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HIGHLIGHTS

GRAPHICAL ABSTRACT

e Applying robust controller based
on suboptimal estimator

e Ensuring the stability of the
proposed controller along with
the convergence analysis of the
estimation error

e Flexible design of the control
system, by parametrized matrices
depending on the non-unique
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such as: production and assembly line, medical and surgical centers, space industries
and military instruments is the lack of accurate modeling and control of the systems.
In this paper, the problem of robust control based on the suboptimal estimator for
highly nonlinear dynamic systems affected by systemic and environmental
uncertainties is addressed. Considering the coupled electrical-driven and mechanical
subsystems in modeling leads to a completer and more realistic model known as the
electrical flexible joint robots (EFJR). The state-dependent Riccati equation estimator
is used to determine unknown state variables that cannot be measured by sensors.
By applying the proposed approach in simulating a two degree-of-freedom (DOF)
arm with electrically flexible joints as a practical case study, both robustness and
optimality are obtained for the system. Then, the proposed method is compared to
the sliding mode control and the Kalman filter estimator. The obtained results
indicate that the proposed method has improved the system robustness against
uncertainty and disturbance. The norm of final error of the robot End-effector has
been obtained as 4.13 mm and 37.02 mm in the proposed algorithm and Kalman filter
method, respectively. Also, the norm of control input (energy consumption) has been
obtained as 7.5 and 16.8 by the two methods, respectively. Therefore, the proposed
method provides the possibility of achieving to the goal with a higher accuracy and
less control effort.

* Copyrights for this article are retained by the author(s) with publishing rights granted to Imam Hossein University Press. The
content of this article is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC
4.0) License. For more information, please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

N

Aerospace
Mechanics



https://maj.ihu.ac.ir/
https://dor.isc.ac/dor/20.1001.1.26455323.1402.19.4.7.8

&5

b

VN -AD asmio /¥ o)leis 119 050 N F-Y Lo [Ladlse SilSa
Laslgn SColSe 4 i

DOR: 0.1001.1.26455323.1402.19.4.7.8

S (B pd O Sl Bgil Glp Aup ) SRS 9 (e polio J S

o SLILE! g Jow b zold

\ oK dn> (oY g i T oL 001yl S

Al eales T ol 5 maile s olSiils «g,5lid 5 ple lalllas 0,5 ¢ Lokl
Ql)-.{l ‘Q‘)‘Qj ‘Qlﬂl Colo g p-LC oKl Sl (W4 sasisls “5)_';50 69?‘-‘3330"

Lbd.;’u».?).g

S35 onS

polie oalS JyuS (55,54 @
dak ) S eSS p (e

oS Sy gluly eead @
Jels olpen 4 (golpiiny
o35 gl ol Sen

IS s Gl (oL@
opiebly Gl gy
PRRCUV RGN ES b o
peas B (S35 slogm Sle

i ——————— N :
/ i H P

(o)l Sliding Mode [W(7) i! o| Electromechanical Mechanical Arm | X0 Cx() + I y(r)’
17X Control | TP Actuator Model Model B O |
i l !
[ i
\ Robust Control Block ~ ‘. Nonlinear Dynamic System !

s Suboptimal ¢ Measurement Partial
) Observer State Feedback

______________ ) TR

Nonlinear Suboptimal Estimator Dynamic

Al wlasine

oduS

i a5
sty sele rallis g
VE-Y/V /A edl
VY Y)0 s 55k
VECYLVIYY iy
VE-YSIYA idas |

J}im./a oMy}*
akbar.asgharzadeh@casu.ac.ir

:L:bc')"bv\.:.lf
shege S
by S eSS
Joe conladane
SrSell g
azlb Alad

5 g Lt il chliss gl o (Sl slagil @554 o bl saile 3 (S
S 9 siledae 4 alitws pae ool Dol 5 (olad mlio (22 5 (SB5 55150 Gl
33 el oaplonl  ass 5 ot lacaabipae Sl cou o Saday Sielis
4 e oSl )3 (S i s 4 00 S S e (S Sl s (5235 S0
Lglkj..’...o G| 00 sia)o..i” ).:J.:dLb.u‘ J.»aLnA L) Lglb;_)l.:) L dj)m ).)@Slj 9 ).)J.nls JJ..Q
olro 5 ueds lawgs )0 0939 1) guiw lawgs lag)] (6 uSoslail Sl a5 pglasls cl>
693k S (loand )0 (ol 9,505, (55,5 b 09l o0 el L @ dily SIS,
Aol Cu jo 93 52 (69,05 diged G laasay S STl dy Bllasl folas b solslaz 0 g0
5 e S Ghe) b oledn By e 09de0 Jolo e sl (Ko s
JJLH.A 9O o lalS?r.».w‘ Ogud OAA]CAMJOAJ‘ CJLJ Ll 00 MLD.A u.aJlS J.‘.L:.‘B ;UM
oy 2l sl ey s oe (L s3liin Ghg) 65 B L) slalasdl g uabidane
£ 9 Fashes TV 5 yioi e FNY s i a0 pdlS 2ld g (goloiiin ool po L)
lg MRV O Ls.:l.u.m:b ‘u.a‘).:Lu ] 0o VA 9 Yo ol A (‘_g)}a‘ dj.«a.a) GIJ...S 5999

el 00 al golgiiin LB, 5l ool b J8las S 53 5 5YL cds

License Commons ) es ye (Soiiy b1 wilucd o llie ol sl 00is 0018 () e plol gals olSitils ol Ll 4y ;350 Gai> g B oian g 40 il (398> 3

uileyd auo https://maj.ihu.ac.r Lw,ol 5l milead ol Slos gl ol 48,5 )15 Leds o yws ,o (Creative


https://maj.ihu.ac.ir/
https://dor.isc.ac/dor/20.1001.1.26455323.1402.19.4.7.8

oK 5 Sl 00l 20l AY
&l (SDRE) cll> 4y anly SIS, dlolae il 51 [#] doddio —)

Shaie 93 (Sl 595k J S e 63,955k S (23L
Las glp g 20,5 eolaiul ibre gll eds b
e 4SeD Al p K00 0aiS S Sy il Sl

iy 8 5,
gl e ke oS ]S S, [V] S 5 Slsa
Sefie D5, sl piydlas Jolas b ol sl 1,
sl (Jare Shw gl pl jo ailes,S &Il aseiel
Lol 0 (58 polasl Db (ool sl el s g 5590
S5 JAS olseb o s (Al Ky 5508
bslagil ln 1) (o5530090 5,95 Sle » Comdgal gy
oAl gy el s @l paGlasl Jade
iy llanl ke g sl B5ilage euisS ]S
5 Silwdoe jo Coahdoac lls a5 Ws S slpriy (FIM)
3 Vo] ape jo ol A lial YN 35i oo
2ok Gl pglie e 4 p5 JRS 050, S
iyl Jase ol (Seolis lo il )y coababpoe
Sge 0aisS J S f‘).’a S0 g 0 el oaliolgiiy
bt ol azys ad LS o S sl o553
Silon slomy 5 Giload ol ond ($yme Loglsa
Sezg byl i o wglaie slagla,l g lace s 5l ool alies
o dmile ;o Z8s pas (B3 L jsbises 5 0L (5950
039y rduolo, bl a5 cawl sadplol | Seoluog !
Sl S 390 10 sadabul clidss 2ST.IV] el
Selbys SihysS 85 Sl 50 e pdySllasl Lade
4 bae olosl o ol 485 Oige S Slee
Bligios (S pdgilian] Jolis b (Sl slosst
oS S S D Y] s ol 48,5 & g0 o5 s
e EFJR s lp 1) Jolaie gtdai pglas
03,5 b 4l bls e g anl kil Coxbdeas
JAS b s sy e Y] l)Ken 5 il o
505 5 8 pealy b1y 55 et (Aecles (556 ob5alose
JrS S DVF] o 5 Sole ilesls il Sl 53t sl
Jolin b (SSs closil 5l slaib s, sl |y polio
O Sagylr s sz sloysige bawgs a5 pdycSllaal
OLSe 5 ASuspl (rizren 33,5 sleiiay gd oo JUub

¥ oylous 112 0593 INF+Y Jlo /Liadlgn Silseo

Slr JS slagslil )50 )0 Jshie slag,b kel
Oyge oaiSosle (B2 9 wlal n (Sby slegil
S Mos Sl 38,5 ool Jol (22 005 o0
3 oS S e (Shb 35800 crge 5 S
Olses Joo )3 Lol 1098 sgazme jglldS (634,9 glaw
wged Jlosl (Slse o5k @ Loitiona 1, S8 jsliss
3 b Spme Koo (Sl (S S Seelias cnl i
93k S e Slsisar j5ige 5l sadgi 5Ly g 09l 418 5 s
OB o3l S50 53 ped (58 008 Jlesl w4
o S5l o0 ge A4S Gl Jato (5 pdscillas]
Jos jo Ll gl a8 5 L o clo ax LSy &g
peeilSe sabozsl gl g Spme Sles mle YL
Oezed g odidls slrodiog > 5 Sdge e slaglye
aslis g pdolhasl lgca L:ooi O s 9 Sl
— S Sl Solins (28,5 ki e 1Y g V] sen e
Jolie 3 35290 iyl § S e Shee SSS6
Bl (Soelas s 51 (65 (Hly Joo ( S slag il
oIl Slaslrs o> g (Souzn o5 Wz wed e
2l e

bbb 4 a5 wog SLS alexl [¥] Kbl 4 55,
lagy] jo a5 iAdly sladoe p (e oaiS S
Ay wer cadaid, S Ll o Jolae (5 pdscillas]
s S8 Gl ety [F] ) Sen 5 50l
Sy o]y opdle in,S @) dycillanil Jolis b glagil
stz S ol Glp 8 pslie canS S
e glalas g e Siels onis 3l oe
s o b el )y Sl i

Wold drwgi |y gy 095 Slanazs jo [8] o) Ko g assls
Oy ol 5 wlacdl 5l b SIS, dolae oy a8
S flo pb &y (LSLL) as )Ll Sy s ol
S Wolre e 9 b o0 JUT o 4y atily ol o
@l oz (o Lalo (05 LG 058 00 > s e
LT 51 lien a5 amo o 518 b o yiss j0 (652t
e 5 025 0,8 eolil saisS 8 8 Lzl ol



M e lalizél g Jas slo sl il coo Jas b ada Sl clogil @l a5 a0 1 sie pslie JyuS

Wwgry Soptmes lp Sl aly 03,5 0 2l
Sl Gy ol GRS e n oedle el eo)s )
S goite Glaop)l5 wiusn ol laptues
Gl i bavsgs S ol slaiunes (5], SDRE
5 ool S VY 5 VY] cadl 0o 8wy g coliul
&l 1, SDRE aglie jbd b [YF] Ko
oS 5 eiora ilos )8 &Sl Coshadoae gl o slapiao
5 Jslae yallS 2Ld wiile [ yeess b SDRE ouisS ] s
Ivol culools las 1, s cols, mbs ablaswys
Sty i slogil S8 5 bl slo il 51 (S
@ )b ololazsl S 5 Sl Sl 992
LBl locoshisae olol 4 e a5 Ceol piacw
hage JuS o2y IYF] lKen 5 plle o5
Oy odle waisls slpiin g3l yes 2L, lp Woo
oS Slp (Geliol adleess SCus, SLb
St ;5 ()1 ezl 5 cdl> la e lojen
ool ool gy Smi535)5 S5l sy
5 Sl g)ls Sigl S5 5 goloiiay (g, 0, kee
vyl e sas b))

2 e ) gabse 655 S ) ol S i
ol Gua sl oo [YA] Wlis 51 oaisasd 5 (5 opass
alllas S0 s 0)Sos () 2 g adlllas Gl gl
3 (oo glacaskdpoe 5929 b (s e (S, slagsl)
St g olyen & AL L Lol beoe S
By 9 )5 &S Col (iwiandsn b)) (5 S0l
s S5l el ()T 2 ogdle o jlo (Sl g (aio
Selld 2 ulS anwg 5 Mol 4y azgi b S s 5 J 58S
JRVCSOPRCH IS IRSCN PRV-MES] | 8] PESUSRPRU I JOr
0593) gl (b e eadosliul g, (i Liel
ey om s amlis y Jld 8L lulyd L
oS J S wiile 60,5 slaghs, ple b (eoliin
il Sy GellS il S (Bise pglie
o Somolnd (gilw Jae llin (pl o ol aid )31 3
GrdySllasl bylys (58,5 Hla o b addllas cou s 8
SloSlas s Saslips (Fas s oJolie o

3y JrS g3l itee |y pslie s J s [10l
b, oS S o NVE] o) Kes 5 6.5 .ols dxwgs
S iyl Jolas b (S5 lagil sl e
Sl e a8 wles,s b ole clolisl cow
Sy booad bglde () slong ©jpen clilazel
ool oadand 5 5a5 )5 s9i9e (29,

do spSojlil el (Hly ool 5l (gl o
LT 51 ooy Laid 5 5,05 75 s Sl (gl o
Sk b kil ol e e ees o
s g e nw b oS coul ol by, SG eSS
Sl sleosls aazgi by Ak syl g0 a
3leolazwl Ko hg, cdlicuws wallas o ,Slos 4 o045
polael S slo e (5035 Sz S eSS 9 5 a)
sl s Sl (gl et 1 JolS 3,555k 4y (olitws
Olpeas 1y oalls 2ld [WI Gdls Glgal; L s
)98 SG el s 05 (e VA Lo o S,
3l lasgemme S L aS conl bosls 3ls (gl iS50
I sl pesie oslS 25 SIS 5 (Al slags S0l
Wi ol L8 50 AT L s 00 (e | s
3 ook o5 ik cnl Lol gl o i85 L o e
L Bl pl jo a5 cool asls oz 8 slapiwns ;o
SYolae 51 Bzl (e (58,5 5183 50 9 (o8 (> 558
S0l o Kes g gl [VAD sgi 0 a8 5 15 @ o>
So Seeles S, el lp G 1S S,
259,5 oolaiwl JS0e> by

by VAFF Jlo o Seus, sl (S 5l o
ol 5o a5 wload Byme ol o ,Scas; S pdy)
Trhe i ooy b el (s slaptann sl Sy,
o Olojl piie (o Glaptuns (G g 392
5o LY ] il anwgs 0 Bolas slapiass g aanS
SESS b e Sl S (a3 (ng5 Slalhs,
b ailanmg HallS L3 bg, S5 5y .0l o SDRE
prlie &Sy )l esSTy Slwle 4 55k SDRE
Sl s o Sy s 53,5 03 el
geo55 olyad 4 SDRE (b, 5l JlelS” (o [VV]

5 S ylmb sblad ol Lele Jels ols>

F oylous 112 0,98 INFY Jlos [Liadlgn SilSo



oK 5 Sl 00l 20l

Ad

Sz sS oledo 5o Dlaad 5Lge 5 g sl )0 ogasay
Cebl ol Gls YL s b (Sl syl 4 oS
3 @..Yle cbw u,—-—--b JYice = LY e
RGOS TPRIRCIN JERSRNNCIN S VS | S BN Y JIRVC gN
(orbd wlolazel) g 4 (2 )15 L Jles! 51 iU el
Gpddlasl (Joo 85 pae (6T 03l pacews e
9 48 iy Siglo e SlaKas 4z ST a0 pl g Jade
oslaiwl (639l slacsly, jo aS YL cds b sleonsjls 5
» L Seebas s sl glalas Sl 6l (gl o
ST slaan e g bigsgase Ll tailos S ol e pins
5 Seelad Siladoe drng Goma |) lide 5 Gl
S5 s jsliaty pslie S slag 5K ok
ISl Gegh ol 0wl edls Gw  Sio
5 Sl slagil Jold (Sealns g slacabadpne
hls 5 Syl &jpoty (Sllog 1Sl Mlos 2
(\” uuDU) ) LG o..\...uu)f )Lu o U'“')L’ 9 Yb Sgd>

25631 35 5 i b el Y-Y

A SO e wile (b Csllae jlaie 1 Sl ol
olar ilazel glgieay 3 Slleg b (2,5 L 55
oo Olej b 5 sl o5 (] uilS3 45 05500 (Byme
5 opbre o a5 glatulgrl JUSw o (Byb 5l osdiee
Jolo S B3l 5 @SNl s (9>
S0l 1) o] i s g S ooyl Sz oSl
5 ol (ol fugi jlake o900y fugi Dlyiedy a2
5 eVl g uilS R Grimmen S9b e e b (b
58 b Gl 1y gt ol Jho ol lawgie jlade
(SewsST otz 4 Gl (Sl aanie |
G (Sbiwly Sl 5 (panbolisieg 2SI ¢ Sosg 2SI
A jglatedy dadllacs jge s (65w 10 [YY] 5405
il S0 allalesl 5 (Bly byl 4 pinns 0 Slos
olilegl 5 G pSoslul g (295 50 Ry onyy

¥ oylous 112 0593 INF+Y Jlo /Liadlgn Silseo

g Sonbdpae SIS pizmen 5 (Sl lagil 4 S e
O3S jekiiedy el cadplxl pinw o olilicg
SDRE aigeny Somess 5l (Bolai 5 polasl sla el
o ) Gl MLl by sl oaseslil
RS Sok LBl 559,555k JUSew Glareds
Seobad s 9,Skos Sgur 41 2ie Lules a5 055 o
MWARVY PP
30 A jebay ien ola ST 4 Cad Al ol g
el oyl 3
Olehiiay S e (e polie 008 J ;1S (6 05 B4
osllasl 6,5 Lylos o EFJR _SulKe slagil ol
sle Slee o glidl Codgamme (gilu S jo Coxladpas
S ojlail olfiws e clamo jo ulasél oS e
2 e polie ediS S b el @
slb ol Sen Jloiga 25 ol yon 4 )5 (rreS
S 4 atly o bl lagm il glsal e
e &5 (SS (Fig sogm Sle pelais 5 (SDO)
agje g s el (ol cds Gl asdlas 4
35 o0 J5S
slaghs, nlo b olein by, (riwlicl @
sbiioge pslie eanS S asle onlS
IS L 5 ass
Y i o el odieelati 15 gt 4 allie ol sl
Co8 e 2Ly Jo Sl oalionls b alins oy )las
Sl B s 50 ol o (i Jom,d ¥ i o anlllas
el 5 00l Fermass g s 0anS SRS (555
9 Silwdd @l Sl oddined e lp 55l
Llgs ol oasdil ) B iy ) Wb, poles b ot iz
el 00yl Alie (6, S a5 Gare £ sy jo

Lo b5 =¥
e §BCakEone —)-Y

sl o Gasd ol 8 0 Sk, g,0ls 5l eolau



T e Slalazél 5 Jae sla gl 3l o as pud Dasa Sl lagil sl a2 S omedS p (St polia 1S

P G5 Glep,s N (b s gt slaezs >
a5 S e pogie l dlie cpl o cplplo il Cusal
9 Cedy S el Flog) 4 cand S egpde
syl jeas o pelael Sl loysie pesd

w‘ odSoalaw! W QSLQ“"'“'*'L‘SIA‘A‘: 9 ‘;\)La.a

PLIWSUREIY I RS KV

L S 95k (Solas ilwdoae -)-Y
S Sl folio

s sl g pdyilhaal glayll 285 a0 L
S gige Jae Seelas rizres g Jolie ciomn
351 5 el s (3l e sl B il 4y o dysS
Jolin b soll 4o 50 (Sl syl Spbion ol
Saddy phoes S lgieds (EFJR) (S6 oSl 33, Cllas]
S8 )3 S (oo Jo 295 LMy (215 )L oS (a8

Sl 0000l QLW Y

EFIR sol5T ax 30 95 (Sl (595L :(Y) JSCi

el oadz sl (V) dolas )0 pivan (Solns Jow
MB,(t) + ¢ (8,(6), 0,(1)) + 8(B1(6)) + Texe (1)
= ks(Nem(t) - al(t))
]mém(t) + Bmgm(t) + Nks(Nem(t) - el(t)) (\ )
=Kl ()
Lmim(t) + Ryl (1) + kbém(t) = V(1)

Szl Jhe SO () doles j0 o0l (gabJge,d piams
DAda (g MZ S99 M (Seelnd e
oyl e Sloe eaiadys Sy s’ s J 5

Ll 030l

Sl il e sl Slas Jaw sl o gunl
el s Jlas] (8,5 oSz o oadaill ol Sls

Powesd g S Cagy-Y-Y

sdalie Figs, (b I Sas iScag; o Sles
) US ansl (655l LB 8) polasl il (sl it
a3 e (LA Sug; oo 4 ) (Seals piten SO
Slgat s 55, Jan 35 sn otalie 45 pobles
palie by e S ogbee 12l (Hly e
wly S i) X(E) len (e el puiza)R(E) il
OBl (o238 iz oy (o Lol g valys (e
Om orlnle i oS g alie o g Cuns
979 DS s (Hly (29,5 b Jolo Joo (255
B ogd oo 0)ly [Sug, ope 0 F(8) = y(@) — 9(2) o)l
Slp e Sy, aisn saun |, R(1) Gl > puess cds
AU e & g o o0latal (i (Slagnr
G5, gy cpl 5o LAl ALl 952 g i ;o Solas
I gl i 5Ty 45 (Iapxbadpne) (g3l Joo sl
b Csllae Sl 511, Flus) i 5 005 5,50

S s
x(1t)

Real system model

Y

u(t) ——15(0) = y(&) —§(©)
T(x(1))

Equivalent system model

My s 1 50y, 9 Shes Wi (1) S5
SYMS Sl 3 e )T aese Jlisla jo aS glas pl b ]
33550 485 S5 1 s 255 55 o0 5 9B 0 o8
v s 8l S g5 S allS b Sk
Cl o..\.wLu ‘;\)La.a LSLQ..L.J)S dJ)Lu uuLw‘ » Q] M
2 Golai glaggs g anlp olay glailazel jpax
RSN ICICH PUPPANETINR NP NP 51 RC IFCIIO
5 el slo e 5 oS Sledlbl xils aSbxls) el

F oylous 112 0,98 INFY Jlos [Liadlgn SilSo



oK 5 Sl 00l 20l

)

sly b anlp o glehs 4 5l pae (Y
s a3 8 BT B>
b Gk 5l (ol i pidlasl (Y
Ol wdlas 4 e (S5 (S5 slagm sle
Codgaze 4 axgi LDC 590 Salins Jloel (F
9 rehl sl jpa> o (Seelos
aisS JpS sl e o clsle
ol
5 Sl sl 33 2 3,5 s Sl @
5Wy p e J5S 0509, 4 axgi b (S Sl
odseslawl
Solab o,y i) byd 185 Sl o (P
tanh(S(t)) &b I eolawl 4 oosS s
Sfbes 3 Suyz Sl (o5 oS slaiea
b cos (Sealus slapians 6lp 8,505, ool Baes
b)jso )‘)3 odu.:.wb)yo s‘_§‘>)l> g_)LwL..M...C‘ 9 LQu...:.ES " ‘B..\.C
Gl el b Ol 31 Canl oad crge S mess 3929 V7]
e 50 9 99d 03)( et ipolali 5 (6 S oIl L 22
255 51,8 oolals g (golpiinn S

Kiptr 5 o035 g1 iino plie J jiS )-F

] 00 uagj.n.c (Y‘) doles d)ua.c ol xl_____an.S;;M
x(t) =f(x(t),o,w(t) ) + g(x(t), u(t), o)

y(®) =h(x(t), o, v(1)) )
s 5l il p S dolee Slo (V) doles
5 o Jolae b (SSL, slagl alexl (Swlis
M5 debs (cwsS ngl Jlop uS 4 W(E) ERP
O Hgody IS S <> oy
s X®=1[0,(t) 0,() 6,(t) 0,() L,(®)]
@y Xges(t) O )0 o oolhe > ls

¥ oylous 112 0593 INF+Y Jlo /Liadlgn Silseo

el g3 7 4 e Cordadpae glo il )l
ki =ks +0, , Jm = Jmo + 02
Lm=Lm0+O'3, Bm=Bm0+O'4
Rmsz0+0'5, Kb:Kb0+a6
Km = Kmo + 0'7
iy @ Kpo Kpg Rig Bo Lino Jmo Kso &5

M

P90 ekl (i (el (ol (558 slam ile
‘)%A)—l Ceoglin «,Kloe Ko ‘)%A)—l eWlbe> oo
01,.,07 9 Sl Hgige ,5liiS ol j5ige aS joreg 0 bl
Mt i (Slacuabdose (5)k5 gl Sle

2 O) i gl i a8 5lwesly
il Sy9p8 py Sl B S L

b Seletem 02 S ploreds (SSSe 593k ) B
S e Nl bawgs a5 conl o 55k m g <ol a0l Y 6l
gd oo Jlud (S xSl

Lok gy p JThen 1 (oSl S e a1y
Sy se 5] 55k 5 Sl cadiceas

Sl il v a5 SVl Joolie Lwgs lagjl ¥ )8
Jaie oo @ WS o0 B (S 5 s5ige wgly B
A 5o b oy (e )90t Jolie Joe aigd oo
Sl 0alans §

Syme Ses plpear 0SS DO ysige V(58
5 S cend bls ol giledae sl g
el 0B Jlael (1) &5 > lolas o 4 sl Sl

D10 518 Sy jeme S9;y p B)gig) ey 35 e 1SS

PSS g (S 00535 50 (5905 —F

5 &l wgslwonly S5 a5l hsadae e s, g9
S )0 5 0aiS S 4 by pe (5led (553 gl Ll
S9ae oy slaghs; Jleel aiile placosgaze (385
RECICEINEYIRON | 7 ISV SUSURRNN PSR I | o
Ol 50 el 00,508 5 g Sl e (S5 a0

S a5 3,505, 2 S SMC pglie JyuS g, 5l allie
] odloolaiwl 3 LYo 4 SDRE

g (oolw) Seilatns iy hg, SO 5l ookl ()
polie J S oduzy alivs Jo (sl iyl
G503l b ot slacdl> e bl



Y e olilazdl s Jae gl sl b cow as é oty Sk, slagil sl dide s S oees 2 s pslie J S

Sl 355, o SDRE 5 (e S ipess
055 ool 4 5ls e (Aib sl e 5 pdySlas]
4z 50 0,8les aslis SO ST ol ol by e 2
O U 0gdoe aeS (23059 sl ple melas b pge
L¥V] 5 ool asdlas as palS 5 Jlas oS 634
Sealad s )3 ol S e 62504 sln
hzas g0t ptun > lad o8 aalllas cov
Poyie (V1) dolae Ojsods fugh 5 Cosbidpuae Lol e
TSI PR W
x(t) = Ax(t), 0)x(t) + B(x(t), o)u(t)
+ G(Ow(t) ()
y(®) = C(x(1)x(t) + v(¢)
Az (V *) ot alolas jo (V) J 08 (658 (g5lwonla b
g s
x(t) = A, x(), 0)x(t) + G()w(t) (QRD!
G s Sl atisdil> w5l Ay (X(E),0) a5
L el Jobeo g ail g0 omhadpac
A, (x(t),0) = A(t),0) — B(x(t),0) ..
R7'BT(x(t), o) K(x(1)) aY)
b Oygoay ool dine S eSSl Colesye
90 g0 gl
£(t) = Aq(R(), OR(O) + TR()) At
[y(®) — C(R)R(D)]

139 o0 duwle (VF) dolee lawgi [5 e 0 0 a5
&) = PRE)CTREIWT(®) 0%
J> 5l s el are ot Lo P(R()): R = RV a5

g o0 42 5 S, OB dlslee

AqR(D),0)P(R(D)) + P(R(D))ALR(D),0) —
P(R(0)CT (@)W L(C(R())P(R(D)) + o)
GT(E()G() =0

Ol Gized ise 9 93k slp lusly e (slasl;

Sl oadosls Hlas (VF) dloles [0 a5 Cenl H5590

~ T . T
R(t)20x1 = [0, 9mTT,91 ,T9
lmT' é\lT'/O\mT"B\l '6m 'imT]T
D18 (K i (50051 Sl o laws @ layls ol
sdﬁ..»‘s‘o oolazw! =\.‘>)L.S.a )J)A—QS 9 ;M )‘ dssom

%)

Condgo fy WS Jolas a5 U oy yiomen 00 )5
Oygots Caol  Cgllhe Cuxlae g placw  glalaxl
e i)y 35e iy €(8) = X(8) — Xges (0)
g o5 (F) alal & 500 SMC 005 J S 254
S(t) = é(t) + Ae(t) 4p)
JeSi5 adlie 99 51 (J5S (639,998 (s pH0ge s 50
Aoles 31 a5 Ueg(t) Jobee JyuS (59955 09,5
P90 I 7S (99,5 aiiles (Bb o353 s (59, ol
Sguds go 0018 4L Uegrr (B) oles b a8 sl oMol (69459
S 5H9e,d) i che @) p I Colas Gl
kg sl asls 15 ol mhaw (59, Tl o lacdl>
b o gl e 5o Soslalpas 992y s
3,5 o0 1,8 oolaiuls jge (Mg

gl 635 2 A 62518 5l ey (F) alobee bl
Bl cul b ol Oyped X(6) Uas ke o353
Woleo o eaboly G by slie b s
55,5 o0 S y50 0.5 28%(t) < —n S(E)],

b soll Bl 130 253 byd a5 55050
69955 03,5 oo DLl golpring cauS JpuS 1 oolail
IYA] sl ]yl B (B) alslas &30y Jlas JyiS

e (8) = M* (Baes — 26(2)) @
—f(x(t),o0,w)

g se et () Wolae &jg0ay (Mol (S 56
Ugorr () = —MYK(x(t)) tanh(S(t)) *)
sely5 4t (V) ol &gty S 58 56 Sl

EW)
U() = Upg(£) + Ugory (D) )

L el Joleo K00 Leas
u(t) = M*[0 — f(x(t),0,w) »
— K(x(t))tanh(S(t))]
Couszllaie 590> 5 Cawl 0uiiS S o0 K(X(1)) a5
D950 (et g2 D)0y el
[f(x(t), 6) — f(x(t), 00 )| < F(x(¢))
g(x(t),0) = [I + Alg(x(¢), 65)

Q)

F oylous 112 0,98 INFY Jlos [Liadlgn SilSo



oK 5 Sl 00l 20l

ay

—M;%,diag([ks 1) Myl diag([Nks ])
J3%diag(INK])  —Jz5diag([N?k])

OZXZ OZXZ

W, (x(®) = )

W, (x(1))

Mz, diag([Coxz 1) 022 022
022 —Jztdiag([Bnl)  Jaxzdiag([Kml)
022 —L3k diag([kp])  —Lzx.diag([Rp])

PUINOUREP S RV I N E Y B

(St (IS wiosdl g e s)lly SLST 6
dolae & ygods [YA] a0 5l oo Zlicial Bgibl) ab

W PRWIRIRY dxugs )
1
— QT — *
V=o8"S+[EX) — EX)] + [E(Y) Yy
- E(Y"))]
EY)=YL(-Y)? s EX=YL,X-X)? «
o 9 b Glapae 4 pliws Sqz) S ness
el (ogllas
Y dwloe (YY) doleo b 3illas Seibl) Al giie
174
.1 .
=STS + EET(X)l"‘lE(X)
+ lET(Y)I‘_lE(Y)
2
=8T(6—0405) —ETXOTEX)
—ETWIE(Y)
1 1
= —STK tanh(S)—STE2(X)—STEZ(Y)
—ETX)IEX) — ET()IE(Y)
oS ool Sl eme e (ka8 ple ST Ty a5

ARD)

el GeeaS BB (Al el )b e
5 S oS sl Slaye Sl o olis S1:0F (0,8
& gy dms dbly Lpledl LB o Sl Lgllas (Bam e
D9 o0 Jol> (TV) aloleo

V = —s"Ktanh(S) <0 (YY)
wosdl Segl F (20l ho b i adpen oS
B3 Ol A5 350 0 Az wgllae g 380 S e
§ = gl 4y (ol jobay jao né adsl gl I yee
Wy Al s S5 65l g Nsdee [Sen 0
e Oypody S plaes A0 1385 (o8 (e
Pedise |Fen Sho 4y b3 sl g ol ok

¥ oylous 112 0593 INF+Y Jlo /Liadlgn Silseo

ailed i cdl> glad 1o ¢ cuess g (6, 0lusl LB
Ll gl el BB (VYY) dolas

i20x1(t)

S x F(u(®))
l[ ~e(x®) ]l + Gw, (1)

-1 | —g(x(t)) |
M (x(t))| —‘I_S(X(t)) |
l_dm(x(t))

-Ix(®) 11 Aay)
R(t)s 1

- _[g_x}fu&)_)]_
| —sEﬁ(t); I

-1(g [ s (1) |
) i 5, () J

+ Ty - Cx(0)]

_dm(x(t))
—-I&(®)

sloSlee jo gldl (2,8 L JuS (69,9 o ps jlop
S| c..\,i)ggé)m OAN) dolss d)Ua.o J)m

F(u(t)) = [sat(u,(t)) sat(u,,(t))]” aN)
as

sat(u;(t))
{ ui,max(t)r if ui(t) > ui,max(t)}

u; (t), if  Wimin < W () < Wimax(t)
Ui min @), if ui,min(t) > u;(t)
IS‘J? 9 JB‘..\} )51.....5 Q’“" o..\...uc\.....ul.‘?bo )5L..mf )‘..\M )f‘
Lol gy walgs Jlade led 50 JouS (69959 Hlade il
Sade 3l ao U Bl e 5l pas QT Slade a5 glej
e b ply s 4 (J5US 6999 slade il pSTa>
Oy dales iSlas lade 5 J8los
zl el LB [¥v] a0 5l (V) doles lo ol Lo
S lo 0,8 4 (V1) i Ll aslol jo 0bl oo

Ajox10(X(1), 0)
04><4 I4-><4- 04><2
W (x(®) W, (x(t)) ()
(L
Bioxa (R(1), 0) = [L ]

oddy i (Vo) dolas ,0 Wo(x(1)) 5 Wy(x(D)) o

ol



U e Slalazél 5 Jae slagtoacl 3l o Jas b Dasty Sl lagil sl a2 S omedS » (Sihe polia 1S

S ilwaands g3 ,Lew V-0

b bl 5 i ,Shee (s3ldncd s
B(1,0) aaio alais 4y A(0,1.5) lawe alais ;i m, = 3 kg
Ll ol g S slad 5 g LS o sea> o
Dygods (SB3loge oaiS SRS a0y sbagm Sl
9 sl 9 ¥ =01{I]exe k= 10[I]sxs
G e (699,99 S Gbysie 4 bgype S nesS
ool » W=0.01[I]10x10, E = 100[I]10x10 <5
sibd o 4 slo o le pizren ol omwtl,la@ﬂa
Ci S A e S o piie g (9995 lp el
Ll 0yt Q = 100[/]10x10, R = 2[I]2x2
e Sye slaglailely Glgieas DC slaygige
(B ,5590) Sy slo Shacs 3l cladlxo (gl aSloaioslatn!
Sy caiiSogame Sy 4y j5ise 2wl i S Rl 0
5oliS Jalas g S Tas polie .l ool jaoee (sledl 08)

el 00 yunnd (V) dlolee Billae S yome slo Slos

Wistall

uni () = w60 — OL‘(It) 0, (t), ... o)
inl

i=12,..,n

(V) dolee o ouds Syre Solus sl sl B8k 5
o=l g YU osgus e caxhisae gl Sen

Gl 4 4z b s Coxblpse slau ke
69k &) slad Grized g pacs (63,5as 5 golul
dolre & yg0as 1,k o d(andllas Cot pius) (SeilSe

sl 00 et (YF)

—100,100]),

—0.00007,0.00007]),

—0.0003,0.0003]),

—0.0003,0.0003]), $12)
o € diag([—0.48,0.48]),

o, € diag([—0.078,0.078]),

g, € diag([—0.078,0.078]),

Lme S o dalllas o a8t loj] winems o] 52 ogdle

o, € diag(
o, € diag(
o5 € diag(
o, € diag(

F— — — — — —

S e (6T o3Il pizmen 5 ol 0uls o8 Jhlisg
Sglso bl 295 L ol o gt Jasgd e (79,5
by o OYolas 01305 o e ;U i 0, Sles 4
Dygpon V-V idu iy o 4y 425 b o 5 ouny 90 (nl

ol oozl 5l (YY) ol

0 s 399 U e sl Slas e Ol )le 18 (B9
Ol 53 s (lajl jasie Sty 9 S5 olgSds el
5 ol Oyl (VY) alaly o9 site (sl B by L

ET(x)r—lE(x)+sTE%(x) >0

ET(Y)I“IE(Y)+STE%(Y) >0
il jopw ol Sen b il gyl 4 i oS
PRV WYY bl uiored g 95 oo Bud alad 4y e
2088 al s el Golo 5 0,90 cpl lp B Lo Con

)

S Sl giloj g g0 oaﬁ—lﬁ (VF) sglunals Q]
9 omess slas oSTE(Y) >0 s EX) >0 S1()
Sl &g WS o i Gl 4 S WS £
adl a5 wil ) E L E(Y) >0 o EX) >0 3 (Y

sl Jlow] 5 ezt S (6l Jsine (58 S

Tyl g (6 jlwdnnds -0
Lol az o 50 (Sl g5k Sy andllaes 5o s
5 Seilains Yoo 45 ol S S iy Gillanil Lolie
5 ol 1 sz oMbl Lulul o] Sl

2O e Al S eSSy (e pylie J S 0595l
w‘ AW ‘5.....)5;4.‘0[4).: u.l...o )‘JS‘IAJ)

[¥¥] 2-EFIR (g0 Skae 5 gobal lasein (1) Jgio

K lade ol Pl

m VL bagsl Jsb

kg Fom gl o>

kg - m? VoM gik (o 2
N-m/rad N ks (T S
kg-m?  cleeeY L5550 (o
N-m-s/rad I+ B, Slos K
N-m/A Y8 K J5ige yolza euls

Q VI Ry, s, ] Cenglie

H /o) Ly eey)] o@logs oo
oS ey s ol po

SrSoilul g &5
Cw e clalazel

F oylous 112 0,98 INFY Jlos [Liadlgn SilSo



oK 5 Sl 00l 20l

s 0 Skes (Mg S e p S polie J1S)
Sed o 2Ll g S8

09y Tyl -0

Silodeed @S wgoleining i yeNl (i el jolaiedy
dlie allS 2b e S st by L edsliawon,
sy et w2 (gl sl o (684 5
ol hlge poia 25

S bl eyl S Gl S LS
‘ijlf e 6‘)“) 9 ua_el., ‘_gl.a‘_gﬁfo)“.\.;‘ )| ‘_gld.cw
).J.d )| oolaiwl La \.\))‘5‘0 Q’“M ‘) é..al.uo (o cJs
.)3.4‘4‘5‘0 4.....05 0l 0)5]).» ‘_gUaD- u,....ala)|535 ‘U,QJIS

aalsl o A Gjgods el ld Feess SYolas
o] 005438 5 L 8y slacdl 5l as

u(t) = —Kpx(t) A
5, 8ee arli U ooy9l oo Cows 4 slasgSas | Kp lode
109 oS

Kr = RT ()BT (R()P(X(1)) )

Ablse pre Cude ()l Lo P(R(D)) € R a5
Gy e S, a3l gals doles 4y a5 (Fe) abal, Jo> 5l g

ol oo s 4y el

AT(x())P(x(®)) + P(x(t))A(x(D))
—P(x(®)+CT @V HOC()P(x(1)) ¥
+W(i)=0

&yg04 LQR 8 g0 SIS, doles o b pdlS il8 0 40
:..\J(SA Cawd 4 (YY) doles

) =PERO)CT OV () xy)
72555 S xS o3l 58 illasS i A W(E) sV (1) o5
ROWHFCTROVIRCH
Jaie 5 58550 (G pdySllanl 0g>g Jds 4y Sk )
9 )59 Slugly ey g CumBae Ol e dasl]
DBl e HlSS g5L
55559, 99 b bygise s LSS glaggly Comdae ¥ S 5o
S oredS (g palie 0SS 5 polie ouiS S

¥ o ylouis 112 0,98 INFY Sl [Liablgn Sl

0
v(t)
= ¢, X [cos(100t),sin(100t), 0,0, ... ]1ox1
x randi([-1 1],10,1)
w(t) (YY)

= CW
x e7000610,0, cos(20t), sin(20t), ... ]10x1
x randi([-1 1],10,1)

bl Gb (o8 jeba b, 2 slp ey ol
PCONOUINY VIS B PRC SIS SV (SO A N | -4 P
\))|5 @ol..a.» ‘_gl.bo..b..b ‘_Jl..i..w w‘ od.wn\j‘)‘ 4.’.“.&:.‘0\))5.0

ol oadosls Lid ¥ SCE 0 e 4

0.05
Noise on First Link Position
Second Link Position
on First Link Velocity
se on Second Link Velocity
2 0
]
£
o
2
S
z
3
-0.05 ik J
0 1 3 4 5
Time(s)
05
2
S 0
£
)
g
£
3
2
£
2
2
a
05

_—
i 4 008 Lol plaiél y 598 JUuSow oY) S5
Jol al> 50 58 0 oo Julowigt 25 S j90 93 ] s
S 258 Sl ) cuslaBess (s g
il oy ke g ondaislis | Sealiys sloyally plos
oS o0 Sty Wl ng g GBlal ogxg Sl g
slp BMO) oj3dsge polie oo sl ol e
By 1) e pgd al>ye 50 oS oo ool s
G yll ipis Slacoshalpas n S o0 258
5 sry b oemes 5 GpSoslul bl Joexe
e goleiiny By bawg g ad)S Sl o 1) oolaae]



W hee Slalazél 5 Jae sla gl 3l Cov as pud Dasa Sl lagil sl a2 S omeSS » (St polia S

Sk g wales Sogllhe pic 9 Sles 5 092 waly>
@ Hlaiel y 5ig DIl G050 0 el 2l
CEs L1y (b e ol aiailyis Jy Conl 05,5 Jac
2l s i) 3 Al el ol s

Sy oo odalive Faogd B IS slaygly ey Ol s

SDRE based SMC 4 SMC Control Filter Kalman

Time(s)
1 T
1)
H s
0
= [ ]
E i\ w
= < le
= rigie
3 Il
X
-0 | | | |
0 1 2 3
Time(s)

1 1 1
0 1 2 3 4

Time(s)

(rad/s)

SWw

Time(s)

P50 5 S slasly e :(B) S8

Fld gy b golpaig 0,504, el oadools las aig
el 00508 dslio (oS

SDRE based SMC — , SMCControl Filter Kalman

0.6

0.4

—_ 0.2
=
3]
St
=
~N
I~
5
-0.2
0.4 |
0 1 2 3 4
Time(s)
1
0.5
-
=
]
St
hd 0
-
-
5s)
-0.5
-1

O (rad)

Time(s)

P50 5 S slasly Coadae o(F) S5
Somess 51 a5 Sy o9i e odslie a5 ebiles
s 3 ySlas 9.8 0 00laiwl SDRE 50 e (ool
FS505 Cuwl 00l J ;S SMC lawgs aS JTM{I >

F oylous 112 0,98 INFY Jlos [Liadlgn SilSo



oK 5 Sl 00l 20l

ayv

oy, > oley slade ol 2 opdle oul doy ol ConBye
Sy Somess 5l as gloj 0gd oo oadlive .l oadacwle
5 olaadl Glayl )l 5 Joeme oyl (e g camlive
b el a5 b oo SRl e Gl cesl saloslinal (553
OIS S e S Allite (glpiiin by 0 Shos Lol ]

Lol YL > Ce s gllo

SDRE based SMC , SMC Control Filter Kalman

Time(s)

(amp)

I

Time(s)
100 N g — -
—
- Upper Bound
50 |
-
E
Zz
<
~N
=
3
100 | i ]
Ot LT T T U B L LT
.... |
0 1 2 3 4
-
E
Zz
<
-
=
=

Time(s)

S e sl les j5LaS 5 (5999 Gl H(F) S5

¥ oylous 112 0593 INF+Y Jlo /Liadlgn Silseo

SIS g sl g g lilazel (5285 Jlas s 4y azgi ly
FomedS by A Camd o3lgiday 9N, «oahlpas
FEr 9 e O8es 5 yieS ey Sllug Gl (ellS
Lol 0391 355 2l ke 4 laysly co s 2l S 5o
o Saledy 9 ilos S ES 2 4 £9,0 eSw b Sl g5l
Wiy 50 oo S8 oty Suade alall & (i

sloSlas (29,5 jslldS 5 699,9 by Hlake £ JSS 5o
Lol oalosls Hlas by Shae glidl v 4 4z gi b S 2o
b i Ol sl See 29800 osaline &5 jobjlen
Slul by (Sl 695k &S > sl pge Khoe 4 oo
S s

4 S ool Ay e 3Shes (ol i pslaresy
Wl Gl s S sl iite as I 0 e (allS 128 )
39 o0 drlome it Jlosl Cl> 4 s (VY)

V)

lagil slasly ey 5 slagly Cuadse sl oy ¥ JSE
Sy 90 bawsi ) pSoilal ps 5 b oolien (S
Ao slauize sl oy A JSE w3 olid 5 rass
 atie oo olalaztl b cov & S e slaSlee
ez )15 2 998 o0 oualive o3 oo (LaS 5 e B9 59 Lawgs
5 Fogazme el jld () a4 Cod eoleiday b, bawss
ol 48513 S S8 9P
Obsy 4w 2 LEFIR (golil az )0 55 (53l ymme b3,
o 5 eadply gileand gl byls b ks
90 Slp A £9,0 alass .l oaliosls lzd & IS j0 V-0
S8 ol adgl Ll b Sglite Seds )
S oS wiyssl Ul g Colls a5 cul sadad S
Ul 25loe oaaline a5 sbilea wil o) n fB
OP9) & S S0l gy b e (2b3) 9 (eSS
Sl 039y g pedlS
1, (1) oles ool 5 s,y ol abais gllas o5 yls,o
:M)la

BOnm) = [0 = Xty )2 + (t — H(g)? (v
Sl 0030,8 Lol ¥ Jgaz [0 cadoslaul (ig, aw ;o (ol p
Xi(t), Yi(tr), Zu(tr) 5 B) ahais laisee Xp, Vg, Zp o5




aA

heme SLalesdl y Juo sla el b cow as pud Saday Sl slagil slp ey Fomes p (e plie J51S

SDRE-based SMC Error Vector

= o =, Filter Kalman Error Vector

(raq)

Time(s)
v T T T
40 | @
I\
)
g *t 5\
g ;o
- I\
= [
5
1
]
1
U
Time(s)
=
S
<
=2
Pl
@
=)
£
Pl

Time(s)

olalezdl S cov S e sl Klee slas s (M) S5

Filter Kalman Error Vector

SDRE-based SMC Error Vector ——
o
0.4
-
)
<
=
~
< 02
Pl
0
0 1 2 3 4
Time(s)
1.5
o | |
7\
[ K
I | .
g I
] I
E it
S sl
, 1
I
]
Time(s)
—
d
<
]
<
=1
o
Time(s)
B
T T T
P
d
o
]
3]
=5
)

Time(s)

s 298l St (SwilSe (3L sllas s (V) S5
.‘_.;].:fa)"..\.il

F oylous 112 0,98 INFY Jlos [Liadlgn SilSo



oK 5 Sl 00l 20l

23

gl sla sy b e (50 ,Shos duslio s «(Y) Jgaz

sl ol
1 Jo e gleom b o9
(mm) ®)
y=0llly, S e
AT A
W = 00113010 o
S H3ge palie
W Y izg'ol[[;]]m ol °°“5J’“5
6x6 Aoz
Y R oalls 2l

Q= 100[1]10><10
byt s saslllas o s J 555 5 (55lodend g 0
oasand 5 ki o las (o5 Slxe Jlone (lgieay hS ol

e
98] 5 s (5 Ikl Jad> g 65 ()
(Y1) dolee b Billae (soleniny J oS8
Slre odgaze ;0 (J LS (69959 HliiS (5,18 (Y
OA) doles b ilhs g (slo Shos gl
5 oddimsl G5 Glad o e 0See (Y
(Bo ahas 4 olwsd) Cgllae ol S

S5 Al 9 (oo —F

2 S (5530090 polie ouiS J ;S ST llie cpl o
Sada Jolie Glapten lp dgen) SowesS
IEL I PO T-PCTUUWIN BRIV [PV JE I W { R PE=g0v
29 5 heme (2B Olalazél Juo ol b
o3k lr it s wiies s pSoslal pian
sla> a5 aes o lis EFJR (golyl ax 0 g0 SOSG
PSS b hey ple 4 cons ol o, Sl
Jaie g piilhnl s e ol st aSs sba el
Sy sl e Cesl a5 S Lod S
009 99 b sileand 5 B) Ll alals 4 S ay
5 Soskes YV 5 ¥NY i 5 ol 2ld g ooloiing
Sookod .l 0ogs o 5 s B ABIYY g 2VIY o lo;
2l b alio ;o golpiins by, 5l edelcwssa gl
SBaile el 5 )35 slagaly jo 1, o e 0 Shes da iy,

£ oylous /18 5,95 11F+Y Jlu /Lablgn Suilseo

(amp)

iy

15 | f‘

10

S = ,
\\\\ \\\\\ ~ le) Start Point
s \\\\ O End Point
-05 W
[ \\\\\ Desired Path
W\,
SDRE based SMC
1 = = = SMC Control
_____ Filter Kalman
L | . .
-0.5 0 0.5 1 15 2 25
X (m)
7 0.05 1
0.035 Vi
/
0.03 !
. I
H
0.025 o i
H
A
0.02 A
—_ - yaul
E o015 E I
” > 005 !
0.01
0.005
0
0.1
-0.005
1 1.05

X (m)

X (m)

.EFJR Lgo\ﬂ 4z 0 90 Sl yuo 2o, 1(R) SO



Voo ko Slalandl g Jae slapanal b cod s d Sty Sl slagil sl ke S medS 2 (e polie J S

29590 SHlg S iSla> B, (8) ER™
ma S8 )‘O).g l(t)
B gliS Sl T (t) € R

&1y —A

[1] Nasiri N, Sadjadian H. Voltage-based control of a
flexible-joint  electrically driven robot using
backstepping approach. In 4th Annual International
Power Electronics, Drive Systems and Technologies
Conference; 2013:541-546 IEEE.

[2] Izadbakhsh A, Khorashadizadeh S. Single-loop PID
controller design for electrical flexible-joint robots.
Journal of the Brazilian Society of Mechanical Sciences
and Engineering. 2020;42(2):1-12.

[3] Sira-Ramirez H, Spong MW. Variable structure
control of flexible joint manipulators. International
Journal of Robotics and Automation. 1988;3(2):57-
64.

[4] Al-Ashoor R, Khorasani K, Patel R, Al-Khalili A.
Robust adaptive controller design for flexible joint
manipulators. Robotics and Computer-Integrated
Manufacturing. 1992;9(2):101-112.

[5] Cloutier JR, D’Souza CN, Mracek CP. Nonlinear
regulation and nonlinear Hoo control via the state-
dependent Riccati equation technique: Part 1, theory.
Proceedings of the International Conference on
Nonlinear Problems in Aviation and Aerospace. 1996:
Embry Riddle University.

[6] Xin M, Balakrishnan S, Huang Z. Robust SDRE
based robot manipulator control. Proceeding of IEEE
International Conference on Control Applications.
2001:369-374.

[7] Huang L, Ge S, Lee T. Position/force control of
uncertain  constrained flexible joint robots.
Mechatronics. 2006;16(2):111-120.

[8] Farooq M, Wang DB. Hybrid force/position control
scheme for flexible joint robot with friction between
and the end-effector and the environment.
International Journal of Engineering Science.
2008;46(12):1266-1278.

[9] Merabet A, Gu ]. Robust nonlinear predictive
control with modeling uncertainties and unknown
disturbance for single-link flexible joint robot. 2008
7th World Congress on Intelligent Control and
Automation; 2008;IEEE:1516-1521.

[10] Lee ], Yeon ]S, Park JH, Lee S. Robust back-
stepping control for flexible-joint robot manipulators.
2007 IEEE/RS] International Conference on
Intelligent Robots and Systems. 2007;IEEE:183-188.

[11] Zahiripour SA. Robust sliding mode controller
design for the complete model of an aircraft in the

009 4eS) (655l Brae JBlas L YL cdoay gliws
2 09y 009 polie (rizren g (69,9 JUSmw akels )
uL*’ |) Lgﬁfc)'bﬂ e 1290 9 gs?)l} Slalasel JJLM

o > SDC s ils

s J 75 SDC e il
s (579,% SDC e 5le
S sl 0aiiS meeas
Sy il sy oy

Al (23035 pmsle

S oweS

s >

s 5250555 &

93k oS Qb Sl

olayl 00isS Zroral s yilo
o Sl 75,5 26
O5ge) Shos (Bras ol
Mg 00 S 0
Sl (595 (ol Sl
Sl 5 5535 m 0SS
A Sl (20 iy e ple
A58 69955 (B3 39 ombe
LS e (S jslas

950 HLuaS edgasme

y¥ge gludl oo jglias

S e Slas 55 oy

S99y BRIy o=l

5 oS 0y m Sile
(Gl ol s Slee
L‘).o.llf J...l.d 0 v

. " wLA " . &) Cd
oS a5l e ol ConBge

5590 dgly o ol Sy

.M\)GA
ﬂ,j')LC w).ep -y

A(x(t), o) € R™*"
B(x(t), o) € R™*™
C(x(t)) € RPX®
C(t) € R
c(6,,6,) e "1

E(t):R - R

f(x(t),o,w)
g(x(t), u(t), o)
g(0,(t)) e R™1
G(t) € R™*P
h(x(t),o,v)
I,(t) e RP1
K(x(t)) € R
M, € R™*n

N

Q(¢t):R » RV
R(t):R » Rmxm
S(t)

u(t) e R™
wliex (1) € R
W seqn € R™

v, (t) € R™*1

W(t):R - R*P

Sy pe
I(R(0)):R > R
A
4]

0(t),0(t) € R™¥1
0,(t),6,(¢t) € R"
0 (£),0,,(t) € R™

F oylous 112 0,98 INFY Jlos [Liadlgn SilSo



oK 5 Sl 00l 20l

\.

[26] Alam W, Ahmad S, Mehmood A, Igbal J. Robust
sliding mode control for flexible joint robotic
manipulator via disturbance observer.
Interdisciplinary Description of Complex Systems:
INDECS. 2019;17(1-B):85-97.

[27] Delpasand M, Farrokhi M. Designing an adaptive
fuzzy extended state observer for nonlinear affine
systems with external disturbance. Journal of
Aerospace Mechanics. 2022;18(2):109-124.

[28] Nasiri N, Lademakhi NY. Nonlinear combined
SMC-SDRE control versus SMC and SDRE approaches
for electrical flexible-joint robots based on optimal
observer. In 9th RSI International Conference on
Robotics and Mechatronics (ICRoM) 2021;568-573:
IEEE.

[29] Eu CN. Numerical Analysis in Nonlinear Least
Squares Methods and Applications (Doctoral
dissertation, Curtin University). 2017.

[30] Aberoomand V, Fesharakifard R, Kamal Eigoli A.
Torque control of a hybrid actuator in the presence of
parametric uncertainties and physical constraints.
Modares Mechanical Engineering. 2017;16(12):227-
38.

[31] Li R, Assadian FF. Role of uncertainty in model
development and control design for a manufacturing
process. In Production Engineering and Robust
Control. 2022.

[32] Blaabjerg F, editor. Control of Power Electronic
Converters and Systems: Volume 2. Academic Press;
2018 Apr 27.

[33] Nasiri N, Fakharian A, Menhaj MB. Observer-
based robust control for flexible-joint robot
manipulators: A state-dependent Riccati equation-
based approach. Transactions of the Institute of
Measurement and Control. 2020;42(16):3135-3155.

[34] Modirrousta A, Khodabandeh M. Design of an
adaptive integral sliding mode control for robust and
finite time stabilization for a quadrotor. Tabriz
Journal of Electrical Eng. 2016;46(1):321-32.

[35] Mazare M, Taghizadeh M. Adaptive sliding mode
control with uncertainty estimator for a 3-[P-
2 (US)] translational parallel robot. Modares
Mechanical Engineering. 2017;16(10):181-90.

[36] Kuo Y-L. Robust chaos synchronizations using an
SDRE-based sub-optimal control approach. Nonlinear
Dynamics. 2014;76(1):733-742.

[37] Nasiri N, Fakharian A, Menhaj MB. A novel
controller for nonlinear uncertain systems using a
combination of SDRE and function approximation
technique: Regulation and tracking of flexible-joint
manipulators. Journal of the Franklin Institute.
2021;358(10):5185-5212.

¥ oylous 112 0593 INF+Y Jlo /Liadlgn Silseo

presence of a variety of uncertainties. Journal of
Aerospace Mechanics. 2022;18(3):169-180.

[12] Fateh MM. Nonlinear control of electrical
flexible-joint robots. Nonlinear Dynamics.
2012;67(4):2549-2559.

[13] Fateh MM, Asrari H, Khorashadizadeh S.
Adaptive fuzzy sliding mode control of a robotic
manipulator in task-space using voltage control
strategy. Journal of Solid and Fluid Mechanics.
2015;5(3):17-26.

[14] Chang Y-C, Yen H-M. Robust tracking control for
a class of electrically driven flexible-joint robots
without velocity measurements. International Journal
of Control. 2012;85(2):194-212.

[15] Izadbakhsh A, Fateh M. Robust Lyapunov-based
control of flexible-joint robots using voltage control
strategy. Arabian Journal for Science and Engineering.
2014;39(4):3111-3121.

[16] Cui M, Wu Z. Trajectory tracking of flexible joint
manipulators actuated by DC-motors under random
disturbances. Journal of the Franklin Institute.
2019;356(16):9330-9343.

[17] Kalman RE. A new approach to linear filtering
and prediction problems. Journal of Dbasic
Engineering. 1960;82(1):35-45.

[18] Sorenson HW. Least-squares estimation: from
Gauss to Kalman. [EEE spectrum. 1970;7(7):63-68.

[19] Sun Y, Guan L, Chang Z, Li C, Gao Y. Design of a
low-cost indoor navigation system for food delivery
robot based on multi-sensor information fusion.
Sensors. 2019;19(22):4980.

[20] Luenberger D. An introduction to observers. IEEE
Transactions on Automatic Control. 1971;16(6):596-
602.

[21] Cimen T. Systematic and effective design of
nonlinear feedback controllers via the state-
dependent Riccati equation (SDRE) method. Annual
Reviews in Control. 2010;34(1):32-51.

[22] Jaganath C, Ridley A, Bernstein DS. A SDRE-based
asymptotic observer for nonlinear discrete-time
systems. Proceedings of the 2005, American Control
Conference. 2005;3630-3635: IEEE.

[23] Hassan MF. Observer-based controller for
discrete-time systems: a state dependent Riccati
equation approach. Nonlinear Dynamics.
2012;70(1):693-707.

[24] Beikzadeh H, Taghirad HD. Robust SDRE filter
design for nonlinear uncertain systems with an Hoo
performance criterion. ISA Transactions.
2012;51(1):146-152.

[25] Souza L, Gonzales R. Application of the state-
dependent Riccati equation and Kalman filter

techniques to the design of a satellite control system.
Shock and Vibration. 2012;19(5):939-946.

\



	Robust Control Based on Suboptimal Estimator for Highly Nonlinear Robotic Arms Influenced Model Uncertainties and Environmental Disturbance
	Akbar Asgharzadeh-Bonab1*, Naeim Yousefi Lademakhi2, Hamid Bigdeli3

