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26 de marzo de 2015.

Dr. Luis Norefia Franco
Presidente del Consejo Divisional de
Ciencias Basicas e Ingenieria

Estimado Dr, Norefia:

Por medio de la presente informo a usted que al interior del Departamento de Energia
acordamos solicitar a usted atentamente convoque a un Consejo Divisional Extraordinario para
analizar el informe del Dr. Maximov Serguei y aprobar, en su caso, la prérroga de la Catedra
Michael Faraday que ocupa actualmente.

Sin mds por el momento aproveche la ocasion para enviarle un cordial saludo.

Atentamente,
"Casa Abierta al Tiempo" T

DralMargarita M, Gonzélez Brambila )
Jefa del Departamento de Energia '5, :
= [ ]

c.c.p.  Dra. Lourdes Delgado Niftez.- Secretaria Académica de la Divisidn de C.B.I.
expediente /consecutivo
nta*.

Ev. San Pablo Mo 180 Col Reynoss Tamodi g
Dalsgacitn Amapotzaics, (R200 México, D F
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Drvision de Cancias Bésvoas e Ingeniesi 3
Departamento de Energia

EMERGIA. 12815
3 de marzo de 2015

D, Luis Norefa Franco
Director de la Divisidn de Ciencias Basicas & Ingenieria
Unidad Azcapotralco, AN

Far este conducto quiero solicitar su amable intervencion para que de acuerdeo con lo estipulado
ert el articule 156-12 del Reglamento de Promocidn y Permanencia del Personal Académica se
someta a la consideracion del Consejo Divisional de CBF la prérroga por un afig mas del Dr. Serguei
Maximoy dentra de la Catedra Michael Faraday.

Atantamente

Dra. Margarita M. Gonzalez Brambila
jefa del Departamento de Energia

Moy 5am Patilo 150, Co o Reynosa Tamgael pas, Delegaodn Azcapotzakg, Geren Mowco, OF
e, tnEangy, L3Boesk 53184023
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Mexico . F. 11 de marzs de 2015

Dra. Margarita M. Gonzadlez Brambila
Jefa del Departamento de Energia

Fresente

En virtud de la excelente colaboracidn en investigacion y docencia que el Area de Investigacion de
Ingenieria Energética v Eleciromagnética tiene con &l Dr. Serguey Maxirmov, le quiero hacer saber
el gran interés del Area en solicitar una prérroga de contratacion por un afo mas para la Catedra
kichael Faraday gue actualmente ocupa el profesor en la universidad.

5in otro particular, aprovecho |z oportunidad para enviarle un cordial saludo.,

Atentamente

a de Ingenieria Energética y Eléctromagnpetica



3 de mara de 2015

ra Margarita M. Gonzalez Brambila
jeta dal Nepartamento de Energia
Presente

Futizmerda Doctora Gonzélez,

Cuiera selicitar su amable intervencion para que se me conceda upa prorroga dentra de la
Catecra Michael Faraday. Entiendo que de acuerdo ¢on la legisiacian las Catedras son prasrogables

por un ano mas.

Anexp eald el plan de las actividades que espero desarrollar §i se concede |a prorrogd, también
entrepo un informe de |as actividades que he realizado durante el periodo del 1re de abril de 2014
5 ta fecha. Es mi intencién continuar trabajando de forma intensa en la docencia y en la
investigacion que incluyo en mi pian.

f1 este momento, la experiencia que he tenido en la docencia me permitird tener un mejor
desempefio en las UEA que usted me asighe. Por otra parte resulta irnportante continuar con el
desarrolio de los proyectos de investigacidn en qué estoy involuerado v asi poder lograr |legar a los
resultados esperadas.

Atentamente

Dr. Sergueil Maximow
Actualmente Catedrético enla Citedra Michael Faraday
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INFORME DE TRABAJO REALIZADO POR EL DR, SERGUEI MAXIMOV
1 3 PERIONO DEL | DE ABRIL DE 2014 AL 31 DE MARZO DE 2015 COMO
CATEDRATICO EN LA CATEDRA MICHAEL FARADAY
LN 1] DEPARTAMENTO DE ENERGIA DE LA UAM-AZCAPOTZALLO

Por medio de la presente me complace comunicatles que durante mi estancia académica como
catedrdtico de Ja Catedra Michacl Faraday en el Departamento de Energia de la Universidud
Autsnumz Metropolitana-Unidad Azcapotzalco, que comprendio ¢l periodo del 1 de abnl de
)14 at 31 du marzo de 2015, he participado en la imparticidn de diferentes materias a nivel
licencistura v ol desarrollo de los proyectos de investigacion que resulio en 1otal en 9 articulos
publicados en revistas indizadas y I articulo publicado cn un congrese internacional. Ademas
se han enviado va otros 2 articulos a revistas indizadas. A continuacidn se listan las materiay
impartidis v la descripeién del trabajo realizado y los articulos publicados y enviados.

1roceneia
|. Probabilidad y Estedistica imparlida en primavera de 2014, hubo 34 aluminos
mseritos. 12% MB, 35% B, 20%8, 33%NA y parlicipé en el examen de recuperacion.
> Probabilidad y Estadistica impartida en otofio de 2014, hubo 47 alumnas inscritos.
109 MB, 32% B, 17948, 15%NA y participé en el cxamen de recuperacion.
3, Teoria Electramagnética impartida en invierno de 2015.

Deseripeion con detalle de los principales logros obtenidos durante el desarrollo de los proyecios:

1. ¢ desarrollé un nueve y riguroso métode analitico de célcule de campos cleclromagnéticos ¥
pérdidas de corrientes eddy en las paredes de tanques de transformadores en las zonas donde
pasan los conductores, Esto se realizé resolviendo analiticamente las ecuaciones de Mauxwell en
las tegiones cerca de los conductores con las condiciones de frontera respectivas y considerando
la permeabilidad lineal, Como resultado se obtuvieron nuevas formulas analiticas para calcular el
campy magnélico en tres diferentes regiomes ¥ formula para calcular pérdidas de corrientes
inducidas. Se consideraron varios casos de estudio. Los resultados se compararon con 30D
simulaciones de elemento finjto. La comparacién mostré una excelente coimespondencia enire los
resultades analiticos y numéticos. Los resultados de investigacion se publicaron en una revista
indizada de alvo faclor de impacto:

8. Maximov, J. C. Olivares-Galvan, S. Magdaleno-Adame, R. Escarela-Perez, E. Campero-
Littlewood, "New Analytical Formulae for Electromagnetic Field and Eddy Current Losses
in Bushing Regions of Transformers.” IEEE Transactions on Magnetics, D01
10,1109 TMAG.2014.2360364.

2. Se planied y se resolvio de manera eficiente el problema de cAlculo de campo electromagnético
ent La region de bujias de los tanques de transformadores tomando en cuenta Ja permeabilidad no
lincal en las paredes de tanques. Se reselvieron las ecuaciones de Maxwell no lineales respectivas
usando la formulacién de ecuaciones integrales que propiamente incluye las condiciones de
frontera, Para resalver las ecuaciones infegrales propuestas se wiilizo el procedimiento iterativo.
Il esquema iterativo mostré una excelente convergencia numérica ¥ baja demanda computacional
comnparande con los modelos no lineales de clemento finito. La comparacién de los resultados de



tnvestigacion con 3D simulaciones de elemento Minito mostra una excelente correspondencia para
un amplio rango de cormrientes en los conductores. Los resultades de investigacion se publicaron
en una revista indizada de alte factor de impacto:

5. Maximov, R, Escarela-Percz, 5. Magdaleno-Adame, J.C. Olivares-Galvan, E, Campero-
Littlewond, " Calculation of Nonlinear Electromagnetic Fields in the Steel Wall Vicinity of
Transformer Bushings." IEEE Transactions on Magnetics, DOI
T T/ TMAG.2014,237921 7.

3. e realizd un nguroso desarrolle analitico para hallar una formula gue provee fa distribucion
de lemperatura en lgs zonas de tanques de transformadores de distnbucion, cercanas a las bujias.
La ventaja de la nueva férmula consiste en que ésta puede usar la distribucién de pérdidas
obtenidas tanto analitico como numéricamente. Este hecho se mostrd usando dos distnbuciones
de pérdidas diferentes on combinactén con la nueva férmula vy comparando estos resultados con
simulaciones de elemento finito que usaron la distribucion de péndidas preestablecida en un caso
¥ los resultados de la solucidn de un problema acoplado wWrmico-clectromagnético en el segundo
casp. Se encontrd una excelente correspondencia entre los resultados numéricos v analitices lo
cual s¢ comprobd usando las dos filosofias computacionales de manera independieme. A su vez
esto claramente demostrd que la drmula propuesta es exacta v efectiva, Ademas la fnola
propuesta requicre de mucho menes recursos computacionales comparando que el método de
clementa finite, el cual utiliza los software comerciales y de alta especialidad. Nuestra f5rmula
contribuird 3) mejor disefio de transformadores incrementando su vida media ¥ reduciendo sus
costos on las redes cléctricas. Los resultados de investigacidn s¢ ecnvigron 4 una revista indizada
de alto factor de impacto y actualmente se encuentra on revision:

8. Maximov, R. Escarela-Perer, J. C. Olivares-Galvan, J. Guzman, and E, Campero-
Littlewood, "New Analytical Formula for Temperature Assessment on Transformer
Tanks." Enviado a IEEE Transactions en Power Delivery el 20 de Enero de 2015.

4. [¥e acuerdo con la configuracidon convencional (I.-H} de devanado de transformadores de
distribucion, ¢l devanado de baja tension {LV) s encuentra internamente mientras el de alta
tension {HY) sc encuentra externamente. Se propuso una nueva configuracion (H-L) de
devanade, segin la cual 1a posicién de devanados ge intercambia, s deeir, ¢l devanado de alta
tgnsion gsta situado internamente y el de baja tension se cncuentra externamente. En los diserdos
de transformader analizados cn este trabajo, ¢l devanadc de alta tensién estda fabncade con
conductores de cobre v ¢l de baja tension con hojas de aluminip. Hemos medificado nuestro
programa de disefio del transformador para analizar la nueva configuracion. Se consideraron
transformadores del rango de 30 & 112,5 kVA para mostrar la tendencia de reduccion de costos.
las configurzciones H-L ¥ L-H se compararon con respecto a los siguientes parametros: longitud
media el devanado del lipo HV, la longitud media de LV devanado, peso del conductor de alta
tensidn, peso de LV conductor, costo de la maleria, v el costo total. Como resultade del cambio
en el disefio propuesto, se ahorrard material en la fabricacion de transformadores y se reducira el
costo. La reduccién de costos es especialmente importante ¢n el entorno de la competitividad de
las empresas fabricantcs de transformadoras de todo ¢! mundo. Los resultados de esta
investigacion se publicaron en una revista indizada de aito faclor de impacto:



Juan €. Olivares-Galvan, Rafael Escarela-Perczl, Serguci Maximov, Salvador Magdaleno-
Adame and Pavles S. Georgilakis, "Cost reduction by interchanging the location of the
windings in distribution transformers with HV copper winding and LV aluminum
winding.” lnt. Trans. Electr. Energ, Syst. (2014) DOIL: 10.1002/etep.

i Se presento un andlisis y cdlenlo de las pérdidas parasitas en las tapas de tanques dc
rransfarmadores del tipo de mdcleo trifasico de 75 MVA, Las pérdidas en la region cerca de bujias
de alty tensién se estimaron utilizando 3D simulaciones de elemento {inito. En la region
considerada las pérdidas pardsitas son altas y su reduccidn es importante para cvitar la presencia
de puntes vatientes en las tapas de tangue de transformadores de potencia. En este trabajo, un
inserto ne magnético de acero inoxidable (381 de lorma de L se utilizé para reducir las perdidas
parasitas en la tepion de Jas bujias de tension tcrciaria { CVBS) del transformador. Las perdidas
por pardsitus en la cubierta del tanque se cslimaron para un nivel de sobrecarpa de 30%
considerando dos casos: 1) Cuando no hay $SI y 2) Cuando el S8T es considerado. La reduccion
de pérdidas parasitas en las cubicrtas del tanque de transformadores de potencia ayuda a evitar la
presencia de peligrosos punios de aita temperatura. Estos puntos calientes pueden degradar el
aceite del ransformador y pueden producir una posible falla del cquipo durante su
fncionantiento. Los resultados de esta investigacién se publicaron cn memorias in extenso de un
conaresy internacienal de estricto arbitraje:

Salvader Magdaieno-Adame, Patricia Penabad-Duran, Juan Carlos Olivares-Galivan,
Serguei Maximov, R. Escarela-Fercz, Eduardo Campero-Littlewood, "Reduction of Stray
Losses in Tertiary Voltage Bushings in Power Transfermer Tanks." X¥1 JEEE Autumn
Meeting of Power, Electronics and Computer Science ROPEC 2014 INTERNACIONAL.

6. 1.on coclicientes de difusién v distribucién son pardmeiros importantes en ¢l disefic de
sistenas de harrera utilizados en los repositorios radiactivos. Estos cocficientes se pueden
determinar usande una confipuracion de dos reservorios, en medio de los cuales se coloca un
mediv poroso saturado lleno de agua estancada. Uno de los depositos contiene una alta
concentracian de radioisélopos. Bl objetivo del trabajo era obtener una solucidn analftica para la
concentracién de todos les radioistopas en la cadena de descomposicién de una configuracion
de dos depésitos. La solucion analitica se obtuvo tomando en cuentia los procesos de difusion y
ahsorcion. Para ello se utilizaron tales conceptos como la concentracién sobtevaluada, factores de
difusiém y descomposicion. La solucién analitica obtenida para la concentracion del radimsdtopo
se compard con los resultados numéricos ¥y experimentales disponibles en la literawra. La
comparacion mostré un  excelente acuerdo entre los tesultados analiticos, numéricos y
experimentates. Los resultados de esta investigacién se publicaron en una revista indizada de alto
{uctor Je impacto:

Juan Guzman, Serpuei Maximov, Rafacl Escarela-Perez, Irvin Lopez-Garcia, Mario
Moranchel, "Analytical solution to the diffusion, sorption and decay chain equation in a
saturated porous medinm between (wo reservoirs.” Journal of Environmental
Radicuctivity, 139 {2015) 163-170.

7 1 n determinacian de los coeficientes de distribucion y difusion en el disefio de los sislemas de
comencion es una tarea importante. La determinacion de estos coeficientes se puede realizar por

borear . . T



medio de pruchas de columna. Bn esta invesligacion se halld una solucion analitica de la
ecuacion de transporte de un contaminante en unas pruebas de columna. El transporte consiste en
ia difusién. adveecidn, la descomposicién ¥ los procesos de adsorcion, Se demostrd
analiticamente que la solucién se puede factorizar en dos partes: el factor de decaimiento (que
describe ¢l fendmeno puramente de descomposicion sin dispersién) y el factor de dispersién (que
s0lo ticne en cuenta el proceso de dispersion). Ademas, se demostes la invariabilidad de los
factores de dispersion con respecto al pardmetre de escala. Se encontrd que ¢l [actor de
dispersién ©s poco sensible al proceso de absorcion si la velocidad de Darcy es alta. La solucion
analitica se compard con los datos experimentales disponubles en la literatura. La comparacion
mostrd un excelente acuerdo entre los resuliados wwérico v datos experimentaics. 1.os resultados
de esta investigacidn sc enviaron a una revista indizada de alto factor de 1mpacto:

Juan Guzman, Serguei Maximov, Rafael Escarcla-Perer, Juan Carlos Olivares-Galvan,
"Analytical Solution of the Diffusion, Advection, Sorption and Decay Equation in Saturated
Porous Media: Column Test." Journal of Environmental Radioactivity.

8. Ademés durante el periodo de la citedra se publicaron los siguientes articulos €n revistas
indizadas;

V. Torres, J.L. Guardado, H.F. Ruiz, §. Maximov, "Modeling and detection of high
impedance Faults." Electrical Power and Energy Systems 61 (2014) 163-172.

César L. Melchor-Herndndez, F. Rivas-Diévalos, 8, Maximov, V. Coria, Edgar L. Moreno-
Gaytia, "An analytical method to estimate the Weibull paramcters for assessing the mean
life of power equipment.” Elecérical Power and Encrgy Systems 64 (2015) 1081-1087.

V. H. Coria, 8, Maximov, F. Rivas-Divalos, C, 1. Melchor, J. L. Guardado, "Analytical
method for optimization of maintenance policy based on available system failure dats."
Reliability Engineering and System Safety135 (2015) 55-63.

J. L. Guardade, F. Rivas-Davalos, J. Torres, S. Maximov, and E.Melgoza, "An Encoding
Technique for Multiohjective Evelutionary Algorithms Applied to Power Distribution
System Recorfiguration." The ScientificWorld Journa, Volume 2014, Article ID 506769, 10

pages.
5. Maximov, V. Torres, H. F. Ruiz, and J. L, (ruardado, "Analytical Model for High

Impedance Fault Analysis in Transmission Lines." Mathematical Problems in Engineering,
Volume 2014, Article 1D 837496, 10 pages.

Atcntamen T

Dr. Serguei @mw i

Catedritico de la Catedra Michael Faraday,
Unidad Azcapoizalco
Universidad Autdnoma Metropolitana

Meéxico DF. | de marzo de 2015
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This papes presemis o mrew und rigurous analylicsl calculation of cleetramagnetic Nield snd cddy currenl Iossex in the soaes ol
cromsfarmer aahs where hashings are mounted. This is done by salving Matwell's equations in Lhe regions surrouading bashings, with
the eorrespomding boumdary conditisns wnd censidering linear permeability. Then, by solving the nodified Bessel's equativn {he
analviial Tovonilac to calculute the magnetic eld and edddy currenl keises in these regiony are oblained and several rases are sluelical,

The reaalts ave cumpared with AL ¥inite Element simulativns and

show very close corvespondence. The ofndined lormulae wllow

stegightinrm ard valubalives thal can help designees 10 select proper paramelers 1o oplimict the design of Iransfarmess. This papir can
be taken as the basis for (he analysis of the nonfinear permeahility case.

Pufor feenn = Bushing veginns, Bushing caoductar, Eiddy carren losses, Finite Element Method (FEMD, Maswell's cquations,

Vadfied Bevwl s cquation, Teansformers

I IRTROBLATTION

E Dl ot N FIELDG instde transformers had been
sludic’! b several pescarchers {1113 before the first

compuier appeared. Recent progress in transformers
medeling and design 5 significant in both oumerical and
amalytzzul appreaches, Mumerical approaches have ioproved
the design ol tronsfurmers receatly (41-[7]. They are able to
accurateby, wdet the ghectromagnetic phenomena Laking into
acvetnl. among oher {hings, complex geometries and non-
linearific~ due 1o core natetials. There are alsa rescacchers
dedicated o find wrmdytical salutigns [8]-[}2]). However, there
are arphows dla still requife  attention, since they ame
ipartam e the desian phase | 13], in the study of transformer
farlares and in the nodeling of complex phenomena that occur
inside transdommes (b =[16]. Analytical soclutions, morcover,
di el preseud  numerical  instabilities  gr convergence
prablems. which could affeer the accuracy of numerical
algaritnme

I this paner authors propose a new analytical formulation
fu gumptty the electromagnetic field and the eddy cutrent
bowses prodiced By CUETERS CTOSSING the steeh tank of trans-
furmers. [he <current in bushing conduciars, which passes
tbreugh the 1ank wall of cover, generale aliernaling magnelic
fictds and eddy currents i it These losses overheat the tank
wall and ean impuet the tmnsformer oil propertics and the
insulation 11 wcder 1o estimate the impact ef heat and take
aqproprate eps fo reduce it losses dug to eddy gureenis in
the tank regions mear the bushing conductor have o ke
deterimirl

Since e analvsis of Turowski [17), analytical formulae
have been useful 1o solve problems of losses in transformer
covers. Nunnally, the msthod te calculale eddy current losses
in transfonmes suvers 35 based on Poynting's theorem [17],
(18] o Slavwell's equations [19]. Haowever, all published
rusnlls are approsimate [17)-[19], For example, in the first
methe Turoaski's fanmula for power dissipation in fank

walls imiplies the use of several semi-empirical paramecrs
such as the linearization coefficient or the  correcfion
coellicient, depending on Ihe magnetic field magnitudy, e
structure of the clement and the type of material. There arc no
rigorous mathematical methods Lo obtain these additional
parameters.

In the second method [19] results are obtained by newlecting
axial eloctric field in the tank wall. Nevenhebess, it is
necessary at least to estimate this axial compenent fu evaluaic
if it can be ncglected and there may be situations where 4L s
pan-negligible. On the other hand. straightfarward solving of
Maxwell's cquations is complicated in the case of nonlingar
tank wall permeabilivy, The analysis of this case is specially
complicated because of the presence of different harmonics
and interaction between them. Lo any casc, &8 a starting point
for analvzing the nonlinear case, o correct cslitaticin of
electromagnetic field in the case of linear permeability is
inevitable,

In this paper, & new zad meticulous analytical formulation
to model the elestromagnetic ficld and determine eddy current
losses in bushing regions of transformers is presented. ln
section [| the geumetry of the madel, the symmewry of the
tiectromagnetic field and the boundary conditwns in the
bushing regions are discussed. In scctions N1ta YV, Formulac 1w
caloulate  elcctromagnetic  ficlds  are  obtained  solving
Maxwell's equations in Ihe defined regions with the
corcesponding  boundary  conditions, considering  lim2ar
permeability. Anaiytical formulas for the electromagnetic freld
in stee] tanks are ubtained for a wide range of frequencics. In
section VI low frequencies are considered in the COmpUtation
of magnetic field. Section V1 s dedicated to ohtain Formulee
to estimate eddy current losses in the tank wall. In section V11
several cases zre amalyzed and compared with 3D Finite
Element {FE) simulations in order to verify the ohlaihed
results
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Sugcessful wnalyrical Tacmglee have een praviously peoposed (o caleulide Tosses in tank rezions of transformers assuming linesr
permeabiliflics in 1he anabzed Iourdary-valued prohlem. Thiv hias resulued in easy-w-implement sad low-cost compuiational design
procedores fram o transformer faclary econamical point of view. flowever, desipuges and analvsts of ivansfpratery are constantly
seeliing [or new wavs of reducmg transformer losses i acival povwer networks witle onsands of eansformers, As & eeall, vur work
hus been fecwsed on proposing oew asalytical formulae to determine the electremagneie field in bushing regions of tramsfermers,
taking accounl +f the Irue nalure af the nanlinear permeshility behavior o the tank wall This way, the nenlingar Muarwell's equations
it the regivns surrouning the bushings are solved asing an integral eguation formolation that properly includes boundary conditicns.
A practical jicrative procedure is thus propssed 1m0 solve the resubing nonlipgar equation. The dlerative acheme shows oxcellent
aumerical eonvergence properiies with ¢ very low compufadional demgnd s compared wilh finitesglement aonlineae wodels, A
comparisan Deiwern oure gaalytlcal recdts apalne 30D Goue-clement simulations reyveals a cloae mateh Fe a wide range of conduelnr
currenls. Hence, vur new Fn-miuloe can be vsed v impros o Lhe design of transhiormers, inocasing Lheir efficiency.

tndex Farme— Analviical methads, Bushing conducior, Eleciromapnetic ficld, Mugnelization curve, noalinear Maswell's eguations,

Mudilied Besse!’s cquutian, Transformer, Figite Llement Meted

1. [NTRODEICTION

TRA'\.'SI'UHMI-:R.% are cysenlbial componends o dastribution

and power systems. Improvement of calculation methods
(numerical and analyticald leads 1o desipns that meel the
demanding chaklenges posed by (ransformer industrics and
electric utilivies. Additionaliy. customers require high levels of
precision  and  reliability on caleulation rexulls foe
transformers, There are 1wo ¥pes ol lechniques for the
modeling  of field problems: numerical and znalytical.
Mumerical methads  bave  become  popelar with  tle
deve lupmient of massive computing capabilities, ard alibugh
they  give  approaimate  solulions, they wsually  provide
sulMicicn accoracy for engineering  purposes. They have
recently helped to improve the design of rransfomers 14]-[7].
However, solving Maxwell™s equalicns nwnerically s still
complicared in the presence of nonlinear permeabiliny due 10
the appearance of differant harmonics and the interaction
between them. This 1vpe of posiprocessing calculation s
generally difficult if the analysis of ene or several bapmonics
is requircd in the steady stale,

On the other hand, analylical metheds are rigorous and
sound, providing uniue solulions that bécome very uselul Tur
practical desipn and anafysis problems [1]-[3}. Particubariy,
analytical methods provide powerful design tools as they viekd
resilts a5 explicit functions of the system variables. Mareewver,
analyticel metheds to solve Mrawell's cquations |3], [9] do
not present nemerieal instabilities of convergencsd problamy
and can even be very belpful to make numetical methods more
precise and less time consuming, This way, analytical methods

are soupghl for the clectromagbetic ekl

analvsis  of

transformers that can in turn bave an imporant impact on the
design phase [10], a8 well as, in the soudy of failures and in the
rodeling of complex phenomena thar occur in ransformers
[IM[L3F. W s alse possible o wel ansyghl mbe the
Slecirmnagnetic and electric bebavior of rapsformers from
precise mathematical exprassions. They allow  performing
short-time parawneiric analyses of the cleciromagnetic field by
varying  systom  dimensions and material propertics, We
provide i this work the complete analytical solulion of the
clectromannetic eld mside fransformer fank walls as m
function of its thickness. To the best of our knowledpe, such
aonlimear solution Bas not been published before.

Recently, new analytical formulac for caloulation of
¢lectremagnelic fwld and eddy corrent losses in the zones of
transformer wanks whers bushings are mounted, have heen
cigorausly derived | 14]) by solving hMavwell s equations in the
regions sumreunding bushings, with corresponding boundary
conditions  and  comsidering  Loear  permeability.  The
comparison of aalytical resulis with 30 Finite Element (¥E)
simulations showed very close correspondence. in this paper,
the new analytical formulation to model the electromapgnetic
field in bushing regtons of transformers is presented taking
account of the noakinear permeability of the lank watl.

The paper is organized as follows. Section | pravides Lhe
fortnal derivation of the new analytical formulae. The
geumeiry of the model is briefly discussed in section §1. The
analytical calculanon of the magnetic field in a ponlinear
medium  also feguires an analylical description of the
magnetizing  cwrve, For  this  puerpose,  an  analytical
magnetization curve in the Torm of a lingar combination
between a straight line and an arctangent fanctions (s
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Ihadract | his paper presenls an analysis and comiputation
of stran besses ma che ik coner of 2 25 MVA Ibrec-phaise £01'C-
1vpe transterier, Steay losses o the regian surrounding high
currerl bshines are estimated using M) Finile Element (FE)
cimulations, (n the convidered region the siray Josses are high
and ilx reduction is imporiant 10 aveid 1he presence of hot
spals in Ihe ok cover of powcr transformer. In this paper, an
L-shupe non-maponelic Siain kst Steel Insert (551} is utilized to
reduce the siras lossey in the region of the Tertiary Voltuge
Hushings (1% Her of the transfarmer. Siray losses in the Lank
coner ary estimaned For o level of averload of 3% consideriog
tae cases: Dh When there is od 551 and 2) When the 551 iy
cansiderest. Fhe reduction of stray lsses in the tank cover of
power transtormers helps (o avaid the presence of dangeraus
high iemperalure spots. 1iat spuls tkn deprade the iransfarmer
il amd thes can produce 3 potential fatlure of the equipment
during upcralivn,

Roerrworreine Ntray fosh, BEak cOVER, MOE Spr, Fintre Elemcnt
FFE) sbmutafien, figh corrent bushings, sininless steef plate,
imprdunre Sowadiry, power irangformer

1. s IRCHINCTION

Iramsfisrney  desizn should  consider  avpiding  the
preschie wi e spols in carhon steel structural parls. Low
vultape cably leads produce high stray fluxes in the tank of
puawer mansiunners due to the high current girculaling
thequgh them  Fhese cables are conpected 10 bushings
sgunted 1 the 1ank walls o cover. High cuments produce
ligh stray felds in the vicinity of the bushing holes and this
can prowducy high stray $osses and hot spots in these parts of
the dank [1]-[5], In this paper authors analyze (he case of
teriamy valiage bushings placed in the tank cover.

I'he wee of non-magnetic Stainless Steed (53] Inserts
(5503 in the pant uof the tank cover where the high curment
pushings are maunted can be of great help to reduce siray
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losses and the presence of hot spois in tha region. [his
solution has alsu been used to reduce siray losses in tank
walls of pad-mounted distribution transformers and in the
tank walls of substation transformers [6]-[4]. Different insen
geometries can be uscd for this purpese [9]

Furtherinore., distribution tansformer manufacwrers sy
non-magnetic 581 te reduce sieay Losses in lank walls, Insers
have been utilized in 1ank walls of pale-lype distribatinn
transformers,  power  (ransformers,  and  iewtrument
transformers [ 10)-[14]. There are also wmanufasturers thar cut
slots between the bushing hules and these are Alled using
non-miagnetic 55 solder. In these cases it is difficult i define
the geometry of the SSI used by different mianylacturers
because they nommally polish the welded 551 and if the
transformer tank be painted it is not possible to identify the
551, Although almost wil tronsformer ranufaciirers sl
50, in general they do not reveal information about it.

Finite element (FE) simulations are a powerful tool for the
aralysis and identificalion of stray logmes in vk covers,
caused by high current bushings in power transtormers. [n
this work numerical computition of stray losses in the tank
cover of a power transformer is performed. Authors analyze
the usc of a non-magnetic inserts in the tank cover in the
tegion wiere Tertiary Voltage Bushings iTVBs) arc
mounied.

3D finite element (FEY simulations were petformed Lo
calculate the stray losses in the region next o the TWBs ot a
75 MVA three-phase core-type transformer. The analysis is
done under a 30% pverload condition {97.5 MY 4) with and
without the 350 welded in the lank cover, Linear impedance
boundazies were used (o model the carbon sleel of the tank
and permit to compute losses in the wnk cover [8]. The
highest current in the anaiyzed transformer is in the TVBs,
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The ehilfusuan amnd distobation aeficiems are orporiant Paraoetens it the design of Bayrer systems
used 10 radicactive repositorics. These coefficients can be determined using & two-reservair configura-
tinm, where 3 cibiezted porcds mediumn is i lgcaeed Babwasn Pae resenenics flled y stagnant water COoe
of e reseredirs contasns 4 hegh conce ration of cadisoapes, Te godl of tus work 15 o obrdin an
analy-ncar serlutiont Gt the concenlcausn af all rxlasoapes ah the decay chain of a (wo-reservor
crmfguration. T analytical solution must be abtaincd by taking inta account the diffusion and som-
Ooa processes, CONCEPrs sUch a5 etrvaltd colcentraion, diffusion and decay factors are emploved 1o
this endl. It is arealylivally prowon 1hat a lactoer of the solotionos identical for a0 <fains (onsaden g a ine
scaling [acorh 1f certain parameters dn not change In addition, it is prosen thal the coneentralion
sensaliviey. e 10 Hue tesaributan cgelficie nt vasiabnn, depends of the pocous mediuen thickness, which
15 pratdicelly insensve Fon £miall porows wediony thcknesses, The analvtical sabution fer the radicsa-
Iope canoentratiot is cnmpared with expecimental and oumerical Fesults available in liecaturee.

23 2014 Elsevier Led. AL fights reserved.

1. Inteoduction

The determyination of dilfusion and distribubtion coefticients is
imponant io the design of harcier sysbems that ane used in radio-
active repisiories. Amang Wi available experimental setups, the
two-resevoir configuration is commenly used to determine
diffusion and disteilsunnn caefficients. This configuranon coilsists
of a saturated porous mediam surmeundod By Pag rese meanrs ane of
the reservoirs, called jmecrive reservair {IR), contains a high con.
centration of radicisotopes and the ocher, called diffusive resenesir
(DR is imrially free of radivisulaopes,

The goal of this wrk is [n present an analytical solution fuc the
radionsotope conceutration in (e bW resenvodr configuration. The
analytical sofution must be obtained by laking inte account 1he

Abhaevlamans: 1R, Inpecteve resereodr; DR Caffiesare reservanr: BC, DilTusion co-
efficient; DA, Bistrboaes coelBosne.
* Cornesponding aulbu. Tel: .52 55 SIEGEH 7 fany + 52 55 547N
Lomail address: maeitne o rd el oo ). Suzman )

e el e @ BRI pers o 20l Py Lice &
N265-971¢ er 2004 Elsewer Lod. AN righs oeserned,

diffusion and sorption processes, [t is detnonstrated that rhe solo-
ritan hag 4 Cagoon chat is invariant in time.

There are af least three ways of analyZing A Dwo-reserair
configurarion: a) analyical, b) experimental and c) Gnite efement
merhods (FEM]. Chen ol ai 20085 found radioisetope concentea-
tions and rhe diTfusian coeficient vwng  muolti-compartmant
mwehods, Morice [ S obtatned andlytical solutons for the
duusicr, sooption and decay equaticns of radioisctope concen-
trations in the [aplace domain. Guemin vl al L4, emnpleyed the
finite e¢lentent onerhod (FEM) for determining diffusion and distoi-
bution coeflicients, L6 angd Abd 2005 amd B aed Wilpamen (2002
derived an analytical expression for the diffusion coefficient in
tho stcady state. Poire Guoencio ot al, J20089, 20100 found an
analytical expression for the concentratian using ¢lassical nbegral
rransforn technigues. A approximared analytical solition for the
concenreation in the diffusive resamvgir is obtained i the work of
Crank | K995 using 4 separacion of variables technique, Shackelford
1951, reviews classical methods aumed 3t Anding diffusion
cowefficients.

Alongside the aoalytical and numerical metheds, cxperimental
methods are a powerlul tool for detesnning diffusion and



lrane

IEEE PES Transactions on Power Delivery

New Analytical Formula for Temperature Assessment on
Transformer Tanks

lournal: EIEEE Transactions o

Powar Detivary

Maruscrpt 10: | TPWRD-00079-2015

- ——— - - e i immy e ———

Maruscript Typo: | Transactpns
Suamwiled by the Author: | 20-Jan-2015
Complete List of Authors: | Maximov, Serguei; Insttuto Tecrolegico de Morelia, Prograrma de
Graduados e Investigacien en Ingenierls Electnca
Escarela-Perez, Rafasl: Universidad Autonoma Metropolitana, Engrgy
' Dlivares, Juan; Universided Agtenoma Metropaolitana, Degpartarmenta de
Energla; Universlty of Alberta, Dept. af Elactrical and Camputer
Enginesring
Guzman, Juan; Ursverslidad Autonorma Metropelitana, Diepartamento da
Energia
Campert-Littlewopd, Eduardo; Universidad Autanoma HMetropolitana,
i Energy

Technical Tapic Area ; | Transformer modeling techniques < Transformers

. mm— e

Key Words: Electrormagnetic heating, Finlte element methods, Temperalure,

_—— . ——— - JE— - o ———— 1 — —_

b e s [T TR

|Transfarmer tank, Stray losses, Analykical Formula, Transfarmear design



Fage 1 of &

e =Rt N N o TR SR NS

ACLRMAL O MRS U ASS FILES Yol 1, % 4. DECEMETR M

IEEE PES Transactions on Power Dalivery

New Analytical Formula for Temperature
Assessment on Transformer Tanks

S Maximow, B Vscarela-Porer, Sewjor Member 1EEX | O Olivaves-Ciulvan, Sermior Member IEEE, ), Guzman,
and E, Campero-Litlewool, Member, IEEE

Abvirnct—A rigorous unalytical development is preseated e
find a formula ol provides the distribwiion temperature in
The tank goues chose to bushings of distibation 1ransformers.
The new formula can be fod with o Iogs distribotion oblaioel
vither amalytically or numecically. This fact i shown wsing
twe proven liss distributfons, comhined with our orw formola,
amnd comparing their results with Amile clement simuolations chat
wnt @ pre-cslablished loss distribulion in one case and solve o
thernul wleclmmapnetic coupled problem in the second e,
An evcellent match between nuokdcsl and analytcal resuls
is fomnd, which ure indcpendently determined using completels
different compubalion philesophies, As o resall, it is clearly shosn
that vur prapased formaula s effective and accoenie, Margpyer,
it fogbires much lower computationsl resources us eompaned
(o finite element sinwulations that reguire conunertial or highly
specialized sollwayre, Our Moemula will contribule to the bebier
design of transfoomers, increasing their usefud Hves and reducing
aperating oo8ls in pewer oclworks,

fades Termv-=Translormer tunks, stoay losses, analytical for-
mulw, heating, linite clement method, transfoomer desipn.

I ISTRODUCTION

OWER and destribwnion wransformers are key elements in

prawer syslems for efficient wansmissien of belk eleoine
pwer, Thoey may number thousands for typical metworks
around the worhd, making their perfornunce crucial in prope
operation of these systems. The efficiency of trunsformers
is narmally high but any improvement in their desizn can
leaed 31 huge reductions in the losses of 1he whole system
when Ihey exist in big numbers, Hence, i1 is very imporund
to sccurztely deterning the iosses of wansformers and their
effocts, such as temperature elevation, 1o propese enginecring
sualulicns ehat make wansformers have tonger useful lives and
lower operiting cosls.

High current conductors passing thraugh steel cover plates
of power ransformers are sources ol power losses, peacrating
andesitable theomal issaes in their ks, The minimisaton of
heating in bushing plates becumes an imponant aim a the
desipn stage, Cosl suvings asociated 1o reduction of enerpy
losses and tonger wseful lives can be siguificant (e custoners
and wilities, Assessment of e temperatore in the steel wall
uf the tank, that is crossed by high current leads. is importan,

5. Mudinmye i with the Instium Toonodugice & #orelio, Leoanas
dr Santiaguite 15000, Marha, 58130, Micheacan, MEX, cmail: KGN
a8 yuhoa I DN sabbanical Jeive, Dindversidad Autonoims Yo
land, Macdpiay dea, OFN0 Megjico OE, MEX,

J. Qugmyi, ) T Olivires-Cralvan, B, Escpealy-Perce, and E Campenn
Liltzwoeiel we with Univeradad  Awtonoms Metrogeliling,  Arcapsiabos.
2200, dekices T F, MEX
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Vhwrelore, the appliciion of advanced echnigues Tor precise
eHlimation of ienperatire distribatiuns in steel plates duc to
vddy current dosses is of great interest.

Broent rescirch pays special atiemion o the Compuiualion
of the tempersuee distrilutinn on transforme s covers 1 ]-[4],
iransformer wil 13, fransfonmer corey (8], [7], transfoomer
radiaeoes [&] wworoidal transformers (9] and transformer wind-
ings [ T0] wsing T'E and amalyical methods. albough FE
apguoaches are nuanerically powerfuf and sound, they require
high capacny computers, 1 well s, sophisticated and expen-
sive FE soltwaee when dealing with 31} gemneunies and vers
wnall skin depths w noneere permeabiiity and conductivity
regions, such as thewe found 0 tanks of power and disoribution
wransion imers.

Chn the other band, analvlical methods provide powerdil
design tonls as they yield explicit functions of the svitem
genmelry and inpul and oulpwl variables, As a resule they
wre very aseld for priactical design apd analysis problems.
Morecwer, poweriul computers or costly licencas of specialised
software are oo longer required, This work preseots an ana-
Iviecal method for ealeolateng the wmperature distribiion on
flat metallic covers by sulving the poveraing hear cunduction
cquation. The luss density due o electromagnetic induction
is comsidered known and provided by any available method
{(analytical or pumerical), decoupling e lectromagnetic and
temperature Beld prablems. Analytical approaches and specific
formulac for calcelmion of eddy curent Insses in sieel plaies.
crossed by conduetors cartying high corrents, can be found
for example in [11] or [12], where Maywells ciquations are
solved sssuming linear permesbility. Mevertheless, reference
[T1] presents & more rigorous analytical calculation of (he
electrumagnetic held amd eddy curment Iosses in the regions
of tramsformer tanks surrounding the Irnsformer bushiags.

Awmmmarizing. the aim of this paper s to ublain & general
formulu o calealale wmpersre distrivutions in iransforness
covers, onginaed &y [osses. The input loss stimuwlus of the
hieut euation is supplicd by analytical Frrmulae, Input stimu.
lus coming Frem a numedeal approach can also be readily
accommmodaled by our new formwla. Thias, our results can
be considerad purely analytical, convenienlly compared wilh
advanced FE simulations whose rewlis are obtained in a
completely different and independent way. Although the loss
Formula ol | 11] es more accurate than ke analytical expression
of [12], the later 15 used to obtain the input loss stimulos
becawse ol its appesling simplicity (avoiding cumbersoms
exprasions) and sanislaclory precision when dealing with not
very small skin depibx in the metallic plate. However. Rell
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Alstract: The determination of the distribution and diffusion ceefficients in the design of contention
systetns 15 an important task The determination of these coefficients can be realized by means of
colium fests. An analylical solution to the transpert cquation of a contaminant in a colurmn tests &
found in this wark. The transport invalyes the diffusion, advection, decay and sarption processes. It is
analytically demonsteated that the solution can be factorized in two parts: the decay Factor (which
deserilies purely the decay phenomenen without dispersion) and the dispersive factor {which takes
it soeual anly the dispersion process). In addition, an invariance of the dispersive factors wilh
resphe L 10 Ditramneter scaling is shown o exist, Moreover, it is found that the dispersive factar is little
semsibile 10 the sorntion process if the Darcy velority is high. The analytical solution is compared with
axpeerinicnis] datg available in the literature,
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the mean life of power equipment
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CERLL A, Howe oF, [ panamelen et faen mer hods Deported in 1he BteTarune reguire aumsmical ar
graphical technignes due (o the Leck of 2 closed- forn eapression fon the Weiboll shape pananzere . Thece
fou, i this papes, o sonple, cnassient, closed oo st or ased ot engemum likelihood estimate foc
wlpe Weihull shape parariseles 15 progosed, [De aew estimator is obtaued afte priving the exiseence amd
- - P — uniquenessy of Ehe salution of the estimating unchen 1 ordes 10 235055 The proposed metisid. fa'o right-
cersared Aaa 305 of e types o power Sqwpment Fepened i the lileratune were wied to apply the
miethod {or sstimanng the mean Wfe, standard diwration and stifasal funcoo, The results obtained were
compared with the results broro naencal aod praphical based citimatoes. From this comparative anai-
wsis, it can be said thul the propoted analylics] parameter <stiention method ic more practical and effi-

Ky
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Introductien

The roean life of power cquipment s Uypically estimated via
cnethods Based an irdecence frem histornical lifetime data. The cen-
tral parf of statistical inference bascd oa a distiibution function is
the estimation af the distnibutien parameters, Several sratistical
disiributions, including two-parameter Weibull distiibution |-
&), normal distribution [1], log-rormal distibution §3) ghree-
parameter Weibulb distnbution [R], and generalized exponential
distribution M%), have been proposed for liFetime data analysis of
power squipmicnt. However fhie two-parameter Weilbnsll distrib-
tion, which is defined iy the shape 2nd scale para neters, i acon-
manly used model in reliability and hlefiime data analysis.

The problem of estimating the shape and scale parameicrs of
the Weikall digoribution has been approached i the iiterature by
various techniques. such as least squares, probabidity platting,
and mmaxsmouin Jikelihood cstimatien {MLEY For the MLEs. the coT-
responding likelihood equations need 1o be soived numerically and
ol ated sobtware pragrans need o be applicd. For example, in| ¢
the duthor presents twg methods Far nornal and Weibwll diseriba-
tions to evaluate the mean life and standard deviation of a power
reactar group with Hmited end-of-life failure daca. For the ¢atima-
pon of the Weibull paramicters, the author develaped 4 et of non-

* Larrespongding author, FLx: =58 (4451I30TIRHD.
E-mrand gedrese rraneinoeane il [ 1, Melshar-Hemdinrdez)

i St e g Tul TG g e W A2HIA0E
1azarS 0 2016 Elmpwier 1td ALl nghts reseevesd.

riont in the sense of closed Ao axpressinins aee wsed o esticiabe e shapx and scale parameters.

£ 2014 Elsevier Lud, All nghts reserved.

bingar cyuatians usiog a least sguares method ro be salved For the
scale and shape pacamelers by using a gradient descen merhod. o
"5, adara-analytical mwethed is propused to estimale the mean life
af a group of gonerators. In this method, the Weibull pacamnetars
ares astimated oy AECENE & loast squares regression Wne through
the data pamts on a probabilicy plot In |3, the aothors carvied
cur an analysis of lifetime data of pawer transformers [rom an
energy company w Che LS. They used the Werbull distributian as
their Wiemnoe nwwde] amd fikted 0 by a direct maximization
approach via the maonunn Tkelinodd amd Mewton-Raphson
mwethods. I [4]. 2 modified version of the least squares fiding
method proposed || is presented, where the shape parameter
i3 estinared by using a numerical aptimizatian software. A coni-
parisen of the pacdmerers astimabors, maximum likelibood and
the roedian rank regression, ot estunating transformer Lifetime:
using the Weilmll distribution, is presemted i |5]. For the maxi-
e, likelihood estimation method, the author proposed fo obtain
the shape parameter Iy 2pplying a nemerical methed, such as the
Newion-Raphson. Finally. the impact of survival dara gn the acgu-
racy of transforener lifetime models is analyzed in [5). where the
twe-paraneter Weibuoll disteibution is chosen to simulare the fail-
ure data, arxd the maximuom likelivood estimation and the defayle
function “whifit' in the Matlab software are adopted fo estinate
1T correspanding Weibnll parameters,

These parameter estimation techniques proposed for modelling
lifeti e of pawer squipinent tave some disadvantages, which have
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ABSTRALCT

Flectrical vlilates fave the problem of apphyang eomptex mathematcal models for maintenanee eptime

Zaticn of power cquipment. This |5 because the models presented it literature lack e <implicey
drsred ta varey gut svaloations, and sume others eguire a greal momber af inpud data, which noay
npt he easily avdilable In order to overeome these dficoltics, 4 new anakytical oplemmizatien ewthod
1o Prevearive mainfepanoe JPM | pelicy with minimal repair at filure, periodic overhaul dnel replace-
ment is proposed [0 poeer equipment with istencad failuee line 0 inflesneed by a current BM pol

icy. The method includes 3 gew insperfect PM model based on Weitull distbation snd incangaraces the
current oveshaut inberval Ta and (12 optintal cverhaol interval T be found. The Wieiball pan e ers ane
estimated using 4 new anzlytical method. Based on this model, the opumal number of pverbault and the
optimal pverhaol interval for minimiziog the experied (0Tl MARNERIIWE Cost ane alin analylicaliy detec-
e, Several study cases wore designed in onder 1o best (the proposed el deMonstrating ws appl-

calulity and simplicivy (o determine an optimal mrintenance peicy.

£ 2004 Elseyier L. Al nghis oescreed

Introduction

Preacts couipsmienT i 5ukgect fe continwous wear and dederiara-
biom along s seaee Wi, Seoner oo later rhis leads te failures,
wikric e wall marerrupl te noemal cnergy supply proccss, The lack
af proper pocventoe Atanienance (EY policy inevitably resulis
nn higho costs and ennecessay downtime, and although increased
nudintenangy van cilectively reduce the downtime, the associated
conts wal! 1etocr ity prafits, Heade, an optimal PM policy is nec-
egary it e ensure safety and reliability of equipment, fo
decrease (he freguency Aod severily of failores, o reduce high
maimbenano e and Broakdewn cests, and to Umprosve gqupeoent
availalviliew

Powr equeqient that deteriorafes with age receives along its
senvice life preve e mainlenance actions. whish invelves mini-
mal tepsiss pericdic everbaals, and replacement actions, A onini-
mal repazs 18 peneraliy carmied out in order teoremgve a failure
with tanmud effost tege ropairing just the failed compoments),
Sime e o] eugiplTeil candses of Inany CHMPORERts. it 1S com-
maofly assumed that minimal repaits do net change the Rate of
Opewrcete of Faileses (ROCOF] of the equipment. Extensive
researcll asstming nmnual repairs has been conducted in [1-3]
Onthe ather hasul, an overhaul usually involves a set of preventive
mantenaace actions such as ol changing, clearing. greasing, and

Uy,

ey gzt bav +h P [ A4FNTLETD
..... : i e [, Melchar- Deindeder )
" e SIS TN

meAtara gl Led AL gighes reseraed

replacing seme worh components in a picee of equipment [0 pric-
b, power equipment 18 subject to routine or periodic averhauls,
which imprave ies condition, but they do aot remam it to the staee
a5 gl as new”. This is the reason why overhauly can be consid-
ered a5 imperfeci maintenances, wath the ROCOF being slightly
modified by maiotenance actions.

In 1985, the IEEE subcommittee on Application of Probalibecy
Methods established a fask force o investigate the present status
of maintenance strategies in the power industry, The results of iz
investigation were reported in |4} The main conclusion of this
inwectigation was [hat matnrenance at fined imervals is the most
frequently used approach, and strategies based on celiability-cen-
tered maintenance (ROM ) are inceeasiogiy considered Tur applicas
tion. This can be gbserved recently i same applications g RO
i {ransmission systems [5], distribution systemms |4, and wand
turbines | 7], just o mention 3 few examples. Also, other sfudies
have proppsed probabilistic mainfenance models Dased on state
diagrams. State diagrams can be directly converted into mathe-
matical models cafied Markov mesdels which can be casily solved
using standapd methods and analytical eguations [ 11], Orwer
approaches have been propased in the reliabiliey engineering liter-
ature to model che impact of smperfect PM on the hazard rate ol
cepairable systems (in this Literature, the ROCOF is called hazard
rate). These imperfect PM models can be classified inro three
groups [12]: age meduction models. kazard rate models, and
hybrids of both. Age reduction models assume that there i3 an
effechive age reduction dght after a PM action, and rhat rhe Razand
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on available system failure data
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An acmalybical ppcimization method [or preventive snaintenance sPMY poly with wuoenat repads al
Ealore, perboidie cngintendoue, asd serplacemean & peopased Tor syswems with historical faflure lime data
influenced by a curent PA pelicy. The method includes & new npecfect PR piodel haged on Weihull
distribwing 2nd moorpocates the curieol ragrtengnee itEwal Ty ek 1he aprimal mainte nance sneeral
T te he faurud. The Weibull paramaeters are analyticalby estumated using masinwm hkelibwod esumation,
— Buscd o thns poesded, the aptersd mavalies of BM and the aptimal nainienance infecval For minimizing
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R, the expocted cosd over an indimite fume hucecn aoe abse analyticatly derecmdined, & numlee of ckznaples
:'T""::‘I‘-""“’ FH LN are presonted invelving diTerenk Lailure time dade and cutent mainkenance imervals io aralyze howe cha
aluab iy

propoced analytical sprimization encthod for periodic FM palicy peofenmances o cesponse 6 changes in

Beplacemen: the disteibaadion of the failoare data and the current maintenance intenal.

WldmunL ke linegd eamanen

Hazard riLe

1. Inireduction

Maintenance wvalves preventive and corrective actions carred
ot 10 keep physical systems in the desired operatng condition ar
to vestore them to this condition. Optimal maintenance palicies
aim o provide aptimat system reliabdlity/availabibty ad safetyr
erfarmance A bawest possible maintenance costs. The literanure
o nulintenance is vast Fora full otensess on the srare-of-the -aT,
e readers are referred 1o seq |16

Maintenance can be categonged inmo thres groups, 01] cormective
maigtepance (Ch], {23 preventive maintznance (PW) and (3} pre-
dictive maintenance [RIMY CM ame achions perfoemed wiwen the
system fails. The mosr camoan form of CM is “mindmal cepait™
where the slate of the system aftgr repair is neacly the saowe as tha
Just befare falure (see 1780 PM is a mainterance policy based on
replacing. overhauling or remmanulaciuring 4 System at fixed wr
adaptive time intervals, regardless of its condition af the time. The
periodic P policy con he considertdd as the nosr commaon
maintenance policy in which 4 system s preventively maingaecd
ar fixed time intervals, regardless of the failure history of the
system; | 1L M 1 an advanced preventive approach whitre
maiarenance is defemmed until it is aotually negded. The phpscive of

T Lorcesperding ulen ar losnlaie Tecralagicn de Morela. POIE, A Teonold-
zico po. 1500, lenas de Sanhagute, CF SB1240, Maoreha. Much., Mexico.
et 52443 30, Fax; 4 51443 31VEETD.
Eomant addnest. ey ke eon e (S R aainkas].
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£ 2074 Flwevier Lid, All pughts reserved,

this dpgrodch is 1o pgege (he ystem in order o dewect incipient
falts before they can cause a part o fail | 13]. “This maniemnance
stratemy has boen implemented ag condition based maintenance in
sysfems where certain perfermancg indices arge periodically or
continuensly meotred |14 106G

FM policy has been considered by many diesearchers as one of
th ookl Afwcied cnamienance policies {see (17- 20|) For most
industeial planks, M s still a dormirant mamtenance policy as it is
casy 1o umplemenr and 1ol many systeins can b condition-
manitored 1] & mere comprehensive defnifion s: P policy
iz a planned oesincenance that reduces or eliminates accumulated
system deterioraticn, and is executed aceordios with plannod
schedules. In the reliability and maintenance litecature, PR pali-
cies ara commenly classified as |22 periedic and sequential M.

Feqodic FM s exerated at infeger multples of some fixed time
ioerval. On the ofber hand, sequentisl PM s implemented at
intervaly of anegual tee lengehs. Sequential PM is more sweitable
when the systern requires moer freéguent mamtenance as it ages,
whereas periodic PM s more convenient (o schedule. This paper
addresses the problem of eptimal periodic PM policy for systems
with minimal cepairs at failures between PM actiont and
replicements.

I the peciedic M policy, a system receives PM at fised time
intervals kT (k1. 2, .., W) where T is the time interval between
[*M actions, and 15 Teplaced at ehe Nrh BM action. 1t is assumed that
thie system receives only minimal repaies at faiheees occurring
tetween PM actions. and heace, the system failire rate remains
wichanged &
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SUMBMARY

Accmeling Lo the comventional winding configuration of distibuticn transfonners, deroted ay 1.-H, the low
wellgme (1.1 winding is becaed intemally and dhe high vollage {H¥) winding is located cxiernally. This
yreper prapeses 2 new winding contiguration, dencled as H-L configuration, according Lo which the location
el windings is imezchanged, that iz, the BY winding is located internally and the LY winding s locasd
eowarnally. 1o fhe designs of transfarmer analyzed in this paper. the HY winding s manufocced with
cuprer conducton and the 1.V winding with alumitum sheets, We have modificd cur wrarsformer desige
pmman o analvie the new 11 configuration. Transformers rtings from 30 i L1253 kYA are conaidensd
Lo shesn the vost rednction wend, e H-E and L-11 configurlions are compared on the basis oF te following
peeamiedors: ean length of HY winding, mean length of LY winding. weight of HY conducior, weight of LY
comdwenor. mesterial cost and et Gwning cost As & result of the proposed design change, transDoner i -
luren save material and redoce cost. Transfonness cost reductions are especially important in the compentive
env 1 mmen of wsformer cuopanes around the wodd. Copynght ©@ 2014 John Wiley & Sons, L.

w1 v wens:  tromsTormer degign: cost reduction: tansfomer windings: E.-H configuration; H-L configuracion.
copper: 2luminum

i. INTRODUCTION

I wider 1o successtully compete in a2 gobal wcenomy, transfoaner manufecturers need 1o continuously
mpnove teansformer design 1o save manena) and reduce cost, Begause it 1s easier w insulate, taditonally
the ke volage {LV) winding is plaed ¢loser 1o the coee and the high volage (HY) winding covers 1the
1A winding 11-23]. In this peper, this conventional amrangement of windings is called L-H ¢onfiguration.
Aughs of | 1-23] use the L-H configuration for various purpnses, which anc nat explicirly mentuned herc
fur the szke of space. This it a list of peferenees thar could be substantially increased. but we just wanl to
civphiasize tat there is not & single publication proposing the H-1- configuration, Chr paper propases 2 desipm
nnpovenenl capable of reducing the dismibution gansformer cost while ensudng the fulfillment of all
consiraints in three-phase distribulion ransformers using rectangular windings. In this paper, (he HY winding
1 placed closer t the core, and the LY winding covers the HY winding, This arrangement of windings is
catlhizd H-L configuration. In Figure 1, we can appreciate the differerices between both winding configurations.

i m-_‘.::l.pq'rndrnc: te: Juan ©. Olvarms-Gadvan, Departaments e Energia, Universdad Autonoma Waropolitana- Aacapoialon,
A O FL Mesks,

| vgnd: podivn el o e fs L ITE

Cepaueh G2 2004 hdin Wiley & Sans, Lwd.
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Betwurk reconfipurahinn is an alternative 10 reduce prwes [isses andh uptimee the opezation af puwer distribstion systems, b
papcr, an encodusg scheme for evolulwnary algerthms is proposed in order 10 seaech elbicient [y tor (b Farelo-ophial sohutiooas
duing the tewun bguration of power distcibution systerms consilening mwltzobyeive vplodiation. The encodmy scheme is based
e the sdge windmw decoder [EW ) techntigue. whuoh was embedded in the Sircogihe Parso Bvolutnonary .ﬁ.lgnrjth.m 1{5PEAZ)
and 1he Xondaminated Sorting Genenc Algonchen [[INSGA 10 The effectsvenass of the encadisg scheme was proved by solving a
test profilem far which the true Parero -optimal soltions are known in advance. b oorder 10 prove the praceicability of the encoding
schowe, w reel dislriluioen system was used to find the near Pareto oplimal solutisos o duferent obpective fonctions wo optimize.

I. Intraduction

Modern societicy require a complex system of pencrating
plants, interconnected transwission lines, and disteibuion
systems. The overall posver losses in the generation, trans-
mission, and distribanion of electrical energy are estimated
inn §-15% [1]. These figuees mean thal there is sl room for
reducing losses in electyical poswer systerm.

An alternative to reduce power lIossas ip distribution
systems 13 network reconfiguration 2], Floweyer, this ic one
of the most cornputatienally demanding problems in distd-
bution systems hecanse it requires the oplioization of several
ohjective functions related to the operational etficiency of
distribution systeimns such as power losses, voltape deviations,
circuit breaker operations, and expecied energy nowsupplied,
among others, while All notwark consiraints are satisticd, Tor
exarmple, line eurrents and voltage drop limts and 2 radial
configuration,

Considering that modern distribution systerm may have
thousands of possible combinations of switches status, and
the nenlinear nature of power losses, the distribution spstam
reconfiguration (DSR} problem can be defined as a highly

complex, cambinakeyial, and nendifterentiable optimizaloon
prablest. Furthermore, the radiality constraint intreduces
addiionsl complexity to the problem, especially in large
size distribution netwoerks. Because of this, new algarithimy
are emerging conhnunusly to deal swith the complexity of
oplimizing radial powet disteibuleon systerm gperation.
Metabenrislic  algorithms  using  a  multichjective
approach for solving the DSR problem have been very
popular io the last Jdecade {3-8], and a literatere roview
is given in [9]. En the multiobjective approzch, mere than
ng olyeclive luncon s optimized simultanecushy, such
ag minimizing power losses and voltzge deviations in the
systern, balancing buads in (ransformers, minimizing the
rumber of operaled switches during the DS process,
and maximizing system reliability. o practice, some of
these obyective tunclions zre conflicting between  each
other and it is nol possible to find a single solution that
simultaneously aptimizes all the objective Fanctions, but
there exists the aliernative of obtainiog a set of solytions,
knowss ds Wee Pareto-optimal solulions, which represents a
tradenft hetween all the conflicting objectives. Fvalutionary



R S R BT L LT T

S NG
[T ET K, g apes
TR MR € R R

Hindawvi

Research Article
Analytical Model for High Impedance Fault Analysis in
Transmission Lines

\. Maximov, V. Torres, H. . Ruiz, and ). L. Guardado

e decrlegir de Aereha, Aveinida Tecnaddgice No. 1500, 58020 Marchn, MICT Meaien
teprentlone sNobd e add resed 10 W Toenes; g RXE hodo ailcom

vl R A 2018 Accepied 5T August 2004; Published 1L Septembar 2014

Yo b, Talitae: T el Momonal

2114 % Mavimow ot 3. This is an opun zccess attide disteibuted umler the Creatiee Commons Adribubon oo,
wip 4 pormnls wnnestrivled wse, distributicn, and reprodugliog in any Malinm, provided the origioal wark i presperly oled.

el

el smpedavice Faull (HIF) normally ogoues when an averhead power hme physically breaks and fails i the graund. Such Lauls
ire gt 1 detect because they often draw small currents which cannot be detected by comventimal overurzent peateclon.
il nre, AN dectric are accompanivs HUs, resulting m fire hazard, lamage to electrical devaces, and risk witl buman e Thes
papes presenis an analytical madel to anadyee the ileraction Teelween the lectric arc assouiated 1o HITs and a transmiswon line

A tnet analynical solulion 18 the wave equalian for @ fransmissien litie @nd 2 nwnlmear equation Tor the arc inodel is presental

cme raalyiieal mnded is validated by means of comparisans b

etween toeasured aond caloubated results, Several cases of STy Are

v Wi sapport the foundavion and accutacy of the propeged modal.

1. Introeduction

Fligke iz tathis are those that do not peoduce cnough
current i e detected inoa reliable way by conventional
deviees st as relavs [1]. FTF detection and localization in
el 11 g pivwet sysiems has been tradivionally a challenge for
proteytwen engncees. This is due bo the nature of this kind
al faul, basicalle their variability and relabively low-current
levels cempared o subsiation load currents. Furthermare,
arcesg socomipanes HIE resulting in fre hazard, damage
e eleitniedd devices, and risk (o human life, Under these
cireusnalanres, s enventional protection relays are unable to
deterr wrd ke such Taults. Though many HIEs de not
mwedve ground at all {phase to.phase faults due {0 leaning
srevwb, phase lo-ground faults are of parameunt interest
biew e ~4 their relevance for public safety.

i has ‘ong been recopmized by the industry and
sty 1l ey 705, several methods have been proposed in
the lweratute dor HIF detection. They ate based on exam-
wmng sklferenl characieristics of currents and voltages in
she e [Tequency, and time-frequency domains. Some of
Lheae o hinngues are the staged faull test |2], law lrequency
Ealman fillering [4), neural networks [5[.
nta mtvea ks and wavelet 18], cxpert systems (7). and

ap Lranny, N

more recently the applicalion of larmonics analysis I8, 8], the
wavelet vraneform [10-121, and the correlation funclion [13]

For HIF fault localization, techoigques such as numerne
cab algerithms 114], monlineur frequency analysss [151, and
recently, time domain studies [16] have been proposed,
However, the authors consider that a complete sobutionto the
problem of IIF detection and Yocalization can be achieved
only by 2 deep understanding of the interaction tetweet the
HIF and the transmission line.

In this paper, a new model 1o analyze the interacnon
between a lossless transmidssion line and the Jeciric ars
associgted during a HIF is proposed. The teansmvissi line
is represented by the nondissiparive and nondispersive wave
equation and the clectric arc is modelled by a Mayr-Cassie
type equation. The novelty and the mathematical challunge
of this problem consist in the joint solution of 2 linear
partial differential equation, which is the wave equation,
and an essentially nonlinear ordinary differential equation
for the arc medel. The ronkinearity of the arc phenomenon
yields a general impassibility of considering the eleciric arc
cffect as load impedance in the analytic form. An clegant
solution o this problem is praposed by showing that for
a wide class of periodic voltages the arc phenomenan can
be represented like impedance which depends on voltage



PI.AN DE ACNVIDADES PROPUEST( A REALIZAR POR EL
DR. SERGUEI MAXIMOV
EN LA PRORROGA DE LA CATEDRA MICHAEL FARADAY EN El. PERIODO DEL 1 DE
ABRIL DT 2015 AL 31 DE MARZO DE 2016
I'N EL DEPARTAMENTO DE ENERGIA DE LA UAM-AZCAPOTZALCO

P'or medio de la presente Hslo a continuacién mi plan de trabajo a realizar durante mi estancia
académica en ¢l Departamento de Encrgia de la Tniversidad Autonoma Metropolitana-
Azeapotzalco correspondicnte al periodo de 01/04/15 a 30/09/135, Duranie ese periodo participard
en ¢l desarrollo de proyectos de investigacion ¥ docencia eommo se detalla en e] cronograma que
aparcee enseguida.

Docencia, Meses 1 a 12: Imparticion de cursos a nivel licenciatura, Tales como: Teoria
Electromagnética, Laboratorio de Electromagnetismo, Fisica IV, Métodos Numéricos en
Ingenieria, Cinematica y Dinamica de Particulas, Dindmica de Cuerpo Rigido, Intreduccion a
Electrostitica y Magnetostdtica, Matemdticas Aplicadas a la [ngenieria, Cilculo Avanzado con
Aplicaciones, Innovacion, Retos del Desarrollo Nacional o las que la Jefatura del Departamento
de Encrpia considere necesanas.

Mes t a mes 6; Deducir las ecuaciones difcrenciales parciales apropiadas para resolver ¢l
problema no lincal de corrientes de remoline en conductores masives producidas per campos
magnéticos ¥y cldctricos en sus supceficies. Las soluciones sc estableceran con funciones
elementales v cspeciales y se adaptaran para crear condiciones de impedancia superficial que
finalmente permitan sustituir a Jos conductores masivos cn modelos de elementos finitos. Esto
permititd evitar la simulacién cxplicita de conductores masivos en los modelos de elemento finito

Mes 7 a mes 12 Establecer condiciones de continuidad en las intetfaces de conlacio de mallas de
elementos finitos incompatibles, por medio de solucion analitica de ecuaciones de Maxwell en ¢l
espacio enire dos mallas con las condiciones de froniera apropiadas. Se espera ulilizar diversas
funciones especiales (cilindricas, esféricas, hiperpeométricas ¢ hipergeometricas generalizadas)
para la establecer dichas condiciones de continuidad

Resultados:
Al final se habrin publicado articulos donde se plasmardn los resultados obtenidos en las

investigaciones realizadas.

Catedratico de la Catedra Michae! Faraday,

Unidad Azcapotzalco

Universidad Autdénoma Metropolitana

email: spmaximovi@yahoo.com.mx México DF, | de marzo de 2015
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