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RESUMEN

Este artículo presenta una adaptación del algoritmo de 

#2.)/)3(")*$+0(-(,#+!$+"#4#$)(-+,!+5# /)&(-1+(24)"(,#+

(4+2 #04!/(+,!+ !"#$%&' (")*$+,!+") "').#-+,!+,)-. )0'-

")*$+,!+.#2#4#&9(+ (,)(46+:4+2 #04!/(+,!+ !"#$%&' (-

")*$+!-+/#,!4(,#+"#/#+'$+2 #04!/(+,!+2 #& (/(")*$+

$#+4)$!(4+!$.! #+/)D.#6+:$+!-.!+"(-#1+4(+C'$")*$+#0E!.)=#+

!-+4(+ !,'"")*$+,!+2; ,),(-6+J(+2 )$")2(4+=!$.(E(+,!4+

(4&# )./#+2 #2'!-.#+!-+4(+'.)4)3(")*$+,!+'$+=!".# +,!+

/!/# )(+2( (+"(,(+)$,)=),'#1+5(")!$,#+F'!+-#4(/!$.!+

-!+!=(4N!$+-#4'")#$!-+C(".)04!-6+B( (+/#-. ( +!4+,!-!/-

2!O#+,!4+(4&# )./#+2 #2'!-.#1+-!+ !(4)3( #$+!$-(8#-+

!$+,#-+-)-.!/(-+,!+,)-. )0'")*$+,!+2!F'!O#+8+/!,)($#+

porte ampliamente conocidos en la literatura. 
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ABSTRACT

P5)-+2(2! +2 !-!$.-+($+(,(2.(.)#$+#C+.5!+($.+"#4#$8+

#2.)/)3(.)#$+(4&# ).5/+(224)!,+.#+.5!+ !"#$%&' (-

.)#$+#C+ (,)(4+!4!". )"(4+,)-. )0'.)#$+$!.Q# R-6+P5!+

 !"#$%&' (.)#$+2 #04!/+)-+/#,!4!,+(-+(+/)D!,+)$.!-

&! +$#$4)$!( +2 #& (//)$&+2 #04!/6+P5!+#0E!".)=!+

C'$".)#$+"#$-),! !,+)-+.5!+4#--+ !,'".)#$6+P5!+/()$+

(,=($.(&!+#C+.5!+2 #2#-!,+(4&# ).5/+)-+.5!+'-!+#C+

(+/!/# 8+=!".# +C# +!("5+(&!$.1+Q5)"5+&'( ($.!!-+

.5(.+#$48+C!(-)04!+-#4'.)#$-+( !+!=(4'(.!,6+P#+-5#Q+

.5!+ 2! C# /($"!+ #C+ .5!+ 2 #2#-!,+ (4&# ).5/+ .Q#+

.!-.-+Q! !+ "(  )!,+#'.+ )$+ -/(44+ ($,+/!,)'/S-)3!+

Q!44+R$#Q$+,)-. )0'.)#$+-8-.!/-6+

1.   Introducci�n

J(+ !"#$%&' (")*$+,!+-)-.!/(-+,!+,)-. )0'")*$+,!+

!$! &9(+ !4;". )"(+ "#$-)-.!+ !$+ (4.! ( + 4(+ .#2#4#&9(+

,!+4(-+ !,!-+(+. (=;-+,!+4(+(0! .' (+#+")!  !+,!+)$-

.!  '2.# !-6+># /(4/!$.!1+ !-.!+2 #"!,)/)!$.#+ -!+

5("!+2( (+()-4( +C(44(-1+/)$)/)3( +2; ,),(-+(".)=(-1+

0(4($"!( +"( &(+!$. !+(4)/!$.(,# !-+#+2( (+/!E# ( +

4#-+$)=!4!-+,!+.!$-)*$6+:4+2 #04!/(+,!+ !"#$%&'-

 (")*$+ -!+ 2'!,!+ "4(-)%"( + "#/#+'$+2 #04!/(+,!+

2 #& (/(")*$+$#+4)$!(4+!$.! #+/)D.#1+F'!+2 !-!$.(+

!4+C!$*/!$#+,!+!D24#-)*$+"#/0)$(.# )(46+

J(+/(8# 9(+ ,!+ 4#-+ -)-.!/(-+ ,!+ ,)-. )0'")*$+ -#$+

"#$-. '),#-+,!+C# /(+/(44(,(+8+#2! (,#-+,!+C# /(+

radial. La restricción de radialidad es uno de los 

C(".# !-+/T-+"#/24!E#-+,!4+2 #04!/(+,!+ !"#$%-

guración. Esta restricción no se puede representar 

/!,)($.!+  !4(")#$!-+ (4&!0 ()"(-+ -)/24!-1+ 4#+ "'(4+

,)%"'4.(+!4+'-#+,!+(4&# )./#-+0(-(,#-+!$+.;"$)"(-+

analíticas. 

:4+ 2 #04!/(+,!+  !"#$%&' (")*$+ ,!+ ") "').#-+ C'!+

2 #2'!-.#+2# +2 )/! (+=!3+2# +A! 49$+8+U("R+!$+

VWXY+Z[\6+:$+!-.!+2 )/! +. (0(E#+-!+,!-(  #44(+'$+

/;.#,#+5!' 9-.)"#+"#$-. '".)=#+8+-!+2 #2#$!+"#/#+

C'$")*$+#0E!.)=#+ 4(+/)$)/)3(")*$+,!+2; ,),(-+,!+

potencia, sin incluir restricciones operativas. Pos-

.! )# /!$.!1+ @5) /#5(//(,)+ 8+]#$&+ 2 #2#$!$+

'$(+/#,)%"(")*$+ (+ !-.(+/!.#,#4#&9(+/!,)($.!+

'$+($T4)-)-+,!+^'E#+,!+2#.!$")(+*2.)/#+ZV_\6+:-.(+

/!.#,#4#&9(+"#$-)-.!+!$+"#  ! +'$+̂ 'E#+*2.)/#+"#$+

.#,#-+4#-+)$.!  '2.# !-+"!  (,#-+8+,!-2';-+=#4=! +

(+4(+.#2#4#&9(+ (,)(4+(0 )!$,#+4#-+)$.!  '2.# !-+F'!+

presentan menor corriente.

L+2( .) +,!+VWW_1+(2( !"!$+$'!=(-+.;"$)"(-+,!+ !"#$-

%&' (")*$+,!+") "').#-+0(-(,(-+!$+ !,!-+$!' #$(4!-+

( .)%")(4!-+ZX\1+(4&# )./#-+&!$;.)"#-+ZW\+8+-)-.!/(-+

!D2! .#-+ZVV\6+J(-+ !,!-+$!' #$(4!-+( .)%")(4!-+2'!-

,!$+-! +'.)4)3(,(-+2( (+(24)"(")#$!-+!$+49$!(1+,!0),#+

(+-'+ T2),#+,!-!/2!O#+"#/2'.(")#$(4`+-)$+!/0( &#1+

-'+/(8# +)$"#$=!$)!$.!+!-+F'!+ !F')! !$+'$(+"($-

.),(,+"#$-),! (04!+,!+,(.#-+2( (+!$. !$(/)!$.#1+!4+

"'(4+-!+,!0!+5("! +2( (+"(,(+ !,+,!+,)-. )0'")*$6+J#-+

(4&# )./#-+&!$;.)"#-+2'!,!$+!$"#$. ( +'$(+0'!$(+

-#4'")*$1+2! #+ 4#-+ .)!/2#-+,!+"T4"'4#+2( (+  !,!-+

de grande porte resultan ser elevados. Las meto-

,#4#&9(-+ 0(-(,(-+ !$+ -)-.!/(-+ !D2! .#-+ 2 !-!$.($+

0T-)"(/!$.!+!4+/)-/#+,!-!/2!O#+F'!+4#-+/;.#,#-+

0(-(,#-+!$+.;"$)"(-+5!' 9-.)"(-6

J(+.;"$)"(+,!+-#4'")*$+(,#2.(,(+!$+!-.!+. (0(E#+!-+

"#$#"),(+ "#/#+L?a+ H8(#)9'2(3):4#!5!60#!'(K6+

:-.(+.;"$)"(+-!+!$"'!$. (+,!$. #+,!+4(-+,!$#/)$(-

,(-+.;"$)"(-+/!.(5!' 9-.)"(-6+:4+2 )/! +(4&# )./#+

0(-(,#+ !$+ 4(+ #2.)/)3(")*$+/!,)($.!+ "#4#$)(-+ ,!+

5# /)&(-+ C'!+ (24)"(,#+ (4+Problema del Viajante 

ZY\6+L+2( .) +,!+,)"5#+(4&# )./#1+ -!+5($+,!-(  #-

44(,#+=( )(-+(24)"(")#$!-+(+2 #04!/(-+"4T-)"#-+,!+

#2.)/)3(")*$1+ "#/#+2 #04!/(-+ ,!+ !$ '.(/)!$.#1+

(-)&$(")*$1+ 2 #& (/(")*$+ ,!+ 5# ( )#-1+ !."6+<$(+

 !=)-)*$+0)04)#& T%"(+,!+!-.(-+(24)"(")#$!-+-!+2'!,!+

"#$-'4.( +!$+Zb\6+:$+!-.!+( .9"'4#1+-!+2 !-!$.(+'$(+

(,(2.(")*$+,!4+(4&# )./#+L?a+(24)"(,#+(4+2 #04!/(+

,!+ !"#$%&' (")*$+,!+ !,!-+,!+,)-. )0'")*$+2( (+/)-
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$)/)3(")*$+,!+2; ,),(-6+B( (+(,!"'( +!4+(4&# )./#+

La?+(4+2 #04!/(+,!+ !"#$%&' (")*$1+-!+)$. #,'E#+

'$(+/#,)%"(")*$+ (+ 4(+ C# /(+ "#/#+ 4#-+ (&!$.!-+

0'-"($+4(-+2 #2'!-.(-+,!+-#4'")*$6+:-.#+5("!+F'!+

!4+(4&# )./#+-!(+/T-+&!$! (4+8+('/!$.!+!4+"#$E'$.#+

,!+-#4'")#$!-+C(".)04!-+!D24# (,#6

2.   Formulaci�n del problema

:4+2 #04!/(+,!+  !"#$%&' (")*$+,!+  !,!-+,!+,)--

. )0'")*$+"#$-)-.!+!$+#0.!$! +,!$. #+,!+ .#,(-+ 4(-+

"#$%&' (")#$!-+ 2#-)04!-+ (F'!44(+ F'!+2 !-!$.!+ 4(+

/!$# +2; ,),(+,!+2#.!$")(+(".)=(+8+"'/24(+"#$+'$+

"#$E'$.#+,!+ !-. )"")#$!-1+4(-+"'(4!-+)$"4'8!$c+ (-

,)(4),(,1+"(2("),(,+/TD)/(+,!+4#-+(4)/!$.(,# !-+8+

49/).!-+,!+.!$-)*$6+:-.!+2 #04!/(+-!+2'!,!+!D2 !-( +

/(.!/T.)"(/!$.!+"#/#+-!+)$,)"(+!$+4(-+!"'(")#$!-+

HVK+(+ HbK6+:$+!-.!+"(-#1+ -!+5(+'.)4)3(,#+ 4(+/)-/(+

$#.(")*$+2 !-!$.(,(+!$+Zd\6+J(+2 )/! (+ !-. )"")*$+

e!"'(")*$+HdKe+"#  !-2#$,!+(+4(+"#$,)")*$+,!+ (-

,)(4),(,1+4(+"'(4+!-+/#-. (,(+,!+C# /(+&!$; )"(1+8(+

F'!+$#+!D)-.!+'$(+C# /(+!%")!$.!+,!+ !2 !-!$.( +4(+

 (,)(4),(,+'-($,#+ !4(")#$!-+(4&!0 ()"(-+-)/24!-6+

J(-+!"'(")#$!-+HfK+8+HgK+ !2 !-!$.($+4(+4!8+,!+"#-

  )!$.!-+8+=#4.(E!-+,!+h) "55#CC+ !-2!".)=(/!$.!6

+HVK

 

@'E!.#+(c

+HdK

 

HfK

  

HgK

 

HYK

 

HbK

M#$,!

 

++++++c número de ramos del sistema.

+++++c+ !-)-.!$")(+,!+4(+ES;-)/(+ (/(+,!4+-)-.!/(6

++++c+"#  )!$.!+,!4+ES;-)/#+ (/#+,!4+-)-.!/(6

+ + + c+=( )(04!+0)$( )(+F'!+)$,)"(+-)+!4+ ES;-)/#+ (/#+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++!-.T+!$! &)3(,#+#+$#6

++++++c+$N/! #+,!+0(  (-+,!4+-)-.!/(6

++++c+=#4.(E!+,!+4(+)S;-)/(+0(  (+,!4+-)-.!/(6

B( (+ !=(4'( + 4(-+ 2; ,),(-+ (".)=(-+ ,!4+ -)-.!/(+ !-+

$!"!-( )#+ "(4"'4( + '$+ ^'E#+ ,!+ "( &(+ 2( (+  !,!-+

 (,)(4!-6+L+"#$.)$'(")*$1+-!+,!-" )0!+!4+(4&# )./#+

,!+^'E#+,!+"( &(+)/24!/!$.(,#6+

3.   Flujo de carga en redes de distribuci�n

:D)-.!$+,)C! !$.!-+/;.#,#-+2( (+"(4"'4( +^'E#-+,!+

"( &(+ !$+ -)-.!/(-+,!+,)-. )0'")*$6+:-.#-+/;.#,#-+

-!+2'!,!$+"4(-)%"( +!$+,#-+& ($,!-+& '2#-c+VK+/#-

,)%"(")#$!-+,!+4#-+/;.#,#-+'.)4)3(,#-+!$+-)-.!/(-+

,!+2#.!$")(+8+dK+/;.#,#-+,!+0(  ),#6+M!$. #+,!+4#-+

/;.#,#-+,!+0(  ),#+e"#$#"),#-+.(/0);$+"#/#+/;-

.#,#-+U("RQ( ,ij# Q( ,+@Q!!2e+-!+!$"'!$. ($c+!4+

/;.#,#+,!+4(+-'/(+,!+"#  )!$.!-1+/;.#,#+,!+4(+-'/(+

,!+2#.!$")(+8+/;.#,#+,!+4(+-'/(+,!+)/2!,($")(-6+

:$+ZVd\+-!+2 !-!$.(+'$(+ !=)-)*$+,!+!-.#-+/;.#,#-`+

!$+!-.!+"(-#1+-!+)/24!/!$.*+'$+/;.#,#+,!+-'/(+,!+

"#  )!$.!-6+:-.!+/;.#,#+!-+'$#+,!+4#-+/T-+'.)4)3(,#-1+

,!0),#+(+-'+=!4#"),(,+,!+"#$=! &!$")(+8+CT")4+)/24!-

/!$.(")*$+ZVf\6+:4+/;.#,#+)/24!/!$.(,#+"#$-)-.!+!$+

'$+2 #"!-#+).! (.)=#+F'!+ !"#  !+4(-+0(  (-+!D. !/(-+

!$+,) !"")*$+(+4(+-'0!-.(")*$+8+=)"!=! -(6+

7$)")(4/!$.!1+-!+(-)&$(+(+.#,(-+4(-+0(  (-+'$(+.!$-

-)*$+)&'(4+(+4(+.!$-)*$+,!+4(+-'0!-.(")*$6+?#$+!-.(+

tensión inicial, se calculan las corrientes partiendo 

,!-,!+4(-+0(  (-+%$(4!-+!$+,) !"")*$+(+4(+-'0!-.(-

")*$+ H2 #"!-#+ 0("RQ( ,K6+ B#-.! )# /!$.!1+ !-.(-+

"#  )!$.!-+-!+'.)4)3($+2( (+(".'(4)3( +4#-+=(4# !-+,!+

.!$-)*$1+2( .)!$,#+,!-,!+ 4(+ -'0!-.(")*$+5(-.(+ 4(-+

0(  (-+%$(4!-+H2 #"!-#+C# Q( ,K6+:-.!+2 #"!-#+!-+

 !2!.),#+,!+/($! (+).! (.)=(+5(-.(+F'!+-!+"'/24(+
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con un criterio de parada. En este caso, el criterio 

,!+2( (,(+'.)4)3(,#+!-+4(+,)C! !$")(+,!+4#-+=(4# !-+,!+

.!$-)*$+!$. !+,#-+).! (")#$!-+-!&'),(-6+:$+4(+%&' (+

V+-!+/'!-. (+'$+,)(& (/(+,!+^'E#+,!4+(4&# )./#+

'.)4)3(,#6+<$(+,!-" )2")*$+,!.(44(,(+,!+!-.!+/;.#,#+

-!+2'!,!+"#$-'4.( +!$+Zf\6

       

L+"#$.)$'(")*$1+-!+,!-" )0!$+4(-+!"'(")#$!-+'-(,(-+

2( (+!4+"T4"'4#+,!+"#  )!$.!-1+.!$-)#$!-+8+2; ,),(-+

!$+ !4+ ^'E#+ ,!+ 2#.!$")(6+:$+ 4(+%&' (+ d+ -!+ )4'-. (+

'$(+ (/(+F'!+'$!+4(-+0(  (-+RS/+,!+'$+-)-.!/(+,!+

,)-. )0'")*$6+:$+!-.!+"(-#1+4(-+,)C! !$.!-+=( )(04!-+

)$=#4'" (,(-+H.!$-)#$!-1+2#.!$")(-+8+"#  )!$.!-K+-!+

5($+ !D2 !-(,#+ !$+ "## ,!$(,(-+  !".($&'4( !-1+ !$+

4(-+"'(4!-+4#-+-'09$,)"!-+r e i+5("!$+ !C! !$")(+(+4(-+

partes real e imaginaria, respectivamente.

J(+"#  )!$.!+"#$E'&(,(+,!+"( &(+!$+4(+0(  (+I * se 

2'!,!+ "(4"'4( + "#/#+ 4(+  (3*$+ !$. !+ 4(+ 2#.!$")(+

(2( !$.!+8+4(+.!$-)*$1+"#/#+-!+/'!-. (+!$+4(+!"'(-

")*$+HXK6

+HXK

](")!$,#+!+)&'(4($,#+"#$+4(+!D2 !-)*$+HXK+-!+!$-

"'!$. ($+4(-+!D2 !-)#$!-+H[K+8+HWK6

 

H[K

+HWK

Por otro lado, la tensión V
k
+-!+2'!,!+!D2 !-( +!$+

C'$")*$+,!+4(+"#  )!$.!+8+4(+)/2!,($")(+,!+4(+49$!(+

"#/#+-!+)$,)"(+!$+4(+!"'(")*$+HV_K6

+HV_K

:D2 !-($,#+.#,(-+4(-+=( )(04!-+!$+-'-+"#/2#$!$.!-+

 !(4+!+)/(&)$( )#+-!+#0.)!$!$+4(-+!"'(")#$!-+HVVK+

8+HVdK6

 

HVVK

+HVdK

Figura 1.+M)(& (/(+,!+^'E#+,!4+(4&# )./#+,!+^'E#+,!+2#.!$")(6

Figura 2.+k(/(+,!+'$+-)-.!/(+,!+,)-. )0'")*$6
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J(-+ 2; ,),(-+ (".)=(-+ 8+  !(".)=(-+ ,!4+ -)-.!/(+ -!+

2'!,!$+ !D2 !-( +/!,)($.!+ 4(-+ !"'(")#$!-+ HVfK+ 8+

HVgK1+,#$,!+J+!-+!4+"#$E'$.#+,!+.#,#-+4#-+ (/#-+,!4+

-)-.!/(+,!+,)-. )0'")*$6

+HVfK

+HVgK

4.   Algoritmo de soluci�n

:4+ (4&# )./#+L?a+!-.T+ )$-2) (,#+ !$+ !4+ "#/2# -

.(/)!$.#+  !(4+,!+ 4(-+5# /)&(-6+:-.#-+ )$-!".#-+ -#$+

"(2("!-+,!+!$"#$. ( +4(+ '.(+/T-+"# .(+!$. !+-'+"#-

4#$)(+8+'$(+C'!$.!+,!+(4)/!$.#6+:-.#+-!+,!0!+(+F'!+

4(-+5# /)&(-+2'!,!$+l. ($-/).) +)$C# /(")*$m+!$. !+

!44(-1+& (")(-+(+'$+ (-. #+,!+C! #/#$(+F'!+"(,(+'$(+

,!+!44(-+,!E(+(4+,!-24(3( -!6+?'($,#+'$(+5# /)&(+

,!-"'0 !+'$(+C'!$.!+,!+(4)/!$.#+ !.# $(+(+4(+"#4#-

$)(1+-)&')!$,#+!4+ (-. #+,!+C! #/#$(1+ !C# 3($,#+!4+

,!2*-).#+,!+;-.(6+J(+"#$"!$. (")*$+/(8# +,!+!-.(+

-'-.($")(+!$+!-.!+"(/)$#+(. (!+(+#. (-+5# /)&(-+,!+

la colonia, las cuales en su recolección de alimento 

-)&'!$+!4+/)-/#+"(/)$#+8+  !C'! 3($+ 4(+ C! #/#$(+

-#0 !+;-.!6+@)+!D)-.!$+=( )#-+"(/)$#-+,!+C! #/#$(+

F'!+"#$,'"!$+(+4(+/)-/(+C'!$.!+,!+(4)/!$.#1+4(-+5# -

/)&(-+-!4!"")#$($+!4+"(/)$#+F'!+=(+(+-! + !"#  ),#c+

Paso 1:+-!+,!%$!+!4+$N/! #+,!+5# /)&(-+,!+4(+"#-

4#$)(+8+-!+2#-)")#$($+.#,(-+!$+4#-+$#,#-+)$)")(4!-+

,!+ 4#-+ (4)/!$.(,# !-6+ @!+ !-.(04!"!$+ 4#-+ =(4# !-+

iniciales para la intensidad de feromona de todos 

los ramos del sistema.

Paso 2: cada individuo selecciona un camino por 

seguir, teniendo en cuenta la intensidad de feromona 

8+'$(+C'$")*$+,!+/; ).#+2 !!-.(04!"),(1+,!+("'! ,#+

"#$+4(-+"( (".! 9-.)"(-+C9-)"(-+8+.#2#4*&)"(-+,!+4#-+

-)-.!/(-+,!+,)-. )0'")*$6

Paso 3:+,!-2';-+,!+"#$-. ') +4(-+"#$%&' (")#$!-1+4(+

C'$")*$+#0E!.)=#+!-+!=(4'(,(+"#$+4(-+ !-. )"")#$!-+

,!4+2 #04!/(+,!+ !"#$%&' (")*$+H-!+,!0!+"(4"'4( +

'$+^'E#+,!+"( &(K1+($(4)3T$,#-!+!4+,!-!/2!O#+,!+

cada individuo separadamente.

Paso 4:+ -!+ (".'(4)3(+ 4(+ )$.!$-),(,+ ,!+ C! #/#$(6+

M!+4(+/)-/(+C# /(+F'!+("#$.!"!+"#$+4(-+5# /)&(-+

reales, la feromona virtual se evapora con el pasar 

del tiempo, perdiendo intensidad. Por otro lado, si 

'$(+.#2#4#&9(+,(,(+!-+!-.(04!"),(1+4(+)$.!$-),(,+,!+

4(+ C! #/#$(+ -!+ )$" !/!$.(+ (+ . (=;-+,!+'$(+  !&4(

de transición. 

Paso 5:+-!+=! )%"(+4(+"#$=! &!$")(+,!4+(4&# )./#1+

%$(4)3($,#+!4+2 #"!-#+-)+!4+$N/! #+/TD)/#+,!+).!-

 (")#$!-+!-+(4"($3(,#1+#+"'($,#+.#,(-+4(-+5# /)&(-+

-!4!"")#$!$+4(+/)-/(+"#$%&' (")*$6

:$+ 4(+%&' (+f+-!+ )4'-. (+!4+,)(& (/(+,!+^'E#+,!4+

(4&# )./#+,!+ !"#$%&' (")*$+,!-" ).#6

Figura 3.+M)(& (/(+,!+^'E#+,!4+(4&# )./#+,!+ !"#$%&' (")*$6
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4.1 Regla de transición

:$+!4+/#,!4#+2 #2'!-.#1+4(+. ($-)")*$+,!+4(+5# /)&(+

k ,!-,!+4(+0(  (+i+5(-.(+4(+0(  (+j en la iteración t, 

,!2!$,!+,!+4#-+-)&')!$.!-+C(".# !-c

V6+ +@)+4(+0(  (+j+8(+C'!+=)-).(,(+2# +4(+5# /)&(+k. 

:D)-.!+'$(+/!/# )(+2( (+"(,(+)$,)=),'#1+4(+"'(4+

!-+ !2 !-!$.(,(+2# +!4+"#$E'$.#+J k6+:-.!+"#$E'$.#+

"#$.)!$!+.#,(-+4(-+0(  (-+F'!+4(+RS;-)/(+5# /)&(+

=)-).*6+?'($,#+'$(+0(  (+j+!-+=)-).(,(+2# +4(+5# -

miga k,+;-.(+!-+(,)")#$(,(+(4+"#$E'$.#+2( (+!=).( +

'$(+$'!=(+=)-).(+8+,!+!-.!+/#,#+"#$-! =( +4(+

 (,)(4),(,+,!4+-)-.!/(6+7$)")(4/!$.!1+!4+"#$E'$.#+

J k sólo contiene los nodos iniciales. 

2. La intensidad de feromona  
ij
+ HtK+ 2 !-!$.!+

!$+ 4#-+  (/#-+F'!+"#$!".($+,#-+0(  (-6+:-.(+

)$.!$-),(,+ !-+ (".'(4)3(,(+ !$+ "(,(+ ).! (")*$+

2( (+ !^!E( +4(-+!D2! )!$")(-+(,F') ),(-+!$+4(+

"#$-. '"")*$+,!+'$(+"#$%&' (")*$+ (,)(46

f6++B( T/!. #+,!+=)-)0)4),(,+n
ij
 !"#$%&"'!(')'!#*!

inverso de la impedancia del ramo entre las 

+,--,.!i!/!j.

0#!),%#-,!1#%#-,* !*,!-#1*,!"#!2-,%.&(&3%!-#4-#.#%2,!

*,!4-'+,+&*&","!"#!*,!5'-)&1,!k!"#!&-!"#!*,!+,--, i 

4,-,!*,!+,--,!j en la iteración t ! *,!(6,*!#.27!",",!

)#"&,%2#!*,!#(6,(&3%!89:;<

 

89:;

0'%"#! !/!=!.'%!4,-7)#2-'.!,>6.2,+*#.!?6#!('%2-'-

*,%!#*!4#.'!-#*,2&@'!"#!*,!A#-')'%,!/!*,!@&.&+&*&"," !

-#.4#(2&@,)#%2#<!B*!*,!$16-,!C!.#!&*6.2-,!#*!4-'(#.'!

"#!2-,%.&(&3%!4,-,!6%!.&.2#),!"#!9D!+,--,.!/!2-#.!

,*&)#%2,"'-#.!4-&%(&4,*#.<!E%&(&,*)#%2# !#*!('%>6%2'!

J k sólo contiene los nodos iniciales de los alimen-

tadores; esto es J k!F!G9!H!IJ<!K!4,-2&-!"#!#.2#!46%2' !

.#!"#+#!5,(#-!*,!2-,%.&(&3%!4,-,!6%'!"#!*'.!%'"'.!

,"/,(#%2#. !*'.!(6,*#. !#%!#.2#!(,.' !.'%!*'.!%'"'.!GC!

L!9IJ<!K*!,4*&(,-!*,!-#1*,!"#!2-,%.&(&3%!.#!#%(6#%2-,!

?6#!*,!5'-)&1,!"#+#!"#.4*,M,-.#!,*!%'"'!C<!B%!#.2#!

(,.' !#*!('%>6%2'!J k  #.!,(26,*&M,"'!J k F!G9!H!I!CJ!/!

#*!%6#@'!('%>6%2'!"#!%'"'.!,"/,(#%2#.!,!*'.!(6,*#.!

.#!"#+#!,4*&(,-!%6#@,)#%2#!*,!-#1*,!"#!2-,%.&(&3%!#.!

G:!D!L!9IJ<!B*!4-'(#.'!.#!-#4&2#!"#!),%#-,!&2#-,2&@,!

5,.2,!?6#!2'"'.!*'.!%'"'.!.#,%!@&.&2,"'.!A'-),%"'!

6%,!('%$16-,(&3%!-,"&,*<

4.2     Actualización de la feromona

N,!,(26,*&M,(&3%!"#!*,!A#-')'%,!.#!5,!&)4*#)#%2,-

"'!(')'!.#!.61&#-#!#%!G9CJ<!0#.46O.!"#!#%('%2-,-!#*!

('%>6%2'!"#!*,.!m!.'*6(&'%#.!A,(2&+*#.!('%.2-6&",.!

4'-!*,.!5'-)&1,. !.#!#>#(62,!*,!.6+-62&%,!"#!P6>'!

"#!4'2#%(&,!4,-,!(,*(6*,-!*,!A6%(&3%!'+>#2&@'<!B%-

tonces, las m!5'-)&1,.!,"&(&'%,%!(&#-2,!(,%2&","!"#!

feromona Δ!
ij 
(t) a los ramos (i, j)!?6#!5,(#%!4,-2#

de J k !#.2'!5,(#!?6#!*'.!-,)'.!.#,%!)7.!,2-,(2&@'.!

4,-,! *,.! A626-,.! 5'-)&1,.! #%! *,! ('%.2-6((&3%! "#!

nuevas soluciones. En la iteración t ! *,! 5'-)&1,!

k adiciona una cantidad de feromona Δ!
ij 

(t) en la 

rama (i, j)!","'!4'-!*,!#(6,(&3%!89:;Q

 

89:;

0'%"#!sk!8t;!#.!#*!('%>6%2'!"#!(&-(6&2'.!#%#-1&M,"'.!

4#-2#%#(&#%2#.!,!*,!('%$16-,(&3%!-,"&,*!#%('%2-,",!

4'-!*,!5'-)&1,!k en la iteración t !/!r
ij
 es la resisten-

Figura 4. Proceso de transición.
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(&,!"#*!-,)'!#%2-#!*,.!+,--,.!i!/!j<!R!#.!6%!4,-7)#2-'!

,>6.2,+*#!6.,"'!4,-,!"#2#-)&%,-!*,!2,.,!"#!A#-')'%,!

?6#!#.!,"&(&'%,",!,!*,.!*S%#,.<

Con el paso del tiempo cierta cantidad de feromona 

.#!#@,4'-, !4'-!2,%2' !.#!"#+#!62&*&M,-!6%!('#$(&#%2#!

de reducción de intensidad de feromona denomi-

%,"'!T!(6/'.!@,*'-#.!.#!#%(6#%2-,%!#%!#*!&%2#-@,*'!

GU !9J<!N,!-#1*,!"#!,(26,*&M,(&3%!"#!*,!(,%2&","!"#!

feromona resultante es aplicada en todos los ramos 

/!#.27!",",!4'-!*,!#(6,(&3%!89D;Q

  

89D;

En este caso, Δ!
ij 
(t) #.27!","'!4'-!*,!#V4-#.&3%!89W;Q

 

89W;

0'%"#!m!-#4-#.#%2,!#*!%X)#-'!"#!5'-)&1,.<!E%&-

(&,*)#%2# ! .#! #.2,+*#(#!6%,!4#?6#Y,!(,%2&","!"#!

feromona igual en todas las ramas dada por !
U
. 

5.   Pruebas y resultados

B*!"#.#)4#Y'!"#!*,!)#2'"'*'1S,!4-'46#.2,!"#!-#-

('%$16-,(&3%!.#!@#-&$(3!62&*&M,%"'!"'.!.&.2#),.!"#!

4-6#+,!"#!4#?6#Y'!/!)#"&,%'!4'-2#!,)4*&,)#%2#!

62&*&M,"'.!#%!*,!*&2#-,26-,<!B*!,*1'-&2)'!.#!&)4*#-

)#%23! #%! Z,2*,+! /! .#! 62&*&M3! 6%! (')462,"'-! "#!

"'+*#!%X(*#'!"#!H U![\M!/!H[]!"#!^KZ<

5.1     Sistema de 14 barras1

B.2#!.&.2#),!('%.2,!"#!9C!+,--,. !6%,!(,-1,!2'2,*!"#!

HL _!Z !̀/!2-#.!&%2#--642'-#.!"#!&%2#-('%#V&3%!%'--

),*)#%2#!,+&#-2'.!"&.2-&+6&"'.!#%!2-#.!,*&)#%2,"'-#.!

principales. Para distinguir los interruptores de los 

%'"'. !*'.!4-&)#-'.!#.27%!4-#(#"&"'.!4'-!*,!*#2-,!s. En 

*,!$16-,!:!.#!)6#.2-,!#*!#.?6#),!"#!('%#V&'%#.!&%&(&,*<

N'.!4,-7)#2-'.!62&*&M,"'.!#%!#*!,*1'-&2)'!A6#-'%!aF9 !

=F9 !TFU<C !RF9 ! b
o
FU H<!B*!%X)#-'!"#!5'-)&1,.!

62&*&M,",.!A6#!"&#M!/!#*!%X)#-'!"#!&2#-,(&'%#.!@#&%2#<!

B%!#.2#!(,.' !#*!2&#)4'!"#!4-'(#.,)&#%2'!A6#!4#?6#Y'!

/!#*!,*1'-&2)'!('%@#-1&3!"#.46O.!"#!9 :C!.#16%"'.!

8#%!*,!2,+*,!9!.#!)6#.2-,%!*'.!-#.6*2,"'.!'+2#%&"'.;<!

B%!#.2#!(,.'!.#!'+26@&#-'%!2-#.!#.?6#),.!"#!-#('%-

$16-,(&3% !"#%2-'!"#!*'.!(6,*#.!.#!5,!"#.2,(,"'!('%!

,.2#-&.('!*,!)#>'-!.'*6(&3%!-#4'-2,",!#%!*,!*&2#-,26-,<!

c#!46#"#!'+.#-@,-!?6#!#%!#.2#!.&.2#),!#.!4'.&+*#!*'1-,-!

6%,!-#"6((&3%!"#!*,.!4O-"&",.!"#*!L LDd !.'*,)#%2#!

&%2#-(,)+&,%"'!"'.!&%2#--642'-#.<

e'%$16-,(&3%
E%2#--642'-#. 

,+&#-2'.
fO-"&",.!

8g`;
d!^#"6((&3%

E%&(&,* 9C !9: !9D :99 CC ---

hc'*6(&3%!9 W !L !9D CDD 9I L LD

c'*6(&3%!H W !L !9I C_H L9 I DC

c'*6(&3%!I C !W !L CW_ HW D H_

Tabla 1.!^#.6)#%!"#!-#.6*2,"'.!"#!-#('%$16-,(&3%!

4,-,!#*!.&.2#),!"#!9C!+,--,.<

Figura 5.!c&.2#),!"#!9D!+,--,.<
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5.2      Sistema de 33 barras2 

B.2#!.&.2#),!2&#%#!6%,!(,-1,!2'2,*!"#!I<W9:!g`!/!

4-#.#%2,!(&%('!&%2#--642'-#.!%'-),*)#%2#!,+&#-2'.<!

N'.!4,-7)#2-'.!62&*&M,"'.!#%!#.2#!(,.'!A6#-'%!aF9 !

=FH !TFU C !RF9! b
o
FU H ! #*! %X)#-'!"#!5'-)&1,.!

62&*&M,",.! A6#! @#&%2#! /! #*! %X)#-'! "#! &2#-,(&'%#.!

(&#%<!N'.!-#.6*2,"'.!'+2#%&"'.!"#!*,.!)#>'-#.!('%-

$16-,(&'%#.!.#!)6#.2-,%!#%!*,!2,+*,!H<

e'%$16-,(&3%
E%2#--642'-#.!

,+&#-2'.
fO-"&",.!

8g`;
d!

^#"6((&3%

E%&(&,* II !IC !I: ID IW HUH DWD --

hc'*6(&3%!9 W !_ !9C !IH !IW 9I_ :CL I9 9CD

c'*6(&3%!H W !_ !9C !HL !IH 9I_ _WD IU _ID

c'*6(&3%!I W !9U !9C !IH !IW 9CU HWW IU WLW

c'*6(&3%!C W !9U !9C !HL !IH 9CU WUC IU :WW

B%!#.2#!(,.' ! #*! ,*1'-&2)'!4-'46#.2'! 2,)+&O%!5,!

#%('%2-,"'! *,! )#>'-! .'*6(&3%! -#4'-2,",! #%! *,! *&-

2#-,26-,! 8.'*6(&3%!9;<!B%! #.2#! (,.' ! #*! 2&#)4'!"#!

(7*(6*'!A6#!"#!9H W:!.#16%"'.<!B*!,6)#%2'!#%!#*!

2&#)4'! "#! (7*(6*'! #.27! #.2-#(5,)#%2#! -#*,(&'%,-

"'! ('%! #*! 2,),Y'! "#*! #.4,(&'! "#! +X.?6#", ! ?6#!

#.! )6(5'! ),/'-! (')4,-,"'! ('%! #*! 4-&)#-! (,.'!

8#V&.2#%!HIW!('%$16-,(&'%#.!4'.&+*#.!#%2-#!A,(2&+*#.!

#!&%A,(2&+*#.;<!K"#)7. !.#!46#"#!'+.#-@,-!?6#!*,.!

.'*6(&'%#.!#%('%2-,",.!.'%!+,.2,%2#!.&)&*,-#.!#%2-#!

.S!/!2'",.!-#4-#.#%2,%!6%!4'-(#%2,>#!&)4'-2,%2#!#%!

*,!-#"6((&3%!"#!4O-"&",.<

6.   Conclusiones

En este artículo se presentó un algoritmo de recon-

$16-,(&3%!"#!.&.2#),.!"#!"&.2-&+6(&3%!"#!2'4'*'1S,!

-,"&,* !+,.,"'!#%!('*'%&,!"#!5'-)&1,.<!K*!62&*&M,-.#!

un vector de memoria para cada individuo se garan-

2&M,!?6#!.#!('%.#-@#!*,!-,"&,*&","!"#*!.&.2#),<!B*!,*-

1'-&2)'!&)4*#)#%2,"' !,!4,-2&-!"#!*,!)#2,5#6-S.2&(,!

Kei !A6#!2#.2,"'!#%!"'.!.&.2#),.!"#!"&.2-&+6(&3%!

"#!4#?6#Y'!/!)#"&,%'!4'-2#<!B%!,)+'.!(,.'. !#*!

,*1'-&2)'! #%('%2-3! *,! )#>'-! .'*6(&3%! -#4'-2,",!

#%!*,!*&2#-,26-,<!B.!&)4'-2,%2#!-#(,*(,-!?6#!",",!*,!

%,26-,*#M,!"#*!)O2'"'!%'!.#!46#"#!1,-,%2&M,-!?6#!.#!

#%(6#%2-#!.&#)4-#!#*!342&)'!1*'+,*!"#*!4-'+*#), !

.&%! #)+,-1' ! .#! 46#"#%! #%('%2-,-! .'*6(&'%#.! "#!

)6/!+6#%,!(,*&","<!B*!,*1'-&2)'!4-'46#.2'!)6#.-

2-,! .#-! -'+6.2'!/! -74&"'!/!46#"#! .#-! ,4*&(,"'!#%!

sistemas reales. En una etapa posterior se pretende 

,",42,-!#*!,*1'-&2)'!4,-,!,4*&(,-*'!,*!4-'+*#),!"#!

restauración del servicio en tiempo real.

Figura 6.!c&.2#),!"#!II!+,--,.<

Tabla 2.!^#.6)#%!"#!*'.!-#.6*2,"'.!"#!-#('%$16-,(&3%!

4,-,!#*!.&.2#),!"#!II!+,--,.<
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44<!9CU9n9CUW !9_L_<

GHJ!!!!!!!B<Z<!e,--#Y' !l<!Z'-#&-,!,%"!̂ <K<!̂ ')#-'<!

k0&.2-&+62&'%! %#2m'-g! -#('%A&16-,2&'%!

6.&%1!,%!#A$(&#%2!#@'*62&'%,-/!,*1'-&25)o. 

IEEE Power Engineering Society, General 

Meeting !HUUW !44<!9nD<
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Transactions on Power Systems !p'*<!9U !l'<!

H !9__: !44<!DW9nDW_<

GCJ!!!!!c<!e&@,%*,- !q<![-,&%1#-!,%"!c<!N##<!k0&.n

2-&+62&'%! A##"#-! -#('%$16-,2&'%! A'-! *'..!

-#"6(2&'%o< IEEE Transactions on Power 

Delivery !p'*<!I!l'<!I !9_LL !44<!9H9Wn9HHI<

G:J!!!!!Z<!0'-&1' !p<!Z,%&#MM'!,%"!K<!e'-*'%&!K<!

kK%2!c/.2#)Q!'42&)&M,2&'%!+/!,!('*'%/!'A!

(''4#-,2&%1! ,1#%2.o. IEEE Transactions 

on Power Delivery !p'*<!W !9__H !44<!9CLCn

9C_9<

GDJ!!!!!!Z<!0'-&1' !Z<!]&-,22,-&!,%"!r<!c262M*#<!kK%2!

e'*'%/!i42&)&M,2&'%o<!IEEE Computational 

 !"#$$%&#!'#()*&*+%!# ! p'*<! 9 ! HUUD ! 44<!

HLnI_<

GWJ!!!!!R<!R&) !s<!R'!,%"!R<\<!\6%1<!kK-2&$(&,*!%#6n

-,*!%#2m'-g!+,.#"!A##"#-!-#('%$16-,2&'%!A'-!

*'..!-#"6(2&'%!&%!"&.2-&+62&'%!./.2#).o<!IEEE 

Transactions on Power Delivery !p'*<!L !9__I !

44<!9I:Dn9IDD<

GLJ!!!!!!!!K<!Z#-*&%!,%"![<!],(g!kc#,-(5!A'-!,!)&%&)6)!

*'..!'4#-,2&'%,*!.4,%%&%1!2-##!('%$16-,2&'%!

A'-! ,%! 6-+,%! 4'm#-! "&.2-&+62&'%! ./.2#)o<!

,-.'##/%!&0(.1("2#(31"2(,.4#-(560"#7(8.!9

ference (PSC)<!e,)+-&"1# !44<!9n9L<

G_J!!!!!!!!!!R<!l,-, !r<!c,2'5!,%"!Z<!R&2,1,m,<!Distribution 

system loss minimum re-configuration by 
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