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ARTICLE INFORMATION ABSTRACT

In this paper, a new type of iterative learning control systems with fractional order known as iterative
learning control with fractional order derivative and iterative learning control with fractional
proportional-derivative for linearized systems of single-link robot arm is introduced. First order
derivative of classic Arimoto is used for tracking error in updating law of derivative iterative learning
control. The suggested method in this paper implements tracking error for updating control law of
iterative learning of fractional order. For the first time, nonlinear robot system is linearized by input
feedback linearization. Then, convergence analysis of iterative learning control law of type PD“ is
studied. In the next step, we define a criteria for parameters optimization of proposed controller by
using Biogeography-based optimization algorithm. Both updating laws of fractional order iterative
learning control (D“type ILC and PD“-type ILC) are applied on linearized robot arm and performance
of both controllers for different value of a is presented. For improving the performance of closed loop
system, coefficient of fractional order iterative learning control (proportional kp and derivative kp
coefficients and «) is optimized by BBO algorithm. Proposed iterative learning control is compared
with common type of system.

Original Research Paper

Received 14 August 2015

Accepted 01 September 2015
Available Online 14 September 2015

Keywords:

Iterative learning control systems
Updating law of iterative learning control
fractional order of type D * and PD *
single-link robot arm
Biogeography-based optimization (BBO)

loan] B 05 sl by, 4 5l aied b i cwiige slaptns 4 dodio -1
[1] as sl ol lp cmss Glagsy, bl cel waigd )|,S5 1,25 b les oSS L 5o b (Gl Logas) oy Slaszge ST
dey 0 e Slaghy, 5l (o edigd IS Sel S w68l Sorte 1) 955 (gam L8, S o GO W jslge Canty Jos T Sl aS
Loy 1984 Jlo o b sl sl a5 casl ol S5 Glopians 1 6ol 08 b wiolisl glask s gl S8 4y ek o]l et

Please cite this article using: “awlod ookl Jod yle 5l Ao (ol 4 gl ) g

I. Ghasemi, A. Ranjbar Noei, S. J. Sadati Rostami, Optimal Fractional Order Iterative Learning Control for single-link robot control, Modares Mechanical Engineering, Vol. 15, No.
10, pp. 259-268, 2015 (In Persian)



Ohad 9 (Foamwld Hlosl

S-S5 b)) ($95L U Sl s (6 oS Ak po 033940 )1 )T puF S J s

S aiye PID (glooasss J;u8 1999 Jlo 0w zohe S 4o
g5 ol Phb @ln oo slaghy, [11] wad byme iy by
15 WodisS J S ol 4 ol s ools (L 5 00y b yme rosisS | 7S
it pglie SaudlS PID (glaonisS J S | duylie

el (63955 bl g S0l Colll GISE 5 st Glaptac
Wl panse g poley LS5 anTd (S s ls | (6,55 5 plsil 6l
S5k dwgn JeoSS Gl p3Y LIS 1 &S S slap oSl )
10 SpSadye ILC dlie opdgl [12] el pdime axg5 0,50 il
S S a5 ye 6 p53b el S ol j0 a5 8,5 e 1B oy 0590 [12]
P9y &S il B 03 0l Sen Laulyh g cul ond sliiyg DY gy
Sl 00l 1,8 L g 438 0,90 1, ol FoiLc* 3O oo

2008 Jls 15 ° gorbe 08 asgs bl ir o 2 e 55lvtinge
Loz Sk iluage LSl o BBO et [13] el oo ail)|
Sl iy adlae 4 &5 cal Ldlpe can; )8 al p
S5z by Ceny b, Gldse ilnee i) sleessl)
GBS S sk (Se%r R Goniz w4 enir Sl bbaisS Oyl
Loy J14] 50 geale 055 o oot | 55 S5 (S1,8] (gog0 5 cagax
51 oolaiwl UL BBO oi,63) 5l (g 500l 5 yidon (cwyp & Qo> glaseus
o) 2 Foe Silwdinge oo )5 S0 5l eSSVl (698
SorS 18] whd o o8 ez Loy GRS 4 Glsiee Ll
> slp 008 Glapin ;0 [16] prno Sus Glaasis Sialuo
5,5 o,Lal [18] ane ,b s 5 [17] )b solassl &9 Jlaw

ey b S-S Bby 695l (P e pitens laml i cnl o
0P8 S (2 Sen ot 5 425 e 9 0id (a3 o Sead (3lu >
Gl s glaptus 6l PD® g5 onigd)|,S5 8ol J8 (Slayss
odl &l pSoly JuS e 3,5es 35 sl ol yo 995 (0
Comy e Silwainte ool 5l eslitul b eaS JpuS ol s
PD” 55 5 DY g5 0aigd)|,S5 50l S8 (5l 90 jo gy Lo
09,5 (650l gl b axmil o g 0gdiee (gilwdingy onl &l
255 50 )8 Ao 3 )90 Al yef (6 S A o

9 TPmo 4 oNgh T pob SRS Jluoign 0yl -2
Sy
RS IR F W RO 1 S5 50 0digd )| ,)ST Sol S Lol ouyl
Cy yo te[O,tf] Sloj alold ;o ouls ools Hlid sle JUKw plas 09 o0
bl el LSS L g Gelesl olaws sasmslis kK easl Lxsleas
e LSS e o S el Gl onigd 1S5 5ol J5S lapices
5 Vie(t) =ly (s, Ap(t) 05,5 JiSomw pls DL I cany
4 Dbl l gl e 0y alabl> s () (oo, slas JLSew
g (Zap o osel Cuway gl ialS 5 (S (6955 09 sslate
@ lp it s i 0 Shee (I8l g iptann oollae (295
w85 e plle 1 LSS j0 0nigd 1S5 S0l S8 oslE 05 plie
Uas 098 el a5 all ool 2l Wb slaigT 4 o (60g,9 090 0

D9 7S 8 1S5 4 Cod

4- Fractional Order Iterative Learning Control
5- Dan Simon

10 o leits 15 09> 1394 s (o) Sl Swdie

RSl U8 slapinew [2] cuol cai miae Ll Ken g giges]
Gz SLSESS ol g ols 3led wialgn J5uS a2l 4y 0nigd IS5
ol ot Sloy alols Sy s owisd LS5 slaanls S ol
395 U 0390] o0 addS slo, S5 Slo o 5l oaisS S Ll yo 4SS ek
Lo )| S5 olaws 2ol38l b i > i 8,8los a5 wyles 2l L )
daby Wb a5 e Slaanls 5l atws o] 5l ol slagib b ogu
auS LSS YL cdo b g cul slej Job G o glie jakay |y saseine
b S diby G a3 lanld ol e adly o [3,2]
2 b CEs b cgllas s 4y (i) 5 B G LSS s Slex
Oz S 09d plxl SIS e )0 eddines U8l peiie e S
slahl pon cli o S5 S5 slagty,  alean]
ol 0,8l amilix s o plid 053 5l SLsS o ,Slee woaisS S
Sl o (sl ails sezy JEwile clls las Ske) wils sanS o,
QO Wilg ced 0,955L S wolilazel g gilo o Cunhad poc 4y axgl
[4] oS o cavs YU cdo b obs, o ,Shee 4 olps
4 odigh IS5 Sol JpuS Gleyjer o8l So b5 ©jge @
Uper1 () = e (£) + Auy (t) 1)
el + 1 1S5 0 JisS Cov ol (695,8 Up1 (B) (Ggd abasl, yo
bS5t 5 b pgw e 0igl ST S0l S slaggl ) JelS 250
3,8 3925 [5] o
[6] i 3,20 1695 Lo jo ' 5V o (5 pSaipo Shonlo
Oszer (ooly> hogi gly gl e Il (Sl e Slitie
a5 po Slawlbre a4 los i Sladxs 23 gla Jlo ;o ool cow
BV 1 (K0S Ojge S Ad e soaiiS J S oy 4 5SS
Lej prowee) Lgﬁ.;\i;éLb.:.i| Lg)....fda.»).a Lngo..\.:.:SJ)S.ZS )| oolaiwl sues
Sl J5S Ol rizmes 5 momodd o (sloodiiS J5US 4 Cod
Sl el outiS S Soolis 599 58 aSepsbay el sy
b a |y o8l nl 5 9si00 Ak lo el ly Sl o goliT az o
L Sobe @ al Caws Spy g Powlio L8, L slagul 4 a5 aes o
0 Sles g S5 Gl guSas e leoas S 5l eolat
GEale cll> gllas oS 3 ol Ser by Jrals sl caiss S
i 0axiS S 5l eolital ptwgi jgudy p [6] 090 amlys 5 fecime
Con 8y90 1998 Jlu j3 1) S5 Lal cumdge JyuS 6l 6 pmSas 0
ahats 13 g o0gazme yo S B as 4 L S e gluil a5 oy 13
2 S A Slowlme cdin L 1988 Jlo o [7] casls Sl
3 .2 . . .
P lagl Lawgs (9,5 L L pylie aaliS SRS Sy SRS (omiine
sion [10,9] Ve jo oo JyuS cpl doow [8] conl ons 3 ,me
Ot ol 5l A ol ooy drwgd g a8,5 )13 axdllas 0,40
SreSaipe Slaslone 008 5 Wad (Byre (s paSad o glaoaisS J S

1- Leibniz
2- CRONE: (Commande Robuste d’Ordre Non-Entier)
3- Oustaloup

260



Vhad 9 (Soumld Hlosl

S-S5 b ) (9L U Sl st (6 oS Ak po 033940 )1 )T puF S J S

by 93k (I Sl § Kol d (S yre -3
snisds S5 oS o ol Yoone Sl sbagil slos, 5 a5 Ll
Sl s 5 (550000 Gilidl 5 )13, Dol sl o sl (el o
e o Caond ol 0 1 aS ool anisd ), S5 L Soly S
Sy el oo Ol [20] g pe 5l Jlie cpl 45 09 o0 08,91 (Sl
Seh S5 Sl @ik Jate colie Joo Sl sileand 5 aslllae
il 00 00ls Lis 5 abaly jo T ol a5 el oo ool
o) = §(u(t) —F(t) + } (Gm+M)gl xsino(r)  (11)
wdd Jloel Juaio jliaS u(t) b 593k cuxdse O(F) ol 50 &5
P Mol soik sk s e wuis 4 Lym Shal sless F(t)
S s Jade glabid pwynl g ey M5 QLB g Sk
il 0als 00l 13 O jao 4 SKasl HgliS 5 fate ow il jlode

] = M2 +mi?/3 (12)
F(e) = {f BT
f~+ B O(t) (13)

BT (S4lyS Slaol oy samorlis fT g fT (agd alal, o
9L b s S by il Sl SKaol (oo BT
S oo B 5 )y S e, ol
LI'=1lo o' (14)
il Sl slals s i (Seslns SV oles ilies L aS

x=f(x) +g(x)u
y = h(x) (15)

:Ql)oJ

x = [*1

X2
fx) = [—% (f + Bx,) + lGm+M)gl sinxll’

J
0
1
g(x) = H h(x) =
: ol
GiBo 50 del Cewds Sl (5950 ptew > slad Y olae x| B
Sl ol B85 (silohs Bl eSS S b & e

w20 s

(16)

CAl- (83959 i b (Sl s s J jus” -4
S jshilen wws oo i | (2dlom (6395 (53l o9, 2 S logas
Jo doye 50 0 1) (o e Jlae (bgy ool el onmlie LB T 5o
S oS o0 by Gl (9995 b S g 2l had G o Jgl oS o
a Jolee ploy b ol (ot Solins S 4y hows s e Sl
asle) s o bl sla sy, 5l pss o9 2 = Az + Bu oLl IS
oS oo ool U >yl o (cdad (6,001

S5 oy p bl cdlm 605 )5 (g3l s, 5l eslitul (gl
o S O Lo )b ]y lacdls Ll (gl o <olilB pinn LT &S
f 5 byt g ST L 5 Sl asls |y el JulS sl s ool
[21] sl )35 Glojen &5

0 : X
v=k! z {u=uxy) » X =f (x ) >
= A
Tnverse Dynamic [
Lincarization Loop
Polc-Placement Loop Z

z=z(x) |«

Fig. 2 An input-state linearization
&Jb'&da)j 6)L»Gb> 2 ‘&w

261

U(t) Yi(t)
System

Memory

U1 (1) Iterative Learning

Control

Fig. 1 Basic idea of ILC

Ya(t)

°‘-x-’5-°)|)i’]5s>b J)"“SLS‘”L“" o..b‘].J&w

S50k gl @ Glge 0digd ST S0l J5S Glg (n ity e ]

S Sleyyon 0B Glp 0,5 o)lil e x50k (8l g (ol
[19] ol 55 & jg0 a0 AU (B) ition 0digis ) S5 S0l
d

Auy(t) = T'— e, (1)

dt t:O,l,...,tf,
k=01,.. )
w2l (1) 55 (2) alal) ool 13 L
Uperr (£) = we(t) + T3 e (t) (3

g MU () oosls oigd HIS,S0l JiS Sleyien ol 5
bl 55 O)ge 4 Upr (T)
Awe(t) =Tep(t), t=01,..t;, k=01,.. 4)
U1 () = g (t) + T e (t) (5)

Bl o e ot b, e S e (8) Gt Ly, o
Sty 25 Dyge g Sl ol 1SS 5 Y (8) wolhe s 5 Vi (E)
&l g0
ex(t) 2 ya(t) — yi(t) (6)

O%9) Sty (gogmi dgdige caalie 3b Laly, jo a5 shiles
absly )0 08 oo et 1) 0igds IS5 S0l J S 68 58 Auy(t)
s cos anlp (L Guls elul p oS csl (6 250l o T' YL
Koy ol )15 50 09 IS S U (8) 09de b
te[0,tr] 5 coul (00and) oo gywitie a5 ,S5 oload goaimoylis
L 5 (4nS) momo iie Gl (Sn o5 (loj jitie (goaimo L
el polan g 035: 1S5 50 Jobo by 9 2BL alwsyy

039 )15 S0l J5S Sloyisn o8 (6) b (2) Loy, sl eslixal L
Lol 2y Sygo a4y 558 (059> 5
Up+1(8) = ug(s) + I's” E(s) (7)
E(s) = ya(s) = yi(s) (8)

IS 650k ol S ik a =0 a5 Sl (7) dlaly 4 4z b
Ol Sy il a =15 gl rizmes 5 wilioe Cewy (el o
75k S Glyion ool clls mealss itie enigd LSS xS0k
Slosliial b cws s a ol oo |, PD? g D% g4 (g puSad po oaigds IS5
055 ks (10) 5 (9) e
Up+1(8) = g (s) + kps® Ex(s) (9)
Up41(8) = up () + kp Er(s) + kps® Ex(s) (10)

> lys kp (Eiie cupd g Kp (ol e b Ly, 5o
Sl canlie jsha b 45T Wil g0 0ol (5,5 0L By 5 s ol
O SR e SO0 axiliy meS e owyp e Gl o aisd
F3 » s e lKes o9 n 63l 4 wibae(0.2]
sy salgs Lgllas

10 o leits 15 09> 1394 s (o) Sl Swdie



Ohad 9 (Foamwld Hlosl

S-S5 b)) ($95L U Sl s (6 oS Ak po 033940 )1 )T puF S J s

e e (28) 5 (20)

{z’ = Az + Bv
y=Cz (29)
l.» S| ).3‘).3 C 9B A LgLQu.w).’Lo ).’QLO.A ‘QT 3O as
21 _ 0 1 Zl 0
[z'z] - [o [Zz] * [1] v (30)
Z
= [1 ol [, 1] (31)

dlie (28) B (22) 905 w5 I e bocalaly
ol (63959 JruS 5l eolinl L (11) das e slocSalins (o3lo sl
39,3 3 eolitul b (29) wus laciwliuo s5ke losl aline 4 U (8)
ol &S g (ot daz Seelind ez Sl ol o U o
98 g0 03liinl ) jpe 4V (b yo b (Kl by, 51N
v=-Kz; — K,z ’ (32)

ol s el (65,55 S gl o5 ol snt anslis SLls
a3 15 1 8 45 (65 95m (5lbo g canslin UG 1 Laudab 4 ol

okl 11 (S S 4 g0 (S5 Ob UgiB ! Koy WLT-5
4 yo 0dig 1S5 20l S Gl 2l Ken Jelos g apa (Ao Gl o
Bl ot lapias sl (2 (i 50 oad dlgiiny) PD” g5 (S
sl JUsl ol (10) alal; 6,50k o9l ol Kea 3IUT (6l 055 o0
Jos &l nl gy g s wd)S Gl 0 Ge(s) eud il
Sk Ge(s) & v5 0 (2 il Y(E) (25,5 5 U(E) 599,
ol » & Ya(t) oslas (295 see 4 azg b .ol BIBO
Ug(t) 58 @ yamio wsllas (539)5 Su oF S93 0 2,8 L€ [0, tf]
135k 00,591 5 1y 5 dolae a5 00,5 oy euslys oo
ya(t) = Geug(t) (33)
PDtype ILC Slu55, o6 sy (10) 5 (8) Lals, 5l oslaznul L
oyl
Up41(S) = u(s) + kp (}’d(s) - }’k(s)) +
kps® ()’d(s) — Yk (5))
= uy(s) + kp Gc(8) (uq(s) — ux(s))
+kps”® GC(S)(ud(S) - uk(s))

= (1 — kpGc(S) — kps®Ge(s))uy(s)
+(kp + kps®)Ge(S)uq(s) (34)

S o0 R ) Do d ) PeEed Aslas
p=1—kpGc(S) — kps“Ge(s) (35)
il (S5l )l esliul L
Uy (s) = up(s)p+ (kp + kDS“)Gc (S)uq(s)
Uy () = up(s)p? "' (kP + kps?)
x GC(S)ud(S)
1-—
us(5) = ug ()9 + 71—
Ge(S)ug(s) .

3

(kP + kps?) x

1— pk+1
Upey1(8) = up(s) P + 1— (kp +

kps*)Gc(s)uq(s) (36)
o2yl o1l | pl< 1 5T 598 dolas 4o

1 — 1 k+1 +
]!Lrg (uk+1 (5)) I!Lrgo(uo (s)p

Q- P, (s)) = ugy(s) (37)

10 o leits 15 09> 1394 s (o) Sl Swdie

G(x) =[g(x), adrg(x), . e yle sl 1
G(x)wfub5wbwp@¢wa “1g(x)]
Qb oS as, elyls
A = span[g(x), ad;g(x), .. é‘o).’l.wf slas 2
a8l iy e adf 2 g(x)]
aaly, Oygo 4y a5 Cunl (J Al S linie ‘adfg(x) Vb adal) jo
Sy Go3k a5 45 sl pllanas (o 45 50 TL 055 o iy o3 (17)
G f o515 X Y 5 f(X) ylop Gl SO il Lcwln =2
el (18) & jg0 0 )] alasl g g oo 00lo Lioles VI &g
adrg(x) =Vg.f =Vf.g (17)
vf=2 vg=2% (18)
(V)ij = 0fi/0x] sloaddse N X7 usle bawgs 25515 (0]
JoB sk 4 Bl 695k e e (lis aSl (gl el ol LSCAS
bopepoise JL8 (oyp dyse 1) Vb byl g0 wojlo 1y (gilu as <ol
L, G(X) L yils (19) abal, ;o adfg(x) Solop slagloe aulxe

-

adsg(x) =Vgf-Vfg= 1]
l]_ZB| 19)
=

G(x) = [g(x),ad;g(x)] = ll 1 |
j 20)

w5 el (rank(G(x)) =2) Jols a5, sl G(x) Lwsle

5 Spd S lulys s Lol el oo xuS 55 A = span{g}

399 ko 92 = 2(x) <> hos b Jlb ol B ciong e

dlom (63959 Silwshd 45 @S lay ek |, u = o(x) + Bx)v
S Loyl ) 5 Sl a5 Wl v 555k Wb 2(x) T canny

Vzlad}g:O i=0..,n—-2
{Vzlad"_lg #0 (21)
I8 1, (22) dal, sl z waz S oy 512y ddlge opdsl e

:.b)l...u
0% _o %Ly 22)
x, | 0xg
olae @y U oppyiooke il Xy 5l b L ol 2y 1
) el O le (22)
Zy =X (23)
23] Sy 21 59, 5l OlFee |y SN0 lacll>
z, =VZ,f = x, (24)
Sl cel O)le (63959 Jos cnlplo
u = o(x) + f(x)v (25)
n 2
Z; L%z,
0() = ~ [, = L;, -
gy "Z1 le
1
Px) ==~ L,; o=/ (27)
oy 50 ) s'”' SYolao 4 (598 (599,99 Sl LA Al o
Zy = 7,
{z’z =v
Y=z (28)

262



Ohad 9 (Foamwld Hlosl

S-S5 b)) ($95L U Sl s (6 oS Ak po 033940 )1 )T puF S J s

Sy >l sz as Sl Glalats (o ladiss Jole olaws \ails glasgS
Tr96nS e 5wl So b plp g aiten plp oo b6 pdy >loe
2T a ol 1y Ll ol oKy 5o laaiss slows a5 pdy 2 le

10,5 duls
S
25 =1{a -} (40)
S
s = EG—) (41)

5 Gadzle glogy WLE =T &5 e ol dd o
Lol ) Dygo a2 2k
:u_g + ﬂ’S =E (42)

E ol G pdy2len slp oSen &5 5Slas T {41) 5 (40) Lo, 5o
5 P 08 s Sl S il (5,5 2l lp See £ ST
r ahi ol 50 & el oKin; jo basS olaws xSTas Spax
potie o300 &) B 25 2l (Sen 5 2SI 5 jho iyl
W P Cou p) Oyea aS el e u)}-l.e,c wl.w‘).: BBO

@ 2o 5551 ! =1-6
S5 50 oo oS 3k Jes it Gy LSl 0 Si2les Jes
Dedee plwl a5S e laguly el lp g o0 IS sl
2 [22] 5,5 s Hi(SIV) « Hi(SIV) & j50 4 g oo |y & yxloo
Srdzles 5 & sl il 5l (SO H; a5 0 )ls 0929 oS N oS 0
el ;o1 5505 2o £ S sl gamy olSi; H 5 el 2 ]
a3 «3,J0ilil BBO & jzlge gil) 51 ons ools ras & yzln il ] K
[22] sgisoo o5 35 @30 4 bglona &2l b
H; (SIV) «—H; (SIV) + (1 — ) H;(SIV) (43)
Q)Mm‘\g:‘sodwllUocx_gs&#baxg_i{}/‘ﬂgad@l))a
g Dltl (oS b g (Sl]

o (651wl -2-6
Byie 095 Jolw lade 3l laaieS slawi a5 Wigd oo cel SLSL Bl
L gl ol BBO jo oS s GLSU jsb 4y olSwy; HSI 5 wis
bug a5 oy sled ddaen wld 0gd 0 ol ol SIV g
Bas 5l 1) Lo ol (Koo b caitls aige el sdal Cawss BBO (vi,651
ssl Cnl )0 jsbaie (o WIS 590 Sl dige Slo 4 o) & Lo
oz 3l eaile 3l o of) 59, G Shee wil Oyl Joo l o
5o E95 obml i (LS Baw oS waleS colaiul b > ol ) s 6l
slaws Jlozs! [2313] el comem ls 4o bolSins ) ialsdl b o ol
Sl 5l Py sl 4555 S Lo ol oKty a5 sl 1 [Sks Py loaisS
(44) dolee Sj90 ot g Ag 5l oslawl L(E+AL) oy Gt

S

9 Osdse odliul i 5 005 atie lp &S 9pde Sluyien
ol pasin iz Olles gzl 6lp § aisS b ol ; S wS 58
b 4 Ps o a5y Jlainl bl s (SIV) sty sl puie oS5 eciand
5 Ps oKisy ;0 09250 laiss slaws Jlaz! 5l oo o Bolas

9 g0 dpmilome 05 &g M(S) iz
Py(t + At) = P(t) + (1 — A;At — p At)
+Ps—1)*s—1At + Ps+1:us+1At (44)

5- Blended Migration

263

el 5 D90 4y 0ol WLl (65:50k (5l ol Ken e
11— kpGo(jw) — kp(jo)?Go(jw)|<1, Ve (38)
oo (38) dolas o a5 wigd Wbl g sb kp o kpt ol 3
355 (39) alal 5 0052 K00 JLa5 5,50 PDEtYpR ILC ()58 olSST oS
b o0
,!Lr[]o(yd (s) —yk(s)) =0 (39)

L S dd o odighyI S pob J o5 O8ee Siludine -6

() SWIA p (e Silwdug w9l 5l ool
Sl g ysb Kp g kp 0 ulps S S el oads lo B Caand o
50l U5 Gloyisn sl olST S oo (38) dolae o 45 wigh
e SO Cond ol 40 109 BaleS | Ko Ll 5,50 PDY £55 00igi )| S5
2 e il i peNl 5l esliiul b calps ool e Sl sl
20,5 oo &1 [13] Ll e

bauay a5 Cenl Camax AL 5 (LSS oSS G BBO oy,651
o) ol Sl oal a3 S sl plim 4 Baiy 5 Sl O ke
2 e sbglean slagty, e b S sla S
oS @ldlar @bl o)l lae I3 gloial 5 Sibs wiile (pulidicem
AHLs gl i gy gleaiss oS Gl el 6
i HSI 805 ees o5 ols S5y coies HSITL YL Sls
g Los clobue ((BLS by £95 (( Sk e laiile olo)eS Jolt
by i o JS5 1, (Figls ol a5 ol it s S
b yeiie algi oo LSIV igs o oilss (SIVS?) il Lasls
g oo 48,5 S5 ) ol 4 aluly yeiie HSI g olSins ) Jatwe
3 a5 gyl LB YL HSI L GlaolKiws ) jo badisS 5l g0l olows
5 50k alen oy & 55 (5l 22k 6507 2ke 5
sl Gyl HSI G cloolfinys i)l o8 (P 0 p2lew) o o
S Sr S 2l £505 00 Wl el 2o 5 W g il (oS &S
B o i 1y oy SO 0 laasS Slglhe 5l aiges SO 3 S a5l
ot o Loaiss olasd 5l (omli 4 632l 5 5 1 6525 2 e E5
il e

oS widle gl Gloy 5 B L o plp 650,52 25 oSl
o 3SLe il 05 ey W3 e a5 glaisS St oy it ol ol
e o) )3 a5 wado0 &) By g Cool T ol 4 s 32 lee £

A
Immigration
I+ A
| T N
3
[\ - -
g Emigration
u
Y >
50 Smax

Number of species
Fig. 3 Species model of a single habitat

Lo olKis; SO ladisS Jow 3 JSi

1- Habitat Suitability Index
2- Suitability Index Variables
3- Emigration

4- Immigration

10 o leits 15 093 1394 s (o) Sl Swiye



Ohad 9 (Foamwld Hlosl

S-S5 b)) ($95L U Sl s (6 oS Ak po 033940 )1 )T puF S J s

5 0p = 0 2l o5k slausly codge 095 o0 0elail Sho (55,0 S5 2

Lmp A, E My, 9k BBO gl ol by ol
Maxy, ...

Y

30000 o0 Ui 1y K g Ko @ gl yialyly y20lis oS S (0 i |y ol 5 12 SIVS ol 090 &
970 ) 155 003l walisd g 3L <6 30 ¢ 23 (46) bl 31 03Ul b ol (g yilo JuSil (s

Y
g=gt1

!

oS 50 damlro bﬂ,‘;ﬂ,p (HSl,) Fosile Cigfw Jxo 42 15l 4

\ 4

Y

g oo ol (43) el 31 ool b 4 ek 610 oS 5 SIVS g3, 51 &2 lgo lelae

Y

g o0 ol (45) akaty 31 ooliiw! b assi pué g oiuns ) 59, Shao! G Oldos

!

S (0 2yl 1y oal Conss dy > (gl sy e gazmo

v

W o jo Caxenr w9 2l I (LU Cazenr 5 (0908 Caes cuS )

Fig. 4 The flowchart of extended BBO algorithm for iterative
learning control problem.

0igdy] S5 S0l S altune (gl aidlianugs BBO o ,6S jlogas 4 S8

16

14r

12r

l_

0.8

0, ® ory, (1)

0.6

04F

0.2f

00 0.2 0.4 0.6 0.8 1

time (sec)

Fig. 5 Desired output trajectory 6,(t) = y,(t). [12]
[12] 05(t) = y4(t) wollas (5,5 yne B S5

10 o leits 15 09> 1394 s (o) Sl Swdie

Ps
> ) (45)

PmaX _

ool iy yms el S (i T lade i) Mipay &), &

WS I il otisS slaws Jlatsl iSTas Pray 5 sl plS Lansgs
w‘ olia..w.\) )Q S 435.? 05.?5 JLQ.A?‘ PS

m(s) = mmax(l -

e 95l & 3 &G g ol gls -3-6
BBO (gl o0, 5l eolatwl L FOILC ol o age bl 6l
51 PD 45 ILC 508 J S 6l ((Sianls pasls sla yics) SIVS o
&b L HSIE aciloee sl wcaslkp 5 0 jal)l g0 slyls D” g4 ILC
ol &gl jlade b odigd IS5 S0l J S o oSN SIV o ol 4 anse
lol ;o b o delsl oulsyns i 5l LSS olawi B g oals 49,5 SIV
PO R A R RS PSRN RE Lo I | R ORPCTE < S IR <
Sy ) Sopar Sae ml e S o S 5 o &b L HSI Glge

1S ga o0
tsim
Jitse = t.e?(t)dt
’{L[sim
= [ t0@-n@ya
0 (46)

gy o 5 4 gileand 3l Sley eogamme tgim YL SYoles o

0ds 03ld puess BBO ooy ;631 Jloges ST & ygua el 0y plxl (g5l
ol osalive JB4 S o

Silwdmds -7
shostiinl Ghlie (oyp g 0 Slee (2b3)l jelate @ lail (idu cal 5o
o 815 S0l J S Sleyisn Olsd 3l s S o Dlinlne
S S5 2l a3k S5 sl {PD? g5 5 D% g5 (solerian 58
5 ool b o g 090 oo oolinl el ool Byme 3 iSu 0 45
antp Do a4 GmSadye ILC ouS S cule BBO )68l
Pl e Jl38le 5 lansgs el Sloigsluaned &S 095 o0 dlons
sl 00

T sl S5 slass ol b oy spil o coslhae 2 pees
el i ol Aolae § ol sal ools Lis B S jo S S,
04(t) = 6, + (6, — 6;)(15r* — 6r° — 10r?) (47)
: (48)

T =
tf_to

oolatusl allis cpl ;o oad al)l oo, 5l anTb 609y ot sl

2 IS b @illas 1) by 95k (s d s W] jolaie (pds oS oo

Sl g o Soand el esliinl b G 5 00508 (g3lu S

Csllae e o 1, am ails slackss K = [K Kp] Sond 5,0 Jlo

oolinl b clle Shad o3l il Jlasl 5 (ilughs 5l G o0 13

L @lke (10) 5 (9) Holae L owigds 1S5 1Foly J5uS Sloyien oilyd
S o0 dlone 1y 0158 (60959 1 ST

oSST{—1, =2} ars ail> Cglhae glacdad (o5 b (giluancd 5o

2 ILC ayl slocdl sl o s K = [2,3] el o 5,40 o

1- Integral of Time multiplied square value of the Error (ITSE)

264



Ohad 9 (Foamwld Hlosl

S-S5 b)) ($95L U Sl s (6 oS Ak po 033940 )1 )T puF S J s

D% type ILC
35 T T T

uk+1(t)

time (sec)

Fig. 7 Comparison The control effort vs. by using updating
law D“%type ILC.

DEtype  olwyign o3 5l eoliiwd b (s95,9 JyuS JuKw jloges 1 S
ILC

Ol 8 aslie 5 byl 950 |y (5mS g e A e BgD LSS S0l
ILC oloyiap oy b glapmite bais asb a=0 I &3y
gl co oolawl

w20 (P gg) ol ILC Glujsyp 6l o Lo 2l oyl po oS
it Jols a5 b slopiie ) inde olSS5T aib @ = 1 &5 olSin
S50 OPB S Lo a1 50,5 o0 )18 eoliiul 050 ol 26“*9.5‘)
ools pealys (D gg) iniw ILC

15l 4 1,55 40 5 sy el o o0l 5lis 8 S 40 45 jshailen
@ oglhe 29,5 4 Bly >9,5 a=1{075112515175}
aS ol 5L @ =1{0,0.25,05} &l p g conl oas | Ko oS & 90
Jieem) < 1, ILC 1,55 bl oy amli a5 Ly i3l 1S5 sl
Sl 4 aS s o lis 9 ISs o odwl sty @l (e o Ll o 1°
Bgi oo Loy J(emy) <17 b,513 1S5 s a= 175

D* type ILC
1.8 T T
—— 0,
16f 0 (P-type ILC)
—e— 9 (D" type a=0.25)
Lar 59 (D% type a=05)
6 (D% =0.75 s
12l (D" type a=0.75) ) |
—<— 9 (D-type ILC) P,
= gl 0™ type a=125) / |
2 P 0(D™ type a=15) P,
= 08f O— 0 (D* type a=1.75) Vs N
<° J
0.6 / i
/‘
0.4+ J
0.2 J
o] et [ . .
0 0.2 0.4 0.6 0.8 1

time (sec)
Fig. 8 Desired and the output response of the D%type ILC
update law, for different values of o and k = 40.
Sloyian OB 5l ool b adly Cumdse 5 ollas Cusbse Joges 8 S
k =40 4 Gl slaa 1, D%type ILC

1- Angular Acceleration

265

oS oo 28 Lo il 48 [20] el sns Sl 1 Jgaz &g pimn

S oy i 155 ol J =17

SrSad e 0xigl) ST S0l S8 Sleyien Guled i onl o
Silwosly oals (gl o S-S Sl 6ok sy 2 olein
4SS slp Hlplaer SO &S 1)-”“*’*’ S gilead 0 050 o0
ol ot o0lil el lie 15 (6 S A po slmoaiiS 1S (g lwooles
b0 b pjalaly bwg oL, 5 Sles [25]

Jie(em1) = SUPefo,11(0a(t) — Or (t))? (49)
(deg) 4> ;5 o p Cusdse sl jsdome Jr(emr) of 0 &

5 ‘]k(eml) @L:»)) 6LE.‘> )..SL\} [39»5 Q‘ﬁ" )‘ OMT S C.!Lu |
SrS JlSw nl oals ools lias 6 S e e LSS 40 o
g Cal oo ools las T Sy LSS 40 51 g saw] Cess (69959
SrSasye ILC Sloyisn 5B slp 69955 cnl 5 oael Covsy (25,5
534S el oa ools jLis 8 ISs jo o alises polie 13l 4 (D 89’)
3T 2 63955 s sl (9) alal, DY g5 ILC Slo 9 0596 51 ]
J)....S O)S.Lo..c U‘ﬁ’ts" 6 JS..; oo liw l; el 00l oolaul ﬁ‘k +1 )‘)ia

Sod- S5 Sl 593k pim sl il )by 1 Jou=
Table 1 Parameters of a single-link robot manipulator

Jlade Felb gg
8.43Nm f*
-8.26 Nm f~

4,94 %/sec B*

3.45 rNa—rzlsec B~
4 kg M

2 kg m
0.5m [
9.8 m/52 g

D“- type ILC

gofr 1

(o2}
o
T

erorr J, (e, ,) (deg)

N
o

N
o
T

Ty
, RBREE o oCEoEeesoaad
5 10 15 20 25 30 35 40
Iteration number

Fig. 6 Maximum square error (MSE) of the tracking versus

the iteration number, Comparison of D%type ILC with

different .

slaws e p Jr(Eme) b, slas iSlas pge ol Jloges 6 S8
O alises polie sl DHtype ILC Sluje 0 ogl 5l eslinal b oSS

1- Ninteger

10 o leits 15 093 1394 s (o) Sl Swiye



Ohad 9 (Foamwld Hlosl

S-S5 b)) ($95L U Sl s (6 oS Ak po 033940 )1 )T puF S J s

PD“- type ILC

T

T

erorr J, (e ) (deg)

5 10 15 20 25 30 35 40
Iteration number

Fig. 11 Maximum absolute angular tracking errors versus
the iteration number, Comparison of PD%type ILC with
different «and k = 1, ... ,40.

1SS 01 e 5 I (1) b, sl ESTam g0 olg Jloges 11 S
g o alite polie sl PDUtype ILC Jlu,iep o9l 5 eolaxul L
k=1 ..,40

D“- type ILC

erorr J (e ) (deg)

Iteration number

Fig. 9 Maximum absolute angular tracking errors J, (e;,1),
versus the iteration number, Comparison of D*type ILC
with different . With respect to the iteration number 14.

‘)‘)53 Slauss o> Jk(eml) (53[%.5) 6LE> )_.SL_\_—> £y u‘?’ )“59‘"; 9 Is -
k=5 @ dlise polis sl Dype ILC Slajjsn oplé 5l ool L

B

14

1.8

16

PD“- type ILC

=== 0y
0 (P-type ILC)

—5— 9 (PD* type a=0.25)
—© 6 (PD type a=0.5)
19l * 0(PD™type a=0.75)
---------- 0 (PD-type ILC)

14

= 1 0 (PD* type a=1.25) §
g — 0 (PD* type a=1.5)
= 08f - 0 (PD" type a=1.75) 1
%‘U
0.6 N
04 1
0.2r ]
Qeee L
0 0.2 04 0.6 0.8 1
time (sec)

Fig. 12 Desired and the output diagram by using updating
law PD“type ILC for different values of « and k=40.

uylﬂ )‘ oolarwl l.: o.\./;‘ [GUWRY) @.’3‘9 L5>5)> 9 ujl.'a.a L9>5)'> )1094.: 12 J&w
Kk =40 FX2 alises ).M)LM 6‘)-’ PDa-type ILC QS’L“’))ﬂ)"

WS el | gllan (29,5 4 a8ly (29,5 (2] Ko

Soyiar ol 31 ool b ons] oty (535 S5 i
k=40 S5 0 o Gilisee polia sl PD® owigd S5 5ol Jus
Sgs oo odlie 11 o 4 a9 b ol oo ools ylas 13 e o
Lyi 5,5 oL@ =175 ) PDyPe ILC ibojis s ol
g Al 1S5 e el andly (e <17 a5 Sl ILC 1S5 oL
25l 1 See gllae (25,5

PDtype ILC Slu,jg,m omsled lawgs odnl Cawds muli 4 axg5 L
ol o colio QLI oS 0 18 (oo 4t i ol ;0 D%type ILC 4
S a3l |, o] Ses e oo s e kp g Ky,

s 4o oS BBO o ,65) 5l eolatl b cans (idw 0 Lo e &
o29) e Cowds dinge Sygo 4 |, FOILC (ol o ol o 3,20 6

10 o leits 15 09> 1394 s (o) Sl Swdie

O3B slp cilise slaar lil 4 pllD 1SS 0 sunl ey ABly (9,5
a=175 5 a5 sao o olis 10 JSo 0 DY g4 ILC Sluyiep
RORI NPV FESR Y, SR R VRLOWES P N OV LSO 5,00

Usleo 5IPD? g5 ILC Jluyiep o o Sles b55u iules (slp
Sy el oo ooliiul pk + 1 1S5 0 anlb 609,9 et sl (10)
id g cwlkp =] g kp =]/2 5,500 ooy polia (ojlwas
Ol gylwancs bl .l DY 55 ILC Sloyig 0 o5l aslen leglass
50 A Gl polie ly LSS sloawi s 5 Sbo,y s Sl a9
ol oo ools las 11 S

L Ba(t) wslhe 2s5 @ O(t) Bly o255 2l Sen 85
JSs ok =40 1,5 sl PD%type ILC Slu,igp 9B 5l eslaial
Sl 4 05 oo cdnlice JSi (pl jo a5 jghilen .ol oo ools las 12
Cowl atuilys o950 PD%type ILC Sluyigp o9l o polie 5l Sy

D“- type ILC
1.6 : 1 x l ‘ x ‘ 1
—— 0 '
lar 6 (P-type ILC)
-=-EF- 9 (D“ type =0.25) w@%@%
12 ..o 6 (D* type a=0.5) x{x* i
0 (D type «=0.75) o
e I 4 o0wypei0) / I
_EH 0sl —P— 9 (D* type a=1.25) h
s | Tt o(™tpea=ls)
‘fgj 06l T 0(D* type o=1.75) 4
04f .
0.2f .

time (sec)

Fig. 10 The control effort for different values of @ when

e, < 0.01°, by using updating law D%type ILC and k=15.

Slorian o9 5l esliiad b (Bl (2s5 5 wsllae (25,5 loges 10 S
k=15 4 iz sloa sl D*type ILC

266



Ohad 9 (Foamwld Hlosl

S-S5 b)) ($95L U Sl s (6 oS Ak po 033940 )1 )T puF S J s

6‘)" oD bl.efw.u PDa-type ILC ‘5";“’@ J.J.‘Z.u 9 d.’):z_» Mu)f)lj_e
by Sl phees 59 2 Silwdnd Sl oad Sl S slaptan

PD% o Sles awslin sl BBO o ,65 lawgs ool s slo el b 2 Jgu
.D%type ILC 4type ILC
Table 2 Parameter values obtained from BBO algorithm for

performance Comparison between PD“type ILC and D“type
ILC.

oyl (9,5 el )b g

PD% ¢4 ILC D” ¢ ILC
& & BBO
3.179 - kp
1.808 3.3712 kp
1.7302 1.5886 a
1.38x101° 2.01x10° JiTsE
x10" X
—O— D*typeILC
12¢—© —&— pD“ type ILC

Best Cost

Iteration

Fig. 14 Maximum absolute angular tracking errors versus the
iteration number, for D%type ILC and PD“type ILC using the
BBO algorithm.

Ols lp S5 e 50 BBO 00,680l anje ol ol e Jloged 14 JSCi
Dtype ILC 4PD*type ILC  Sls,js,

14(}‘ T T T T

—— BBO- D“ type ILC
1201 --0O-- BBO- PD*type ILC
100}

801

601

erorrJ, (e ) (deg)

40F

20t

2 4 6 8 10
Iteration number

Fig. 15 Maximum absolute angular tracking errors versus the
iteration number, for D%type ILC and PD“type ILC using the
BBO algorithm.

L ooLSS olawd s p Ji(Em1) Sbo, slas 2Slas ag0 g jloges 15 S
D%type ILC 4 PDtype ILC Slu,js, oilsd sl BBO o,6 5l oolasul

267

PD“- type ILC

35

U (9

TR =175
0.4 0.6 0.8 1
time (sec)

Fig. 13 The control effort for different values of «, by using
updating law PD“type ILC and k=40.

PD Slujie, ool 5l eolitul b (63555 (IS S Jloges 13 S
k =40 ¢ e sba sl type ILC

Ko (5 o 5o 00 1S5 Sl J s ~2-7
S Mpeep = 5 4 sbolSin; slaws @ =50 TcugSe slaous
2 Mpax = 0.05 gz 75 ST Nyar = 3(SIV) altes slaaisS
E=1 41=1 ol ¢#5 Sl =09 i (43) doles
el

O3B 90 ;o (sl BBO 1,63l lawgs ool cavds slo el b polis
03ls lis 2 Jgu )0 (5 pmS A pa 0igh S5 p S0l JyuS Glyie
auie ab 4SS sk BBO o6l 6l c3leiss ol Kan 5950 sl 00l
G"Jio.ca 09> ] os.\.CbL.woJ.slﬁ 14 J&w 50 d)l)gsﬁ u.u.CDlS TN A
5oL U8 Slayisn 0sB 50 o ln wollae (255 4 (HBly (s>
ool ool ylas 15 Jso jo D*-type ILC 4 PD*type ILC sxigs 1,5
Lug FOILC ouS JuuS g0 0 oyl JSo pl j0 a5 ol
el ol Cawss BBO v ,43!

6‘)4 ‘5:|)i.<>.® S Sl oo line Jolﬁ 15 J—i‘” 5o as )9JaJLA.®
Sgugp 0ol Cawds BBO (o0,631 5l soliwl L FOILC Colpo a5 Sl
CE u.’).duwu—’ Sl 00l o0lo Ql'“'“" 6 J.iw)b 45)5..L:JL<>Q ..\.«5‘5.4 ‘..\.u
5 eolatul b Lol ol ool 5lasl 1,85 13,0 D*type ILC ¢l ol Ko
L ‘15 J&m l.: dal.be 9 ML’OW ‘5,1)5\@ & BBO'Da'type ILC
R CHC TR OV JUCSTRIRNICE A N R | SR Te S PR WS itc
4 Sygo 4o anl 0ol 5lasl o111 |1,S5 0 PD*type ILC Jlw,jq
2K ceyw 15 IS L gillae BBO-PD” type ILC I oslaxul
ool ools yLis 16 S 40 a6 pS e 5ol 6B g0 o (ol
el samlive BB 17 S 10 10 1S5 0 sowl Casdy (39,5 el

S 5 dox -8
5l es 90 dLC 8aS J3uS 5 (S as o Sl oS 5 L dllie (ol )0
yp O30 D%type ILC 4 PD*type ILC _lu,j5, slogsls

1- Population Size

10 o leits 15 093 1394 s (o) Sl Swiye



Ohad 9 (Foamwld Hlosl

S-S5 b)) ($95L U Sl s (6 oS Ak po 033940 )1 )T puF S J s

g Fomlio )18, b slaguly 4 &5 was o0 ghb 4, Sl (ol 5 0900
Slorign OB &5 sges csalin Gl (uien 5 Wb Swwd Sp
ey glyls D%type ILC Slsyje, o5 & caws PD%type ILC

SBlal 6,50k b0 5l AU g o Sles ol a5 cil g in o) Ken

c&l»-9

[1] Y.Wang, F. Gao, F. J. Doyle, Survey on iterative learning control, repetitive
control, and run-to-run control, Journal of Process Control, Vol. 19, No. 10,
pp. 1589-1600, 2009.

[2] S. Arimoto, S. Kawamura, F. Miyazaki, Bettering operation of robots by
learning, Journal of Robotic systems, Vol. 1, No. 2, pp. 123-140, 1984.

[3] W. Chen, M. Tomizuka, Dual-Stage lIterative Learning Control for MIMO
Mismatched System With Application to Robots With Joint Elasticity,
Control Systems Technology, IEEE Transactions on, Vol. 22, No. 4, pp.
1350-1361, 2014.

[4] B. Zhang, D. Wang, Y. Ye, K. Zhou, Y. Wang, Cyclic pseudo-downsampled
iterative learning control for high performance tracking, Control Engineering
Practice, Vol. 17, No. 8, pp. 957-965, 2009.

[5] J-X. Xu, Y. Tan, Linear and nonlinear iterative learning control: Springer
Berlin, 2003.

[6] D. del Castillo Negrete, Fractional calculus: basic theory and applications
(Part 1), Foro-Red-Mat: Revista electrénica de contenido matematico, Vol.
16, No. 6, pp. 1, 2005.

[71 A. Tustin, J. Allanson, J. Layton, R. Jakeways, The design of systems for
automatic control of the position of massive objects, Proceedings of the IEE-
Part C: Monographs, Vol. 105, No. 1S, pp. 1-57, 1958.

[8] A. Oustaloup, From fractality to non integer derivation: A fundamental idea
for a new process control strategy, in: Analysis and optimization of systems,
Eds., pp. 53-64: Springer, 1988.

[9] A. Oustaloup, X. Moreau, M. Nouillant, The CRONE suspension, Control
Engineering Practice, VVol. 4, No. 8, pp. 1101-1108, 1996.

[10] A. Oustaloup, J. Sabatier, P. Lanusse, From fractal robustness to CRONE
control, Fractional Calculus & Applied Analysis, Vol. 2, No. 1, pp. 1-30,
1999.

[11]I. Polubny, Fractional-order systems and PIADup controller, IEEE
Transactions on Automatic Control, VVol. 44, pp. 208-214, 1999.

[12] Y. Q. Chen, K. L. Moore, On D a-type iterative learning control, in
Proceeding of, IEEE, pp. 4451-4456, 2001.

[13] D. Simon, Biogeography-based optimization, Evolutionary Computation,
IEEE Transactions on, Vol. 12, No. 6, pp. 702-713, 2008.

[14] D. Simon, A probabilistic analysis of a simplified biogeography-based
optimization algorithm, Evolutionary computation, Vol. 19, No. 2, pp. 167-
188, 2011.

[15] N. Jerath, Implementation Of Biogeography Based Optimization on Image
Restoration, IJCAIT, Vol. 1, No. 2, pp. 76-80, 2012.

[16] G. Wang, L. Guo, H. Duan, L. Liu, H. Wang, Dynamic deployment of
wireless sensor networks by biogeography based optimization algorithm,
Journal of Sensor and Actuator Networks, Vol. 1, No. 2, pp. 86-96, 2012.

[17] A. Bhattacharya, P. K. Chattopadhyay, Biogeography-based optimization for
different economic load dispatch problems, Power Systems, IEEE
Transactions on, Vol. 25, No. 2, pp. 1064-1077, 2010.

[18] A. Bhattacharya, P. Chattopadhyay, Application of biogeography-based
optimisation to solve different optimal power flow problems, IET generation,
transmission & distribution, Vol. 5, No. 1, pp. 70-80, 2011.

[19] J.-X. Xu, T. Heng Lee, H.-W. Zhang, Analysis and comparison of iterative
learning control schemes, Engineering Applications of Artificial Intelligence,
Vol. 17, No. 6, pp. 675-686, 2004.

[20] P. I. Corke, B. Armstrong-Hélouvry, A meta-study of PUMA 560 dynamics:
A critical appraisal of literature data, Robotica, Vol. 13, No. 03, pp. 253-258,
1995.

[21] J.-J. E. Slotine, W. Li, Applied nonlinear control: Prentice-Hall Englewood
Cliffs, NJ, 1991.

[22] H. Ma, D. Simon, Blended biogeography-based optimization for constrained
optimization, Engineering Applications of Artificial Intelligence, Vol. 24,
No. 3, pp. 517-525, 2011.

[23] M. Mittal, Comparison between BBO and Genetic Algorithm, International
Journal of Science, Engineering and Technology Research, Vol. 2, No. 2, pp.
pp: 284-293, 2013.

[24] Y. Chen, C. Wen, Iterative learning control: convergence, robustness and
applications: Springer-Verlag, 1999.

[25] D. Valério, J. S. da Costa, Ninteger: a non-integer control toolbox for
MatLab, Proceedings of Fractional Differentiation and its Applications,
Bordeaux, 2004.

10 o leits 15 09> 1394 s (o) Sl Swdie

14 T ety | T T

) ‘e
—— BBO- D%type ILC
---e--~ BBO- PD“type ILC

12}

10+

uk+1(t)
o

4
]
2
0
-2 L - L \\.‘-- e
0 0.2 04 0.6 0.8 1
time (sec)

Fig. 16 The control signal for different values of «, by using
updating laws BBO-D*type ILC and BBO-PD%type ILC for
k=10.
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Fig. 17 Desired and the output trajectory of the robot arm of

BBO-D“type ILC and BBO-PD“type ILC updating laws, for

k=10 and different values of a.
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