fernandes da Costa - Universidade Estadual de Montes Claros
Prof® Dr® Natiéli Piovesan - Instituto Federal do Rio Grande do Norte

Prof. Dr. Marcelo Pereira da Silva - Pontificia Universidade Catélica de Campinas
Prof® Dr* Maria Luzia da Silva Santana - Universidade Federal de Mato Grosso do Sul
Prof® Dr® Paola Andressa Scortegagna - Universidade Estadual de Ponta Grossa

Prof? Dr® Rita de Cassia da Silva Oliveira - Universidade Estadual de Ponta Grossa
Prof. Dr. Rui Maia Diamantino - Universidade Salvador

Prof. Dr. Urandi Jodo Rodrigues Junior - Universidade Federal do Oeste do Para

Prof? Dr? Vanessa Bordin Viera - Universidade Federal de Campina Grande

Prof. Dr. William Cleber Domingues Silva - Universidade Federal Rural do Rio de Janeiro
Prof. Dr. Willian Douglas Guilherme - Universidade Federal do Tocantins

Ciéncias Agrarias e Multidisciplinar

Prof. Dr. Alexandre Igor Azevedo Pereira - Instituto Federal Goiano

Prof® Dr? Carla Cristina Bauermann Brasil - Universidade Federal de Santa Maria
Prof. Dr. Antonio Pasqualetto - Pontificia Universidade Catélica de Goias

Prof. Dr. Cleberton Correia Santos - Universidade Federal da Grande Dourados
Prof® Dr® Daiane Garabeli Trojan - Universidade Norte do Parana

Prof? Dr? Diocléa Almeida Seabra Silva - Universidade Federal Rural da Amazonia
Prof. Dr. Ecio Souza Diniz - Universidade Federal de Vicosa

Prof. Dr. Fabio Steiner - Universidade Estadual de Mato Grosso do Sul

Prof. Dr. Fagner Cavalcante Patrocinio dos Santos - Universidade Federal do Ceara
Prof? Dr? Girlene Santos de Souza - Universidade Federal do Reconcavo da Bahia
Prof. Dr. Jael Soares Batista - Universidade Federal Rural do Semi-Arido

Prof. Dr. Julio César Ribeiro - Universidade Federal Rural do Rio de Janeiro

Prof? Dr? Lina Raquel Santos Araujo - Universidade Estadual do Ceara

Prof. Dr. Pedro Manuel Villa - Universidade Federal de Vigosa

Prof® Dr* Raissa Rachel Salustriano da Silva Matos - Universidade Federal do Maranhao
Prof. Dr. Ronilson Freitas de Souza - Universidade do Estado do Para

Prof® Dr® Talita de Santos Matos - Universidade Federal Rural do Rio de Janeiro
Prof. Dr. Tiago da Silva Teéfilo - Universidade Federal Rural do Semi-Arido

[/:\tena

Editora

Ano 2021


http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4242128Y5
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4168013D9
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4270399A9
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4270399A9
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4270399A9
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K2187326U4
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4537717Y7&tokenCaptchar=03AGdBq25B4lxTE6dxhpWHIqxGO4pzzZPgu_iV_QeN8f-tMTk8_sLDOB3PD_mtdQto3H5C2R2ZsmxnQtfmP66wxlIUt_CzTJNotB4Nr2WeA_ZeswgWraa8MbkAaZzV6d4gzkjqhc5hYQ_M-PfSdSI7td93FvBg2bA_iQABLK3i0vQ0yQRv1A1eB6SAfJCCqLkJYK596wJItTTqwwkcjAoFPtAsP-pVLiuGf7SJ_ujWrq_i7e1ac86qNNWa4t2uz65kb3UGFiVXXHrO-FYdcycEtCopnwy24k_7y06U-vF-n-8PZQEl3SDM3ejydvF0fyiSGRsDtN1eSkV6vWnGCu7u4Mc0gY3WMCxo6n9h6ArYBnNV6Cm64GaRIFb2IozQuQEayUcf2hIrTNuNZNcI3xXna_NbCwxnM8FL3w
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?metodo=apresentar&id=K4236503T6
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4442899D1
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4442899D1
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4779936A0
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4279858T4
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4764629P0
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4137698A3
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4777360H4
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4257759E9
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4705446A5
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4771879P6
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4416387H0
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4465502U4
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4235887A8
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4437388Z1
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4745890T7
http://buscatextual.cnpq.br/buscatextual/busca.do?metodo=forwardPaginaResultados&registros=10;10&query=%28%2Bidx_nme_pessoa%3A%28rita%29+%2Bidx_nme_pessoa%3A%28de%29+%2Bidx_nme_pessoa%3A%28cassia%29+%2Bidx_nme_pessoa%3A%28da%29+%2Bidx_nme_pessoa%3A%28silva%29+%2Bidx_nme_pessoa%3A%28oliveira%29++%2Bidx_nacionalidade%3Ae%29+or+%28%2Bidx_nme_pessoa%3A%28rita%29+%2Bidx_nme_pessoa%3A%28de%29+%2Bidx_nme_pessoa%3A%28cassia%29+%2Bidx_nme_pessoa%3A%28da%29+%2Bidx_nme_pessoa%3A%28silva%29+%2Bidx_nme_pessoa%3A%28oliveira%29++%2Bidx_nacionalidade%3Ab%29&analise=cv&tipoOrdenacao=null&paginaOrigem=index.do&mostrarScore=false&mostrarBandeira=true&modoIndAdhoc=null
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4203383D8
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4462393U9
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4273971U7
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4758278P9
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4717019T5
http://lattes.cnpq.br/3962057158400444
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4550722Z1&tokenCaptchar=03AGdBq26LoS54yshuGjAVTAhWtnomcb507AafRxgqUHA5rWXDTSAC8ujT1VFuP3y4tEBpGZS19N7RvwQkr5-DNtHriEEfmKb3_xUnkf3DhuvNCis7j04oZUuB6sbtybYhhfqdItqvhoc65O4cnN7x8sDpdIA2YfMuD3aFN8lr_S8JQb21Y8ACfte1yscvXXYcb9BYcCxWmKJd1WT1zmiAHbGk8p2qcdZuPko-NEiJ5Ugid8V4GsrrRxNzr1Vaz46HdLyP-3SoU5boilW0MWXEJcql0N06gtpZRX8hFIkpuD6W1PuIm9rguooIts9aPhbSlACsBNSamb17Kz9iEl3SIt1aquVaMiuT2H0OjxSwQ189Q0oth7WG3Vke0uwL2SYCHXeuec8UfMRJMHigDIUlf9gvkuDFSNg2vQ
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4791258D5
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4343894D0
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4710977D9
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4769404T1
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4402494Z9&tokenCaptchar=03AOLTBLS3hr4cVdLwJSKo9XuEbo3aSa84rmwd-VOUOnOKNG3KlETmWt897QU6hGmuwDDNVvUrUkgDH-vfvZPo1eIf2BLLKEI2emXX1CA5HvkIgdhkMivWo24B8yZ-zPcvj4Fw7L1gp3Q20koTp8vB34HZj7tj6QIwm7Eg-r9RL6NmagOF4QShFd0RxMWncbwWeS6oSfAa9pUBo00oql_WKfAajQU7-KR4W7i6mx7ToD1Ks7uHo1tjJlvLXmi7eaCSELEFilDt7ucyjDmTDMmA69x906qBDzhUwgw9wNMmIKZrcdqSAUCKEKQyl65e9O4lIr5JoUjhqwYTYlqXV-8Td4AZk_gu2oOCQMktRum_bd5ZJ0UcclTNxG2eP5ynmhjzA8IqVUfHDX1jdLgwP-yNSOi-y3y7nzoJqU8WIDza49J4gZUb-9kuQJX9f1G7STe2pOK2K3_dnTDg1l2n2-D-e9nP6yOPDEhkwDXCBPqIxdIiq0Nw7T-hKXd1Gzc3DUUqou6qw9HA6F2nwy2UHd-eNvPVHcyDBXWNtdQrSC-N3IilO2aX6co_RHJc6661cZbnZ9ymBUs9533A
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4717916J5&tokenCaptchar=03AOLTBLSVwbRfXQjvHTLKSbnQb-EM9FjsS8YUlzZidkeuA9sSX1KCi29pQYB0pkW06OTfYJOOF6c3m-CckDuL-Oh5sJFBIKejpmfeQVcMOV11R5LYPbegZCB29EuKUVsIutVxqSJdP8M8kpcFOLJvVLUABQ2zXTIcS6RskfgSgeo7v7cwjGQ0aFXQxEqvUBOHHfMElt7SLSolhyhOtMRHWMzO2r9aAqjhF6zTOPQYoqoqQ7hdKB5sHVaEjAI_F6afXKd3g_32o_aFei6P5_WjFj27KtgrKs0z4ZCVerHuXwwU9iZywYA9upkLgGv2zJAOQU51HVBuDSAmVvHxyqhM6fSuRQMmf33YJIg9G3zOOLUPbOkox--oyiwbH2ClIV7NsCPvCgcXO57Z4a1lv7uK12dTpufQYLqtGE1NKSw_JUJmck3XJrFxV8_0eWbzNa8VQFzJFz8Wakp_VyC03nIL0hc9rNxF8BG9kvDECVj8HSt8lPiwtnLyavrp44Dk-TBq_AEQVz4OH-fFYyh3AKMKrtkuzWnJKXXCULFlOa-z5gwLCQJ_KBEoh_fl9LPmzvboZxwrYyIndtSL
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4448161E1
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4761024J9
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4799273E2&tokenCaptchar=03AGdBq268VEkAcn3ftZ_2lZ-SL33xDwfeshMnherzDAzqv6lBQj8Hb9MVSbjclJQj7Co8u0G5K2qg28cPA0VDL7deaFLPcBB225xfSH9cY813pYSTpkZb5yNNx4B96AuZiaivkRGg57X14E80_ebaYUUK0tYeRE_YGiVDTF9ot0Cg_9yPAQGBQDcoSlXzQ3Jv3J4cj-VxOvY8_phk-Sr50ziZu5mm-RdiqTMbHFNlm8Jvve1Yqo5DJkxxNnZNOV6uYsPLS0-LwCjYYN72DfxAlLNJNOA7yZYt3arJXt5NqXlUqogF9y7Yl83eWoGJ-bG4GzrNrtaDx3wmOafTCa_RR5J_s2k7ESRQuaJiES6aOpLel16W_T9krltTH8b_immDt2qfUtaoef4VxO0GYIe-O4ZGQ4xSwFWf6A
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4481542Z5
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4705653J5
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K8165109H2&tokenCaptchar=03AOLTBLSbWEZwpva2ByIrBPCi-0az6LzTydMcPZSUTgp16vbnnLpg51Ugkf9LxOhcdp-j8ju-G690W40chagCitBRtkGUdH2DrzuB_Wwf-gzusS7c1mwGcOgaajazzXK0iDHLZDCdHFu-cQErx5UZuXAq6LHHhsC0jt4ptl6JoIkyJenMJK2676GqBk_VFV-PtpfjlX42HNgL0P9k_Ztf28FMXLNYCKmWSum37Y7-POrmi40F52-KRx-84V0s_avLH1EUB3nOzzqYYGOjozeF-uZF5uGYwkYDLNJ-WXiTzdZybxlUDzdPZkgboLRDEno2ptYbBytJU18zNTtVu76IKO6Vj-ETNeOAl7GqqvWmwLl15JBsg59vvqLQlp2bSA-pI7bOUHEw1Qk92hHHAUQT56_5-K6SkJm6mpsHxrh5X-cEsL-wZKAUPCZVtji0IlOdxPWGr_7plMjGiCvU2I0J-Gv7Du69Fk9BKEMokAsV_QudOoViVOUQUQraVrLZPdmHOve9RAaNjuNGnpJQCsuK9AeqrAPbA6IQKF-YySF7iHF_qig9QJ9uUA0ISfZF4C8EdnQhgAcB5As6
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4488711E2
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4221072D9
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4249363T4
http://buscatextual.cnpq.br/buscatextual/visualizacv.do?id=K4742429E2

as

7

Exalas e aa Terra e Engenhar

/érnclas

C

Prof. Dr. Valdemar Antonio Paffaro Junior - Universidade Federal de Alfenas
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Prof. Dr. André Ribeiro da Silva - Universidade de Brasilia

Prof® Dr* Anelise Levay Murari - Universidade Federal de Pelotas

Prof. Dr. Benedito Rodrigues da Silva Neto - Universidade Federal de Goias

Prof® Dr® Débora Luana Ribeiro Pessoa - Universidade Federal do Maranhao

Prof. Dr. Douglas Siqueira de Almeida Chaves - Universidade Federal Rural do Rio de Janeiro
Prof. Dr. Edson da Silva - Universidade Federal dos Vales do Jequitinhonha e Mucuri

Prof® Dr? Elizabeth Cordeiro Fernandes - Faculdade Integrada Medicina

Prof? Dr® Eleuza Rodrigues Machado - Faculdade Anhanguera de Brasilia

Prof? Dr? Elane Schwinden Prudéncio - Universidade Federal de Santa Catarina

Prof® Dr® Eysler Gongalves Maia Brasil - Universidade da Integracao Internacional da Lusofonia
Afro-Brasileira

Prof. Dr. Ferlando Lima Santos - Universidade Federal do Recdncavo da Bahia

Prof. Dr. Fernando Mendes - Instituto Politécnico de Coimbra - Escola Superior de Salde de
Coimbra

Prof® Dr* Gabriela Vieira do Amaral - Universidade de Vassouras

Prof. Dr. Gianfabio Pimentel Franco - Universidade Federal de Santa Maria

Prof. Dr. Helio Franklin Rodrigues de Aimeida - Universidade Federal de Rondonia

Prof? Dr? lara Lucia Tescarollo - Universidade Sao Francisco

Prof. Dr. Igor Luiz Vieira de Lima Santos - Universidade Federal de Campina Grande

Prof. Dr. Jefferson Thiago Souza - Universidade Estadual do Ceara

Prof. Dr. Jesus Rodrigues Lemos - Universidade Federal do Piaui

Prof. Dr. Jonatas de Franga Barros - Universidade Federal do Rio Grande do Norte

Prof. Dr. José Max Barbosa de Oliveira Junior - Universidade Federal do Oeste do Para

Prof. Dr. Luis Paulo Souza e Souza - Universidade Federal do Amazonas

Prof? Dr* Magnélia de Aradjo Campos - Universidade Federal de Campina Grande

Prof. Dr. Marcus Fernando da Silva Praxedes - Universidade Federal do Reconcavo da Bahia
Prof? Dr* Maria Tatiane Gongalves Sa - Universidade do Estado do Para

Prof? Dr* Mylena Andréa Oliveira Torres - Universidade Ceuma

Prof? Dr® Natiéli Piovesan - Instituto Federacl do Rio Grande do Norte

Prof. Dr. Paulo Inada - Universidade Estadual de Maringa

Prof. Dr. Rafael Henrique Silva - Hospital Universitario da Universidade Federal da Grande
Dourados

Prof® Dr® Regiane Luz Carvalho - Centro Universitario das Faculdades Associadas de Ensino
Prof® Dr* Renata Mendes de Freitas - Universidade Federal de Juiz de Fora

Prof® Dr? Vanessa Lima Goncalves - Universidade Estadual de Ponta Grossa

Prof® Dr? Vanessa Bordin Viera - Universidade Federal de Campina Grande

Ciéncias Exatas e da Terra e Engenharias

Prof. Dr. Adélio Alcino Sampaio Castro Machado - Universidade do Porto

Prof. Dr. Carlos Eduardo Sanches de Andrade - Universidade Federal de Goias

Prof? Dr* Carmen Lucia Voigt - Universidade Norte do Parana

Prof. Dr. Cleiseano Emanuel da Silva Paniagua - Instituto Federal de Educacgdo, Ciéncia e
Tecnologia de Goias

Prof. Dr. Douglas Gongalves da Silva - Universidade Estadual do Sudoeste da Bahia
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APRESENTACAO

A engenharia elétrica tornou-se uma profissdo ha cerca de 130 anos, com o inicio
da distribui¢c@o de eletricidade em carater comercial e com a difusdo acelerada do telégrafo
em escala global no final do século XIX.

Na primeira metade do século XX a difusdo da telefonia e da radiodifusédo além do
crescimento vigoroso dos sistemas elétricos de producgédo, transmissao e distribuicdo de
eletricidade, deu os contornos definitivos para a carreira de engenheiro eletricista que na
segunda metade do século, com a difusédo dos semicondutores e da computacéo gerou
variacoes de énfase de formagédo como engenheiros eletrénicos, de telecomunicagdes, de
controle e automacéo ou de computacéo.

N&o h& padrées de desempenho em engenharia elétrica e da computagdo que
sejam duradouros. Desde que Gordon E. Moore fez a sua classica profecia tecnolégica,
em meados dos anos 60, a qual o numero de transistores em um chip dobraria a cada 18
meses - padréo este valido até hoje — muita coisa mudou. Permanece porem a certeza de
que nao ha tecnologia na neste campo do conhecimento que ndo possa ser substituida a
qualquer momento por uma nova, oriunda de pesquisa cientifica nesta area.

Produzir conhecimento em engenharia elétrica é, portanto, atuar em fronteiras de
padrdes e técnicas de engenharia. Também se trata de uma area de conhecimento com
uma grande amplitude de subareas e especializacdes, algo desafiador para pesquisadores
e engenheiros.

Neste livro temos uma diversidade de temas nas areas niveis de profundidade
e abordagens de pesquisa, envolvendo aspectos técnicos e cientificos. Aos autores e
editores, agradecemos pela confianga e espirito de parceria.

Boa leitura

Joédo Dallamuta
Henrique Ajuz Holzmann
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ABSTRACT: This study evaluates the lightning
performance of a 138 kV transmission line
under the premises of constant and frequency-
dependent soil electrical parameters. A wideband
model was used to include the frequency-
dependent impedance behavior of the tower
grounding system. The overvoltages across the
insulator strings were simulated using ATP and
considering representative first stroke current
waveforms. Backflashover outage rates were
determined using the Disruptive Effect (DE)
method. It was found that the decrease of soll
resistivity and relative permittivity resulting from
the frequency dependence effect is responsible
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OF TRANSMISSION LINES

for the significant decrease of the expected outage
rates of the tested line, in a range of 29-55% for
realistic distributions of soil resistivity along the
line and a consequent relevant improvement of
the lightning performance of the line.
KEYWORDS: Transmission lines; grounding
systems, frequency-dependent soil electrical
parameters, lightning performance,
backflashover.

A INFLUENCIA DO COMPORTAMENTO
DEPENDENTE DA FREQUENCIA DOS
PARAMETROS ELETRICOS DO SOLO
NO DESEMPENHO DAS LINHAS DE
TRANSMISSAO FRENTE A DESCARGAS
ATMOSFERICAS

RESUMO: Este estudo avalia o desempenho
de uma linha de transmissdo de 138 kV frente
a descargas atmosféricas sob as premissas de
parametros elétricos constantes e dependentes
da frequéncia do solo. Um modelo de banda
larga foi usado para incluir o comportamento
de impedancia dependente de frequéncia do
sistema de aterramento da torre. As sobretensées
através das cadeias de isolador foram simuladas
usando o ATP e considerando as formas de
onda representativas de onda de primeira
corrente de retorno. As taxas de desligamento
por Backflashover foram determinadas usando o
método do Efeito de Disruptivo (DE). Verificou-
se que a diminuicdo da resistividade do solo e
da permissividade relativa resultante do efeito
de dependéncia de frequéncia é responsavel
pela diminuicdo significativa das taxas de
desligamento esperadas da linha testada,
em uma faixa de 29-55% para distribuicoes
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realisticas de resistividade do solo ao longo da linha e uma consequente melhoria relevante
do desempenho da linha em termos de relampagos.

PALAVRAS-CHAVE: Linhas de transmissdo, Sistemas de aterramento, parametros
elétricos do solo dependents da frequéncia, performance frente a descargas atmosféricas,
backflashover.

11 INTRODUCTION

The incidence of lightning strikes is a frequent cause of transmission line outages.
Direct discharges to the line develop overvoltages through the insulation chain that can
result in insulation rupture, leading to faults [1,2]. The backflashover prevails as the main
mechanism responsible for the lightning outages of lines below 500 kV installed in regions
with unfavorable soil resistivity [1]. The tower-footing grounding impedance has a great
influence on the amplitude of lightning overvoltages [2,3], and this is the reason for the quite
usual practice of reducing this impedance to improve the lightning performance of the lines
[1,2].

Several studies demonstrate how significant the influence of frequency dependence
on soil resistivity and permittivity is on the lightning response of grounding electrodes [4-
8]. In this scenario, it is interesting to evaluate the corresponding impact on the lightning
performance of transmission lines, in terms of variation in the backflashover outage rate,
and this is what this work aims to investigate.

Similar investigations can be found in other papers [9,10]. However, the application
of the HEM (Hybrid Electro Magnetic Model) model to simulate the entire transmission
system results in a great computational effort. Thus, this work has the goal of presenting
a computationally efficient solution that allows the interface of wideband modeling of
grounding systems with the Alternative Transients Program — ATP [11], n order to accurately
assess the influence and impact of the frequency-dependent behavior of ground electrical
parameters on the backflashover rate of transmission lines.

This paper is organized as follows: in section 2 the methodology and modeling used
are briefly described, in section 3 the numerical results are presented and analyzed, and in
section 4 the conclusions are exposed.

21 METHODOLOGY AND MODELS

The simulation of the lightning overvoltages and the corresponding study of the
transmission line lightning performance were carried out considering the incidence of the
representative first return strikes, measured in an instrumented tower in Morro do Cachimbo
- MG [12]. This study considered only the incidence of first return strikes as a function of
the lower relevance of subsequent discharges in the occurrence of backflashover in lines
from 138 kV onwards [13].
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The Disruptive Effect (DE) method was applied to the overvoltages resulting from
each simulated condition in order to calculate the value of the critical current of the first
strikes capable of inducing backflashover outages [14,15]. The probability of occurrence of
each critical current was calculated using cumulative peak current probability distributions.
Finally, derived from the calculated probabilities and considering a wide range of soil
resistivities at low frequency (values from 300 to 10,000 QOm), which are necessary to make
a sensitivity analysis of the impact of the frequency dependence effect, the performance
of the 138-kV line was determined considering constant and frequency-dependent soil
electrical parameters.

For this purpose, three towers with two 400 m spans of a 138-kV line were considered,
with the lightning striking the top of the central tower. To avoid voltage wave reflections, the
ends of the lines are perfectly matched in the whole frequency range using infinitely long
lines. The silhouette of the tower and the line cable heights (in meters) are illustrated in Fig.
1 (half span values are shown in brackets). The transmission line has one ACSR conductor
per phase, LINNET code, and a 3/8” EHS shield wire. A pair of adjacent towers (identical
to Fig. 1) is included in the simulations to consider the propagation effects of overvoltage
waves on the line conductors as well as reflections occurring in the adjacent spans.

Fig. 2 shows the typical grounding arrangement of the studied transmission towers. It
consists of 4 counterpoise cables, buried at 0.5 m depth, with a 7 mm radius, and each one
starting from a tower “foot”. The length L of the counterweight cables is selected according to

the soil resistivity value, considering common practices of Brazilian energy concessionaires,

as shown in Table | [16].

shield wire
3161m
SW (27,61 m)
0.2 m— /3
.LA_ 08M phase A
2872 m
phase B (2172 m) |6.75m
26.86 m  —
(19.86 m) . phase C
B 25m
{ \ (18 m)
[/ \| ¢
."I \ 26.86 m
) 1
[} |
III III
{ \
S
Gm

Fig. 1. Typical tower silhouette.
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SN

Fig. 2. Typical arrangement of tower-footing grounding electrodes.

p (Q.m)| 1,000 3,000 5,000 10,000
L (m) 40 60 80 130

TABLE | - Counterpoise cable length according to soil resistivity

The simulations presented in this work were developed in ATP. The advantage of
using this type of tool is in its low computational effort when compared to tools that use
electromagnetic fields approach, and still maintain adequate precision, especially when
dealing with engineering applications [17].

In this work, the effects associated with the soil ionization process were neglected,
as this effect is significant only when large values of lightning currents are applied on short
electrodes, different from the frequency dependence effect, which is independent of the
amplitude of the current and the length of the electrodes. According to the usual protection
practices in transmission lines, long electrodes are used to achieve low values of ground
resistance of tower “foot” resulting in a low linear density of dispersed current along with
these [18].

The modeling guidelines of the simulated power system is then briefly described.

A. Lightning Current Waveform

A proper evaluation of lightning effects on power systems relies upon, among other
factors, on an appropriate representation of the lightning current waveform since the quality
of the simulation results depends on the representativity of the assumed lightning current
waves.

According to [19], the first stroke currents are characterized by a pronounced
concavity at the front and by the occurrence of multiple peaks, being the second peak
usually the highest one, and the maximum steepness occurring near the first peak according
to measurements of instrumented towers, such as those presented in [12,20].

Considering the previous aspects, the simulations were performed considering
some Brazilian conditions, as the current waveform depicted in Fig. 3, that approximately
reproduces the main median parameters of first strokes measured at Morro do Cachimbo
Station. As detailed in [21], the waveform of Fig. 3 is obtained by a sum of Heidler functions.

Engenharia Elétrica: Comunicagao Integrada no Universo da Energia Capitulo 6 m



Current (kA)
cndaB3REHELHS

10 20 30 40
Time (us)

(=]

Fig. 3. Representative lightning current waveform of first strokes measured at Morro do
Cachimbo Station.

B. Phase Cables and Shield Wire

For modeling the transmission line conductors, the model developed by J. Marti [22],
which is implemented in the ATP, was used. In this platform, the JMarti model of the line is
implemented via routine Line and Cable Constants (LCC) whose data input corresponds,
essentially, to the geometric positions of the line conductors and the electromagnetic
characteristics of the conductors involved (air and ground).

This model was adopted in the simulations because it considers the variation of the
longitudinal parameters of the line with the frequency. In the simulations, the adjustment
of these longitudinal parameters was considered for the frequency range between 1 Hz
and 10 MHz, covering all the frequency content of the incident discharges. The modal
transformation matrix was calculated in the frequencies of 200 kHz and 1.2 MHz for first and
subsequent strikes, respectively (due to their front times).

C. Transmission Line Tower

The transmission tower is modeled as a lossless single-phase transmission line, and
its surge impedance is calculated using the revised Jordan’s formula, that was extended in
[23] to consider vertical multiconductor systems. Assuming that the tower can be represented
by n vertical conductors that are connected at the same current injection point, it is possible
to model the whole multiconductor system as a single transmission line with equivalent
surge impedance given by [23]

74 Z+Zip+ +Z1in

Zeq= i E— (1)

n

where
7 = 60 [ln—— 1] (2)

2h+ f4h2+dl
Zyj = 60In—— 4 30——60/ —L ()

ij

In (2) and (3), h is the height of the conductor, r is the conductor radius, and d,./.
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corresponds to the distance between the center of the conductors i and j. Particularly,
the tower of Fig. 1 was sectioned in four segments, each one represented by four vertical
conductors. The lower part of the tower was represented as a cascade of three transmission
lines (two of 9 m and one of 8.86 m), while its upper part was represented as a single
6.75-m long transmission line. This was made to consider the variation of the cross section
of the tower with position, which changes the mutual surge impedance as a function of
height. The equivalent impedance of each tower section was computed using (1), (2) and
(3), considering the average distances between tower conductors and assuming r = 6.5 cm.
The propagation speed of the surge wave was assumed to be 80% of speed of light, as in
[23]. The final tower model is illustrated in Fig. 4.

ATP: 4 TLs with

Zeatt surge impedances:
Zegqiy =130.64 O
Fea Zoqi) =182.200
Zoy | Zeq3=235.240
Zoqu) = 289.75 0
Zeqi) |

v=2.4x10°% m/s

Fig. 4. Transmission tower model.

D. Tower-footing Grounding

The rigorous modeling of the tower-footing grounding system has an essential function
in the physical consistency of the impulsive behavior of this system and the determination
of the overvoltages developed through the insulator chains of the transmission lines by
the incidence of lightning strikes in the shielding cable or directly at the top of the tower
[18]. These strikes have associated currents that are often defined by a frequency content
from zero to Mega-hertz, in which the tower-footing grounding system reveals a different
behavior in different frequency ranges [24].

Therefore, the adequate evaluation of the lightning overvoltages and consequently the
performance of a transmission line is not possible unless the wideband frequency behavior
of the grounding system impedance is adequately taken into account [25]. However, this is
not a simple task, considering that the procedure for including the wideband model of the
grounding systems in the determination of the impulse response is not well established in
numerical simulators of electromagnetic transients, such as ATP.

In this work, the ground conductors were represented using a transmission line
model composed of an L inductance in series, and a G conductance and a C capacitance in
parallel. They can be modeled as ‘pi-equivalent’ circuits connected in series with distributed
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R-L-C elements, where each ‘pi-equivalent’ circuit corresponds to a small segment of the
ground conductor [26], as illustrated in Fig. 5.

I L L

. L L
c GC G C :%G JWZ%G

Fig. 5: Representation of the ground conductor. Adapted from [26].

An adaptation of the original model was made, in which the internal resistance of the
cable was neglected, as it was included as a direct current resistance in the ‘pi’ cell serial
branch, which is not physically consistent at high frequencies. It is worth mentioning that
even the internal resistance in alternating current, considering the skin effect, is insignificant
concerning to the grounding impedance. This can be concluded, since the transversal
resistance of the soil is infinitely greater than the internal resistance of the cable, after all
the resistivity of the soil is always extremely greater than that of the grounding electrode,
assuming that it is manufactured using conductive material.

The R-L-C parameters of ‘pi-equivalent’ circuits are calculated using (4), (5) and (6),
based on the well-known Sunde [27] expressions:

21

R=G'1=£.[log 1],(l>>a,d<<l) 4)

V2da
_pe
=5 (5)
_ 2 _
O

where p (Q-m) is the soil resistivity, / (m) is the length of the electrode, a (m) is the
radius of the electrode, d (em m) is the depth at which the counterpoise cable is buried, ¢ is
the soil permittivity (F/m) and u (H/m) is the soil permeability.

To include the frequency-dependent behavior of the grounding system impedance,
the harmonic impedance Z(jw) of the arrangement shown in Fig. 2 was calculated in a
frequency range of 1 Hz to 10 MHz. This parameter is useful to evaluate the performance
of a grounding system independently of the characteristics of the injected lightning strike
current and is defined as:

Z(jw) = 222 (7)

1(jw)
Where V (jw) and / (jw) are the potential at the injection point and the injected current,
respectively.
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The impedance of the tower grounding system is calculated using two different
approaches, both using the wideband model, one with constant electrical parameters in the
ground and the other considering its frequency dependence, using (8) and (9), based on a
large number of field measurements, Kramers-Kronig’s causal relationships and Maxwell’s
equations [28]:

f Y
0= 0o + 0o h(a,) (m) (3)
tan ("7‘7)-10—3
2meo(1MHz)Y

CORICYRD A C)

& = &

In (8) and (9), o is the soil conductivity (mS/m), g, is the low frequency (100 Hz)
conductivity (mS/m), £ is the relative permittivity, £ _ is the relative permittivity at higher
frequencies, & is the vacuum permittivity (£, =8.854-10'2 F/m) and f is the frequency in Hz.
The parameters , £ =12, y = 0.54 and h(g,) in (10), are recommended to obtain average
results for the frequency dependence of the soil parameters [28]:

h(ay) = 1.26 X 0,°73 (10)

It is worth mentioning that the physical consistency of these expressions to determine
the frequency dependence of soil parameters was provided by experimental results [5,28].

The rational model that approximates the frequency response to Z(jw) harmonic
impedance is obtained using the Vector Fitting technique proposed by Gustavsen & Semlyen
[29]. The vector fitting algorithm implemented in MATLAB® is public domain and available
online [30]. This routine was used to adjust the grounding admittance in the frequency range
between 1 Hz and 10 MHz in all cases of this work. From the rational model, an equivalent
circuit is synthesized using the routine netgen.m developed by Gustavsen [30], and this
circuit is exported in a text file that can be easily inserted into the ATP.

E. Insulation Breakdown

The disruptive effect method (DE method) is applied to determine whether or not the
line insulation breakdown. The DE method concept is based on the idea of the existence
of a critical disruptive effect DE, for each isolator configuration. Each non-standard voltage
surge has an associated disruptive effect (DE). If this DE value exceeds the critical value, a
disruptive discharge occurs, which causes the insulation to break [15]. The disruptive effect
associated with a voltage waveform is determined by:

DE = '

, le®) — Volk dt (11)

where e(f) corresponds to the voltage waveform applied over the insulator chain,
V refers to the voltage threshold from which it has begun the process of rupture in the
insulator, ¢ is the instantaneous value of e(t) exceeds V,, k is a no-dimensional factor, and

DE is the variable called “disruptive effect”. For a typical 138 kV line, DE method constants
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can be obtained according to Hileman [15]: DE_ = 1.1506(CFO)*; k = 1.36; V, = 0.77CFO =
500.5 kV.

31 RESULTS AND DISCUSSIONS

A. Transmission Line Overvoltages

The simulations were performed considering the incidence of the current in Fig. 3,
the tower configuration in Fig. 1 and the grounding system arrangement in Fig. 2, and spans
of 400 m in length as described in Section II.

The overvoltages developed through the upper insulator chain (phase A) of the 138
kV line due to the incidence of a lightning strike at the top of the tower are shown in Fig. 5.
It was decided to present only the graphs and values corresponding to phase A because it
was the phase that presented the highest overvoltage values in all the cases studied, thus
being the most relevant for the protection design, besides providing a less polluted graphical
representation.

6500 | 600
pg*3004.m #=H006k.m
= — e =10 = — g 210
= q 4
Z w0 -l | Z W0 - = = plude )
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Fig. 5 Simulated overvoltages considering constant and frequency-dependent soil parameters.
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The results show that the frequency dependence of soil parameters does not
significantly affect the peak of overvoltages for soils of resistivity up to 500 Q-m, but becomes
important from this value. This is consistent with the results obtained in other studies, which
even use diverse modeling [4,10].

Table 1l clearly shows the impact of the frequency dependence effect of the soil
electrical parameters on the peak overvoltage waves of Fig. 5. It can be observed that the
reduction of the overvoltage peak (4) is significant, being approximately 11% to 34% for p,
ranging from 1,000 to 10,000 Q-m.

Insulator Chain A Overwoltages (kV)

Po
(Q'm)
300
500
1,000
3,000
5,000
10,000

L
(m)
20
30
40
60
80
130

P=Po,
& =10

522
556
641
846
942
1050

p=p(w),

g(w)
501
522
572
660
682
693

A(%)

-4.0%
-6.1%
-10.8%
-22.0%
-27.6%
-34.0%

TABLE Il - Peak values of simulated overvoltages considering constant and frequency

dependent electrical soil parameters.

B. Critical Currents

For a given set of line conditions and defined current waveform, it is possible to
easily identify the critical peak current that leads to the insulator chain breakdown. With
the current waveform maintained, it is sufficient to increase its value until the peak current
corresponding to the overvoltage amplitude required to reach the breaking condition is found.
Fig. 6 illustrates the procedure for determining the critical peak current of a representative

first-return strikes.
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DE = f[e(t) —V,]* dt
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DE¢ = 92,5735 kV.us
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Fig. 6. Application of the DE method to evaluate the backflashover condition.

It can be seen in Fig. 5 that for soil resistivity values above 1000 Q-m, the frequency
dependence effect decreases not only the peak voltage but also the instantaneous voltage
values over an interval after the peak and until the two curves stabilize. This may be relevant
for reducing the value resulting from integration when using the DE method to evaluate the
backflashover condition.

To quantify this effect, the DE method was applied to the overvoltage curves
obtained through each soil resistivity condition to determine the peak value of the critical
current /, under the assumption of constant and frequency-dependent soil parameters. The
I, corresponds to a threshold, i.e. currents above it lead the line insulators to breakdown.

The calculated values of /. are shown in Table lll, together with the percentage
of peak currents that exceed the critical value ( Ip> /), determined from the cumulative
probability distribution of peak currents for first return discharges measured at the Morro do
Cachimbo - MG station [12], which is approximately P, = 1/[1+(//45,3)*°]. When considering
the effect of frequency dependence of soil parameters, the critical currents /_are increased
in all cases, and this increase becomes more significant with higher values of soil resistivity.
Thus, the percentage of peak currents higher than /_ (events that lead the line to insulation
breakdown) is decreased, as indicated by A. The impact of the effect is significant even in
soils of low resistivity, starting from approximately 18% for soils of 300 Q-m and reaching
66% for soils of 10,000 Q-m.
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Peak and Probability of Critical Currents Occurrence

Po L p=py e, =10 p=p(w), &(w)
am ) e T LI A%)

c Ip>I¢ c 'p~lc

(kA) (%) (kA) (%)
300 20 113 2.8% 119 2.3% -17.6%
500 30 103 3.9% 111 2.9% -24.0%
1000 40 81 94% 92 59% -36.2%
3000 60 51 387% 65 19.7% -49.6%
5000 80 43 551% 59 26.3% -53.5%
10,000 130 36 71.0% 57 29.0% -66.0%

TABLE 1l - Critical Current Peaks and Occurrence Probabilities calculated considering constant
and frequency dependent ground electrical parameters.

C. Backflashover Outage Rate

The evaluation of the impact of the frequency dependence of soil parameters
on the rate of backflashover transmission line disconnection was developed following a
procedure similar to that indicated by Anderson [31]. The proposed methodology requires
certain preliminary definitions/information to be applied, such as the density of atmospheric
discharges (N,) along the line to be studied, the geometry of its towers and a set of soil
resistivity values to be analyzed, covering a distribution of values found along with the soil
resistivity of the regions that the line is installed.

Ng=10 was used because it is an average value found in the state of Minas Gerais,
where the Morro do Cachimbo station is also located. Besides this, another important
parameter is the number of discharges that strikes a transmission line per 100 km per year
(), which is defined by the following expression [32]:

28h°'6+b)
10

stNgx(

where h (m) is the tower height and b (m) is the distance between the shield wire of

(12)

the towers. The division by “10” occurs to convert units, because Ng is measured in strikes/
kmz2/year and h and b in meters.

When calculating the backflashover rate, only lightning strikes that directly affect the
tower are considered. In an empirical way, it is assumed that 60 % of the discharges that
reach a transmission line affect directly the towers [33,34]. Thus, the number of lightning
strikes that hit the tower of a line (N,) is given by (13):

Ny = 0,6 x (Ny) (13)

where (N,) is the number of lightning strikes hitting a transmission line per 100 km
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per year.

Finally, the backflashover rate (N,.) can be calculated. In (14) is defined the calculation

N, (number of backflashover outages per 100 km of line per year), represented below:
Npr = 2L x P[I > ] (14)
100

where P [/ = 1,] is the probability that a lightning strike current is greater than the
minimum lightning current enough to lead the transmission line outage. The division by
“100” into (14) is to transform the value of the probabilities (P[/=/.]) from percentage to p.u.

Based on the critical current probabilities in Table 4, the expected backflashover
rates have been calculated under the assumption of constant and frequency-dependent
ground parameters.

The analysis considers nine different soil resistivity distributions along the line:
six uniform distributions (p, from 300 to 10,000 Q'm) and three non-uniform distributions,
these represent different soil conditions along the line, thus being more realistic. Of these
three, one predicts only soils of low to moderate resistivity (not including samples above
1,000 Q-m), another predicts soils of moderate resistivity (samples of all resistivity values
included, most often soils with resistivity of 500 and 1,000 Q-m), and the latter predicts soils
of high to extremely high resistivity (no samples below 3,000 Q-m).

Considering the uniform distributions, the results of Table 4 show that frequency
dependence causes a strong decrease in backflashover rates in all cases, from 20% to
approximately 60%.

The estimated rates (per 100 km per year) under the hypothesis of constant soil
parameters vary from 1 to 26, which demonstrates the sharp growth as the soil resistivity
is increased.

This reduction is also significant for non-uniform distributions. Considering the
shutdown rates of 2.1; 7.6 and 19.5 (for soil resistivity conditions from low to moderate, and
high to extremely high) are reduced by 28.6%, 50%, and 54.4%, respectively, due to the
frequency dependence effect.

Table IV summarizes the results reported above and indicates the reduction in
expected shutdown rates (A).
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Hypothesis of po along the transmission Nar

line (%
(%) (outages/100 km/year)

300 500 1,000 3,000 5,000 10,000 p=p, p=p(w), ACh)
(@'m) (Q-m) (Q'm) (Q'm) (Q'm) (Q'm) & =10 ew)
100% 0% 0% 0% 0% 0% 1 0.8 -20,0%
0% 100% 0% 0% 0% 0% 1,4 1.1 -21,4%
0% 0% 100% 0% 0% 0% 3.4 22 .353%
0% 0% 0% 100% 0% 0% 14,1 7,2 489%
0% 0% 0% 0% 100% 0% 202 96 -525%
0% 0% 0% 0% 0% 100% 26 10,6 -59,2%
30% 30% 40% 0% 0% 0% 2,1 1.5 -28,6%
10% 30% 30% 10% 10% 10% 7.6 3,8  -50,0%
0% 0% 0% 40% 30% 30% 195 89 544%

TABLE IV - Estimated backflashover rates considering constant and frequency-dependent soil
electrical parameters and various soil resistivity distributions along the line.

From the results presented, it is clear that including the dependence on the frequency
of the soil parameters can strongly affect the outage rates of the transmission lines, causing

a significant improvement in their lightning performance in all the cases studied.

41 CONCLUSIONS

The influence of the frequency-dependent effect of resistivity and soil permittivity on
the lightning performance of transmission lines was evaluated and discussed. The results
presented imply a significant reduction of the overvoltages of atmospheric origin of the
tested line due to the dependence on the frequency of the soil electrical parameters.

The dependence on the frequency of soil parameters causes a relevant reduction in
the overvoltages associated with the first-return strikes to lines installed in soils above 500
Q-m. This results in a significant increase in the peak values of critical currents, leading to a
consequent reduction in the probability of backflashover outages.

Itwas found that the frequency dependence or soil parameters affects very significantly
backflashover rate of the studied line for the whole range of resistivities of the studied soil.
As the resistivity is increased, the impact becomes more pronounced. Considering the non-
uniform, and more realistic, soil distributions indicated in Table 4, reductions in expected
shutdown rates of about 28% to 54.4% were found.

The results presented demonstrate a significant improvement in the performance of
the line tested against atmospheric discharges due to the dependence on the frequency of
the soil electrical parameters, and attribute a certain generality to the impact of this effect
on transmission lines.

From these conclusions, it is clear the importance of including the frequency-
dependent effect of soil resistivity and permissiveness in the performance assessments
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against atmospheric discharges of transmission lines that cross regions with soil resistivity
above 500 Q-m.
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