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ARTICLE INFORMATION ABSTRACT

In this article, the linear quadratic regulator method (LQR) for voltage control of a linear time-varying
model of a robot is used to design an online adaptive optimal stable controller to trace the robot arm
path. Normally, offline solving of Riccati differential equations in backward with final conditions for
linear time-varying system or converting the Riccati differential equation to an algebraic one in linear
time-invariant system is inevitable in LQR. However, in this paper, the differential Riccati equations are
considered as the adaptation laws along with a voltage control strategy to be solved online in forward
method with initial conditions. Choosing a proper Lyapunov function guarantees the asymptotic
stability of the tracking. Furthermore, parametric model uncertainties such as mass parameter variation
and external disturbances which affect the dynamics of the model are also taken into account.
Simulation results show the energy used by dc motors of the voltage optimal control strategy is less than
that of the torque control strategy and as good as the classical PID one. The superior performance of the
voltage optimal control over torque control strategy is also shown in presence of disturbance.
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1- Trajectory Planning
2- Position Estimation
3- Control

372


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.10.7
https://mme.modares.ac.ir/article-15-641-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10 ]

[ DOR: 20.1001.1.10275940.1395.16.3.10.7 ]

Ve 9 o Olon

Sy Jyiis (351 il Sl o dlaiunl by pdle by spamne (bS) Giaos 6w dise

X=x—2xq4 (10)
ool (shlas omns) S35 0,50 0250 Silo Xg o1 )0 o5 03,5 o iy o8

S)go & &z e o iy b eizmen
J'Cd =A X4 (11)
G Joo 1 oolinnd b cplply ccud oad cinyns (7) 104 o1 o o
& i dil> e 2bo, sl (10) abal, bl 5 ((9) 51 (11) alal,
)92
X=AX+Ba (12)
IS oy oS Tailons ci a5 (7) alaly jo B g 4 o)1 j0 a5 ] o oty
ol dalys Cunss T (oS ary

Ol Gl 90 Az e it eaS pdas G o Sles aSls
[22-20] st (13) alaly )50 4 pianems
j=1 2 H% +2 [T (&7Q %+ a"R i)dt (13)
0<HeRM M < QeR™™2M Q< ReR™V™ i 5 &
G399 UERMY (e oV Sly X =[%,%,]T e R*
[7] At (glwdd o SLL oY ff Py o

PR & srpe b oaiS il g (sl dge caS S SYolee
[21,20] 4] o et (14) o¥sles

1
h(%u2) =5 [FTQx + TR Al + AT[A% + B 4]
_ 0%, 1,2)

ou
. Oh(x1,1)
X =
oA
= oh(x,1,1)
Py (14)

b ol 4 € RV Soilen S AR QL) ER o] o o5
g gn iy pa5 (15) dalee )90 4 polae S5

A=S% (15)
alal) pgs doles 5lailb o 0 <SS ERTPM & oty S e ke arl
oS Cal mily (14)
oh(x, 1,4
%zRﬁ+BTl=O (16)
u

4 (16) 5l eolial b T (SaS aige 555 05 Ol Saled 0 5
Syl ey (17) dolas & jg0

4=-R BT A=-R'BTS% 17)
ez dolas Gulal 5 Gizmes g (15) alal; 5l 605 Grie b cplple
alies s (19) 5 (18) Ly, s o (14) ala

A=S8Sx+Sx (18)
A=—0%-AT2 (19)
#9d17) &1 51 G 5 (12) oo (18) Ll SRl b osS]
Joil s dlolas S alal, r’l’F")“ (19) Ll alal; 5 (15) ol
1o cews (20)

[S+Q—-SBR'BTS+SA+ATS]%=0 (20)
ol 5 @) b(x) =0 e a5l guil5(20) 285 s oy J
wisb e b(x) =% 5 a(x) =S+ Q —SBR7BTS+SA+ATS
ol scad a(x) = 0, ool leail yio wilgs oo B(X) &5 2w 51 5
[23.21,20] 2 4 G, Jemsilied G ple dslae ol 5o
S+Q—-SBR'BTS+SA+ATS=0 (21)
[7] wle s

373

[18] o5 & Laie slib 3 Placyssame s " poles
M(q)G+C(q.q)q+G(q) =T (1)
Jols Jeolia Consbga jf gogac oy il @ € R™ T (T j0 o8 w09 00 o)
M(q) e RV™ ol (Sl 53l slaglml> b5 Jolie slaaysl;
o=l €(q,4) € RV ol (pmytl pane Cota g opplite o
255 Slog s 03l p 3 G(q) € R (58 5 55 0 il (59,5

el Sy J S gz Jlosl 5,0 b jslisS TER™T

Cadgazme @) )5 glad ;o pwynl eme St s o lEe e Sle
[19,18] ! (2) doles
my |x|? < xT M(x1) x < m, |x|? 2
At polae g Cuite goue glacol my,my ] jo a8

a3 (3) alal 51 55 a3 )95 5 35 po lor (05 0y liel e Lo
[19,18] Cewl 00 (3]

xT(M(x;) —2C(x;,%,)) x=0 (3)
"\‘L“Lg‘ 00)51]3 1) (4) Jc}.-u u,-..l).:Lo U"‘ aS
1C(x1, x2)) 2|l < ke || 4

MLLSA kC €R™ U" SEE)

Sygee 4 (6399 9 Il yuiie 90 iy a3 by ()9S
x; = q€R™1
X, = q e R™1
u=rteR™ (5)
5 (6) dolas &y @ 1) (1) dolae by slagil (2L Joo plyie
10905 (o933l ()15 slad

X1 = Xy
X, = M7 [T — G (xp) — C(x1,x2) x,] (6)
clpls g sl M(x1) >0 a5 098 0 des (2) dolas 3lecplyp ogdle
b, Jow (1) abal, o (6) abyly 03Kl 5ol veg M™1(x;)

[7] wiies oo (7) 50 0 alin ol 5o aid, IS5 Sl (sl
Xx=Ax+B(u- G(xl))

A=
[0 =M~ (x;) C(xI:XZ)]
8=y
M~1(x,) (1)
bl o x =[x, %517 5 ooy Guwple Slo T € RP™ T 5 aS
e Sy S anas b3l ol (B) adal, 5l sad bl Xy, %y
el 0001 [16] g2 0 55 JalS” 5o 4 (7) alasly e b jeie

s (0 jgliie & A 0SS J 4 (> 15b -3
B b e b, Al Jo (sl aige oaisS S o id opl o
i DY a5 59k 40035 0 (b i b3, slb 4 liws
gl [Ken oollas (slo e 43 by 595k

[7] sl on,3 iy 125 (8) abasl, 500 & 53l a5 (35308
u=G(x)+ 1 8
OWRVIPU IS RNIC SES K X JPUSVINN JCTL gUNC IR VI < IR 1R RN 3
oads Mol Lok, Jowe (7) alayly o (8) aal, o535 b oel aalys
pR 4ol slag;l
x=Ax+B1i 9)
Siloass iy yas (7) alal, 9 B g A 1 o a8 Y POV

Oygo g X bo, glas

1- The Contact Force
2- The Constraints
3- The Joint Space

3 oslesis 16 095 1395 sls i (jurde Suilke waiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.10.7
https://mme.modares.ac.ir/article-15-641-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10 ]

[ DOR: 20.1001.1.10275940.1395.16.3.10.7 ]

Ve 9 o Olon

Sy Jydis (351 pianl Sl o dlaianl by pdle by spamne (1S) iaos e dine

(23) aal;, Oge 4 Cude @bl Gluails b S jshaie oy U]

Lo= %S % (23)

N =

5(12) ;5 (A7) (235 Ll J7] e o 0 00 il iy bl s
oS &y oS Wl oo S oo alaily 93 (23) Al ) (55 Frte b
Cony (24) aal, culs s (21) alal, 51 S abal, sl by bl
e
L'a:—g"T(Q+SBR—1 BT S) % (24)
Cenl Sl (ile psb 4 obs; slas (24) abal 5l ool byl ol
Luly, T 50 o3l o (24) aal, 5l 05 JI, 51 L [24]
[EET(Q+SBRBTS)Z]dt < Lyg—Lir < Lyg
lim sup%f:[g FT(Q+SBR 'BTS)x]ldt <
Lyolimy_q,sup==0  (25)
Sile oST T 500 o508 oo b olol ol 5 a5 anlse ony
Sl ggdge opl &5 005 o Jol=XT(Q+SBRIBTS)%¥=0
ol (21) dlaly 4 a5 b rizmen 0l 00 (22) bl o jle s
Orne oo (24) ala, 51 SBRTIBTS 5 cnl il ane Coia S
[7] 08 o raensi 1) 398 208 ool des iS5l a5
ol o ead 00y IS e JSHS by 45 aged Gl (el 11 iSS
o cho ol a5k g9 2 59, 2 b p Ojpe @ Wl e () 4 allie
Jleel 5 s3ko o3l 09d oumiil (1) 6 0 wlgy T e (2L, Joe
2,5
ol &l g3 IS Wi, 8y sl [27-25] gl e 12 wiSS
Aolro Lol cailos )57 oolainl (ompe ad oaisS i Bg, 5l e
bl 5l ooliinl b GugSas 0,8 S5 50 gz o dws Gl SIS, el
A osse GG Jemdlyins dolee llie cpl jo (Jg el oads > ol
ool aid)F o dodal il S O 4 Dyl oBugs S laie
el 00355 o adsl Lyl sl ooliiul b gl a9 08 S5y 5 o

Plo Dby Gyl (Suolyd SYsleo (%0 -5
b ple ol slesf (Kool SVoleo Bpre 4 i (a5 05T
4 oloiiny dige 0aiiS S Jloel Sz diged plias Joo S lgie
Sy sl S ulsd ol Sae Los (slagsslo ssly 5 48 o] )
oS iz doS e fldl ipins slacgdgame Jod 5l (bl ol pale
Jo o 7] cal o @il glias S @l jgiws olore 4 cdél s
©lojgige $39)5 4 ks j3b 4 1) o] (g oo (aBly e 0 &5
A il 655 15 sl 4 Alie () 3 el 355 el 5o S
Trhe ol Oby 59, 2 e Wy S5 Gl gige 15liiS (59, »
Sl e ol Sy S bag (S Sl glaygise ()] po a5 005 0
22l Sby sl o3k, Joo [T] gz D5 15 ise o 5, 0
Wlis 6 iz 0 B 0,5 o ol wglite olfas S5 lgie 4 5Ly o
5 05,5 Jloel Vol ol g5y ooloii dingy oo S Lyl
235 )8 oy g Jalos 8590 [T] g2 ya b assliin )0 w3 Shoe

3 osleit 16 095 1395 sls )i (Hurde Suilke wiiie

b5 L 55 (8) abasly calliia ol 5o Lol J S @b oS sl S5 LB
bl onlplncwl Bl @lagil (LS laps g5l oS Sl o
oo (8) aaly slp (Ko b S plsie 4 (17) pslas g oats wislis
50 bl all S lsie (21) abaly clin pl j0 ccpl o oogdle Lol
b o oas S a8 LSy slaple; 1085 50k & g g a5 Ll
Sl son JAS @l s oad Jo b Sjpo 4 alal) cpl el SIS ol
2085 o

50 olpiian dge 00iS 58 (b gy ol Azl (g oo 95T
Sged el acad LB o sy ol goi rex lsie 1) allie )
s, psbite & (7) alal, b ond odls b e (gl [16,7] 1
Lily, olpie 4 (21) 5 (17) (8) Ly, by slagil by gllan pone
g o e sy oS LS (b o Lol
o o5 wile (21) al, b (7) abal, 51 L ands Ll Wy, ¢ bl
05 Gl Jeas

3lsled Olgiise (i (5o oads &l Ly, 5 U 4 az g3 b Coles o
Gllae | oolering (Aela e S35 e 250 3le 00ly g,
o gl " s

Slgidny dug oS J 7 oIl (-4

“JAS syl ol oLl 5 2 4 LB s ons b alls Jo ol b
03,5 o sy B (nl )0 cgolpidiy A 00iiS

Lulg, i 0ausS ;S b s dil> qtacw 2bs, slas :[7] 2 amasd
lls 5 el oloe ol (7) el 2, sk ol (21) 5 (17) (8)
“ X g;li%

liMyLosUupXT(Q+SBRIBTS)¥=0 (22)
el ol Gloy ,S5le T o)1 ,0 a5 (ho & G‘)io@) RWIRTAPES KOV

a(t) x()
B(t) b &

A4
v

A

Plant

ui

S(@) x(t)
R1(t) BT(t) |« <
Online Adaptive
Simulation of Riccati
NO) Equation e
Solving
Mechanism

The Closed-Loop Optimal Control System

Fig. 1 A view of the implementation of the proposed adaptive
optimal control system

ol ekl Ay U5 ples i 55k ook W, 5l aales 1 S

374


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.10.7
https://mme.modares.ac.ir/article-15-641-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10 ]

[ DOR: 20.1001.1.10275940.1395.16.3.10.7 ]

Ve 9 o Olon

Wy Uyiis’ (5351 piuml loslisaml b pale by pame 3 bl 5w &g

(<)

Fig. 3 Cylindrical robotic arm (a) lateral sight, (b) upper sight
(8]

[8] YL sles 51 (<) LS (slos 51 () (sl gl yalo iy 3 Yo

[8,7] ot o sl 1 Jgur
Table 1 Robot parameters [7, 8]

IRV s>l os sl
0.3 m Jsl 53k Jsb L
0.3 m pso 53k Jsb L
0.2 m py 93k Job L3
0.46 kg Jsl st err m;
0.34 kg ped 9k prx m,
0.34 kg po 93k oy mg
0.04624 kg m? Jsl 950 4 bogrpe oy J1
0.02545 kg m? 9o 93k 4 bgrye (o yn J2
0.03616 kg m? P 93k 4 boiye gyl I3

O Gl 5 eSSy b5 o084 0T Galidl g 58 Sl (S 2501 a5 e
by (S SI Ok 595k S @Bly 53 el S9d KgSomd (9 9 (05
O e S ol a5 sl e siluilely 5 Culia (S6 Sl la ygige
e il ool (S 2SI sloysise sl alos)s @90 & i alacly
Joldr by Seelind oS sy o0 )l @ S Bly Sloj Al (nl o) ol
&z 5 diged sk all i ol (S Sl sl ygise (oSb; Joe
s by &5 o ol SO (Selus gildae alis o [28]
el o0l a0l o (g5l ol AC (sl y3 50

Sndy J5S bl VL s 4 (o s jolate 4 Al cnf 5o
S slpysise jliazre pe (2135 )3 yale by 35 5 osllae
bl gy onl 5l el oo oliul o faie 1y ([17] <dg 40) dc
S il b S s (sl O ysige Sy oS > o2k, SYslas
[18,17] ¢ysoa kb = 1,... .1 sl layg550 4365 o) (Seolive ¥oles

Jmie Omic + Bonie + R4k Koie Kinie) Omie =
R_lk Kmk Vk - Tk/rk (27)

bogdige plp (27) alal, T =7y (25 Lk = 1 1y 5 005 o o
J O+ (B + R7VKy K )6 = RV Ky V —1/7 (28)
99,9 Olye 4 ysige 3y o U=V € RM L Sealins Jao ool o o8
K INMZA] olo ol )b 5 5590 a3l jlop O [rad] € R™T ncs
sl cwiyu 7 g R[Ohm] B, [Nms/rad] J,, [kg m?] K,
K SOV AR SUIN-Y) | SNCR TR SN [ (RPN

A3l sise g95 opl o aidl g aiil e Hgige Tonis alS £ 5 g Cueglie

2- Permanent Magnet DC Motor
3- Back EMF Constant

4- Damping

5- Reduction Gear Ratio

375

Solias ol o & 3y w1 by 593k (Sl Joe ol -1-5
bas o

2y Jae 50,51 sy sl [19,16] ,Lsl 51,5V (o) 5l callia cnl 5o

352 1 slagil sl i Lyl 45 Sl oy ool i (sl

38,5 0 ol (26) alal ) c¥olee & g "2 2" 50 0 o0l ylss b,

Ui + (my + 4m3)12,1, + 2(m, + 4my)l 5641, = 7

(my +4my)le, — (my +4my)l, 67 =1,

mgl —ms g =13 (26)
Soil 55z o5 ol plaie 4y 5l 0 jse p9lsS Sl Ty ol 0 oS
el psbhite a5l o5 lagd Sk i Ty 5T2 slapy 5 ol
lrs3s)s T3 5Tz T3 gdly 1) aisle 3 5 2 clagil Jlil =5 >
ooy S Dld b xly g = 98LIM/S?] p5 5 (aties s
sl yeite (26) abayly 55 45 2505 ol lgiise o(B) 4 25 b rizmen 2
G2 =1l = lgz stz Jate al; Sl gy = 01 O 90 4 pin >
2 clo Jaie 31 85 it lo sy Job Sl i3 = ey = 2 5
[16] wilyoo aslol B 52 slagil oz 55,0 3

o oS slailsal ale by a3l 5l IS sl @dly o 2 S
Sy 5 "3 ST 5 s s (T )5 (LA esgazma el em 4
Joe yolie B85 (8yme jolaie 4 Vb g LS sloi 90 51, (sl ailgal pale
Seelias Joo gyl SIS e eogi Grizren apo e (LA S
el oo )1 1 Jgaz j5 oyl goae polie ol e 4 (26) alal,

(sl ol,) SIS Sy ells pale ol o o8y jyme a5 bl |
So 3l Wlobe o1 o bJabe Syme slaoasS i 45wl
sl dllis ool )3 95 ool 5l Slogis (59508 9 (S9008 (59508 (S Sl
ral o (S0 S (5550 (5955 4 ol 00 (28 ai 390 y0le L
9. 110) Wopacas ol (slaciy o 31 (200 5 o o o 45 1m0 (555

A

I3
— — — —
g — ™=~
< -
Robot &
Workspace

The Internal Kv’

Bound of 04
Robot 5 ISR
Workspace e

Fig. 2 Overview of cylindrical robotic arm with its workspace
area

QTL_g)lS‘_gLAéoo5d.>u:a|)a.adgs‘éj‘%u‘)muéb)jl&fsuz‘}s.&

1- Driver

3 osleis 16 095 1395 sls i (e Suilke waiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.10.7
https://mme.modares.ac.ir/article-15-641-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10 ]

[ DOR: 20.1001.1.10275940.1395.16.3.10.7 ]

Ve 9 o Olon

Sy Jydis (351 pianl Sl o dlaianl by pdle by spamne (1S) iaos e dine

J1z + kG(my + 4m3)xf, 0 0
M(q) = 0 my,+4m; O
0 0 ms

C(q,9)
[kg (my +4m3)x5%,  kg(my +4mg)xx;, 0
= |—ko(my + 4 m3)x;5x5, 0 0
0 0 0

G(q) =

0
)
—-msz g
(35)

SIS Seslos @¥olae (35) b (32) Laly, il » olpiee coles
@ dC jpge (Sl Jao b a5 1) 5Ly cas p odal Cows yolo il
55, (31) sl il Sl o005 a5 o S0 o ol
ooges LI L) W(Q) s N(q,q) D(q) slopy o] 045 551 sy
4 i (1o)550 5 phame Joo slogtally 51 Sopn (s00e (glam ol

ol s, (36) abal 0 09250 (slom sle &0

Ry Ky (Jina 1™t + 11z + kG (my + 4 my )x2y)
D(x,) = 0
0
0 0
R, Kr;z%(]mZ 7+ 1p(my + 4mg )) 0
0 R3 Kr:é(]rrﬁ Tty (m3))
N(xll xZ) =

Ry Kpi By + Ry Kpim (ké (my +4m3)xy, xzz) + Kyt

Ry Kz 12(=kg(my + 4 m3 )x15 X51)

0
Ry Kii ri(ko(my + 4 mg )x15 X54) 0 l
Ry K3 Bpa 127 + Kpp 1571 0
0 Ry K3 Bma 771 + Kpz 1371
0
W(x,) = 0 ] (36)
—R3 K‘r;z% r3(m3 g)

Joe slagdgyg 5 edl> (7) B (5) 5 (1) Laly, (olol y (uizman
Thcd plp (ol az ;03 L ol @ly) n =3 L Ll pieg

X11=q1 =01, X12=q2 =lez, X13=q3 = I3
X21=q1 =01, X02=q2 =12, X23=q3 =13
Uy =V, Uy =Vy, Uz =TV3

5 Hlwdunds -6
ol las 5 6ys8 ladelo ol ) jshaie 4y 5w nl 40 (55S]
At oaS S8 o Sles 5 basile ad @bl (ooleiia b9, @S
<y slagil s59e 399 35 89, 2 oad Jlosl ) 3 s 5l soleriny
Ol @l 5 905 o0 S8 (oyn 3y90 ilie SVl o (5! algial ale
[7] & e 5> oo a3 5150 (g, b ol (hay (Bob 3l o0 5 (o0 4l
g odd dlie el loygige joliiS p (e dinge S5 bl p &
by slagil ;o H555e slp 4, S0 6550 Gliee &5 Al dalss ool (las
] giaS e candllae (ol g0 aliBre Y (o golpaion g, 4o b

Lodld 6)“:&."'? 9 ub) JS ;gwl_,_,‘; rRvs JM a2 -1-6
Sges Ol (gl Tl soleining i yo8 Jloel 12 5leT jglain 4y 98]

3 osleit 16 095 1395 sls )i (Hurde Suilke wiiie

[18,17] col o aid 3 L5 o Ky = Ky (go0e

S 1, 0 g i S 5 S S 51 lai 4 IS
Jae slayial)ly o ab) IS, g30e polie 55 2 Jgur (rizeed § o0
IS oo a1, (28) alasl, Sesliyo

GalS 5 Gk 5 Jeaie )y Jlop &y 50 [17] g2y bl

Sydige by B y5ige dygly 5102 L (29) alaly ©y90 4 0 g5 0nis
q=r6n (29)
52 (28) 5 (29) Luls, 6, l3Slr 5 10505 S5 b Slsse 09551 5, x5
Looad oS 5 ale ol Slus olaie 4 1, (30) alal, coles 5o (1)

JA7] 0550 ey 5y o L (593 AC 550 (2L Joe
RKy' (Jmv™" + 7 M(q))§ + (R K' Bpy 77" +
RK;1rC(q.q)+K,r™D)g+RK1rG(q) =V (30)
loygige Joo olren 4 5lly s o ale Dby (S (Seolins Jua (g
85 5 50 (31) alaly b 4y 08l 03 S 50 4, 1, (30) ala, 5l dC
D(q) G+ N(g.q) g +W(q) =V @31)
(32) Ly, @3 4w W(G) 5N(q,4) D(q) slopy ] 0 &
o8 o0 ol (34)
D(q) =R Ky (Jm ™1 + 1 M(q)) (32)

N(q.9) =RKy'Bnr ' +RKy'rC(q.q) +Kyr™t  (39)

W(q) =R K;;' 7 G(q) (34)
S Sl a5 sele ol Sy p e J5S goleidn (g, 50
d9es L3I b Gl oo ond oS5 Sl 593k AC sgige oy Jaw b
Syge & ogge by 50 b iy 1, q3 5 @ Jeako bl kg oy
9y ol 3l S cwliie g3 =13 = kg O3 9qp = Iy = kg 07 Ll
"o ki 2925 0S5 > 43 52 Glagil (Jake) 5ige i3z oS >
215 (26) alaly (Soolizs Joo fyicon £3950 il 4 4255 b (5955 095
M(q) slopy o1 2 & @8 il (1) abal, o2 4 (Late slab
il s (35) Ly, g0 4 w2 G(q) 5 C(q, )

n/r
V(s) Ly i‘ O (s)
: “ I('L/R +W JmS'l{'Bm l >
Ky

Fig. 4 Block diagram for dc motor system [18]
[18] dC ;5550 pisw (sl plSLs Sk 4 S
[17] lae)T so0e plio olpen & 0l 555k AC y5ise slayial )l 2 Jgur

Table 2 Parameters of dc motor of the cylindrical robotic arm
with their numerical values [17]

B Ur Jn  Ky=K, R dc ,gise

0000817  107.82 00002 026 16  Jsl st by

000138  53.706 00002 026 16 e sk by

000138 53706 00002 026 16 pyw sk by

376


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.10.7
https://mme.modares.ac.ir/article-15-641-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10 ]

[ DOR: 20.1001.1.10275940.1395.16.3.10.7 ]

Ve 9 o Olon

Sy Jydis (351 pianl Sl o dlaianl by pdle by spamne (1S) iaos e dine

ity JS @l > G 5 (10) alad, 51 & s, (gllas alxs -6

s =y, up U] o8 g Gl (17) 5 (8) L,

by 93k e 21,

G (32) Lty o by o3k IS (o2by Joe > g anlne cols j0 -7
& o555 s 1y (37) 5.(36)

(Sl oy plyie 4 T B4 Al o 5l o o sload 0, IS5 -8

o 5 Jeds 6l langlie BBays S ol jslate 4 i ol o
alites 00 J 7S 90 5l soleiidn (hrkal aingy g 00isS J ;1S 0 Shoe
535 59, » ond Jlosl PID oais JpuS o Jols alShazr job o
sleose Olye & i 0.1 55 50 nolie b ool sl slosise
oaS SRS Sy (b @l 5l eizes 9 SISl g S (ol
ooty gl el o oalitl [7] g2 po 5l (il arngy 55liss
b,y mlo Jols oS 005 o Sl sleloges CIB o iz ol o
oo sl il 0y5e SRS @l 5 gil sl Ao (g2 50) (1o s
Sl slagl e 2l aite S5 ez 3500 (s L] |
iy 45 wiledel Cuway "D S S 6l 5L ol diy dbl> e 43
clizes > 4w o wlElas job 4y allie dalol jo
(d; = dp = 0) wlolaze] (235 JLai 0 (g0 22 o oo b3, @
(di do # 0) lolazl (255 i o b oz o s (b3, @
s Jo )0 (5l )y Coalad poe je.a> 10 a2 ye s b, @
o oad Sl (IS plShs Sely bl s S ee Sl g L)
5| Galie O ygo 90 A g Al gasw 4 00)ly wlilazél 1D S
5o o Jlael (lael 5 (dy) w5995 5 00 Jlae! (plazél alex

(di = dy = 0) lalacdl (38,5 116 13 (et @ 0y 2130 Jol I
i bagi pae (210 3Skee b5l 3590 Saa >l o
Wy Al s &y 00y clilizgl (18,5 15 5> g0y (golgiiy Sy

il d = dy = 05 JSA" 6l5Lo Solh 10 a5 glasF &
DBl L 0550 (sle e (210, 0,Shes "B SET 0 pslate (o
ool ol 2 oS el o ools Lt by 3 5 2 L (slagsl (sl ous
Sl g 008 S5 bagd @2 ye e (213 Joo 98 o0 oualine
TJ5S ez 5 Sl ok sbeysise Sy (59, oad Jleel goliion
{7] 20 51 b, ol slasgise ,5lisS (55, 2 0ad Jlos! aig ouisS
Slosl 5Ly ol "7 JS8" j0 el ab p5 & jg0 Vb S po bg 95 4
el 00 5 Al by 352 1 lagil Lo 09 (JS wly g sl
Seelas Joo 4 easJlesl (J S JiKe 5y Gl ;SLe &l 0l
ool paxten pale Dby slagil slaygise 5 Oby end 4z LS

godni digy JyuS a5 005 o cdnlin "7 J&.L" 3l 00| ey s

dy d,
Reference
Input e u The Combined Output
—»{ >—> Controller Dynamic
Model of Robot _’O_—’
- I and Motors y

Fig. 5 Block diagram of the overall system with controller for
simulations

o g3 lusanis j5hate s 0aisS J S ol ot 4 i S ol Sbo S5l 5 S

377

abul, @Bly )0 cwyp CoP g ol (Selus Joe A5 sl a5
Wlie 2 is o a5 assl Gllas 1) dolee ol oles e 45wl e (31)

pRaN =3l g S b 5 (7) 5(6) (1) L, alie s ;55
x=Ax+B u—W(x))

4= [03><3 I3x3 ]
Ozxz  —D7(x1) N(xy1,x3)
_[ Osxs
B = [D‘l(xl) (37)

(37) aal) yolie goue polie 10,51 Cawdy jokiin 4 45 Wges (o 5b
251 sloJsax o990 slaosls (6 3Kl b ol olgs o B g A 5l ol
5] vy (38) Lalg, @90 i1, (35) abaily 10 39590 (g3 slo s Slo

0.10785+k317x% 0 0O
M(x,) = [ 0 17 0 ]
0 0 034
k31.7x1,%, kogl7x5% O
C(xy,x3) = [—ke 1.7 %45 %91 0 o]
0 0 0

G(x1) =

0
0 (38)
~3.3354 )
D(q) slopy sose polie (38) ably ol 5 T 5l e s
W3 e patie @85 sk 4 (36) alal, sW(q) 5N(q,9)
5Ly U8 (sl o shae solgitin Al @y argi b culed 55 (wieon
352 53k o257 S8 o v (o 45 3503 (5,135 (36) 5 (35)
23,5 (o0 s dagil ygise (2985 S > &
G)ygo & 5 e (pl adgl Ll
x11,0 = 0.5 [rad], x;,0 = 225[m], xy3, =0.75[m]
X210 = 0[rad/s], x,, 0 = 0[m/s],x,3 0 = 0[m/s]

Sz (oslhe) S 0y50 (gl s e [T] cosl ond 285 1L 5o
7] ssloss sl 5 ts 25 0900 42 pole S slagily by 2o,

Xg11 = Sin(t),x412 = 1 +cos(t),x413 = 1 +sin(t)
Xg21 = COS(t), Xgqp, = —SiN(t), X423 = cOS(t) (39)

T oy 9 Gilwan dyl gy ol -2-6
i |y W) rl sl dole Olgs e dassluand (S sl jokaie 4
o9 Ole 2y Sype &
@oae polie (e (et b Dby IS Sialiys goae Jae ciyyei -1
S5 % (37) 5 (36) b (32) L, 15 ous e csla sl
2 51 Johaz 51(dC jg50 5 iy sl el ) pis 392-50 (sloools
yge 4106 (i 5l w4yl Ll polie (10,5 jasein -2
X1,0 = [x11,0r X12,0 x13,0]T'x2,0 = [x21,0‘ X22,00 x23,0]T
Sy slogil ko (2ho) Caz @z pe Sl 0y (0503 (rens =3
S 4 (39) Gllae 1-6 iz 5l pale

Xg1 = [Xa11, Xa12 Xa13]"%a2 = [Xa21, Xa22, Xa23]”
(2 alo o 51) X bl adsl Lyl b b g st ol,1 -4

alaly ik b &30 43 (21) S, Sy slas o g daslna =5
S=—Q+SBR'BTS —SA—-A"S (40)
A e bl a9y 08 G0 S 05 oy Gy Glejed Syge @
,Q =diag (1) e R®*® . R =diag (0.0002) € R3*3 55
S(0) = 0eR®*®

3 osleis 16 095 1395 sls i (e Suilke waiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.10.7
https://mme.modares.ac.ir/article-15-641-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10 ]

[ DOR: 20.1001.1.10275940.1395.16.3.10.7 ]

Ubled 5 o wlon Sy Ui’ (331 sl 1 o Skl by o by pumne (113) sl 6 )l &

3 3 2:5
------- Voltage-based Optimal Control -==-\oltage-based Optimal Control --=-\/oltage-based Optimal Control
25 Reference Signal E 25 Reference Signal 1 2 Reference Signal 1
===-Torque-based Optimal Control [7] ke ===-Torque-based Optimal Control [7] 15 ==="Torque-based Optimal Control [7]
£ 2 = iy T 2R o35 5 -
= / \\ /' N\ = \\ /’f L' o1 9'/ 53N,
L 1.5f /f N ! \‘ S 1.5 ‘\ 7 A\ c 3 /", \‘\
3 / \ / \ AT \ / ) S 58 y \
c F4 A\ c \ / 3 Vs \
g 1/ \ / \VlOE ! / & \ \
[ \ l/ \ [ \ /I \ 0 \ ’,’ X
\ \ F) \
0.5 Y / 05 / / \
\‘ // /I 0.5 % ')1 y
\\._ s rd /A S
0 3 0 g ; s -1 —
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time [ sec ] Time [ sec ] Time [ sec ]
@ «) ()
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Fig. 9 Comparison of the tracking performance of the applied voltage and torque strategy to robot motors in the presence of disturbance
d; (a) Trajectory tracking of the link 1, (b) Trajectory tracking of the link 2, (c) Trajectory tracking of the link 3
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Fig. 10 Comparison of the generated voltage signal to track the reference path by the applied voltage and torque strategy to robot motors
in the presence of disturbance d; (a) The voltage of the link 1, (b) The voltage of the link 2, (c) The voltage of the link 3
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Fig. 12 Comparison of the tracking performance of the applied voltage and torque strategy to robot motors in the presence of
disturbance d,, (a) Trajectory tracking of the link 1, (b) Trajectory tracking of the link 2, (c) Trajectory tracking of the link 3
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Fig. 13 Comparison of the generated control signal to track the reference path by the applied voltage and torque stratergy to robot
motors in the presence of disturbance d,, (a) The voltage of the link 1, (b) The voltage of the link 2, (c) The voltage of the link 3

by o ygige joiad 5 5ty p (e (SlaosisS JyuS Lawgs @2 e peane (b polite 4 (508 la i ads Caz Jloel slaslily o Sloe anslio slalsges 13 JS
4w 693k 315 () w0 3k 55 (&) S a5 () dp Lslazél g 5o

3 osleit 16 095 1395 sls )i (Hurde Suilke wiiie 380


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.10.7
https://mme.modares.ac.ir/article-15-641-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10 ]

[ DOR: 20.1001.1.10275940.1395.16.3.10.7 ]

Ubled 5 o wlon Sy Ui’ (331 sl 1 o Skl by o by pumne (113) sl 6 )l &

o9y 90 5l 60,50, &Bly o alie (pl o g WBass S lsie
5Ws lp ek Sl sleesisS S g aige sleoasS JyuS (b

b golerian 0,8l (pl ol Slasiay 5 oS 5 Ol o5k slosgise
1o i3 b 0l (slagsly 1 snamry s & Jlacl ekl Folos 4 0

= Motor Torque based LQR [7] = Proposed LQR

lul,

Olgd Yoare iy Oladios )0 a5 Sl 5l puioman o)l 1) G jlae
Sloygise) s JyuS Sose a4 il jale Sl o3k oS >SS
mCudgae B 5l Jes gilw ooly jo MUk sl 0uls &) (Lm”'lg
9 ua'sl}’ éé) )5“5““a 4 allae C}‘-’.‘ ° 9 C}‘i' }‘ “m)?u?" e L‘b)}".ﬁ"’ <5L°
5 by ok Sealus Jue oS5 bl oty @zl laudgas

Link 1 Link 2 Link 3

Fig. 14 Comparison of the norm 2 characteristic of the generated
i i voltage of the control signal (||u||,) by the applied voltage and
taS p Jlesl gl @y goleiiny S8 ooilsd dagil (S Sl sleygise torque strategy to robot motors in the presence of disturbance d,,

S5 pl o el ot Jlael Sy 593k slaygise 59959 3y 59, 2 ([Ull2) s i PS5y 55 £ aaie aslie Jlogei 14 JSCi
5 daygige g by Seolins i 5l 1) la gl 5 >k coud a8 3 IS do izl jpa 5 ol sloasgise ,3LiS g 5y 2 (S 0aiS [0S
AL anlie o 5 wleie SSuop Codly 4 ol S5 eizmen

ilse e sl grlye plo o s Jlagl jpliss ¥ HFE R w3 055 Jo B2l )l Do 4 Gl LS

oMS Sy s oot soleiy Wigy bl » Olgiee Sales 5 | oS ‘ = bios dilae
' ' : ~ ot 4 Ny K S s 518, YOWE] JU-FRRT A
5 by 69k sloysise 5ls (g9, y oad Jleel olpriny Aodal g SR T 2 e .

lio cpl )0 g, cpl jlhaea cwlis ol b 5 Ojs0 4 o Ol s

s sl pskiie & o ploxl gl lutans 51 ol ki ai Sloslaiwl b gl 4y, 85 0 gl st ad 3 ka5 o Gy 2l S
5 35 i e e oty o a5 gt st s S M S G ke oS o 5 9 4
. . FUN GOV Gasas,s by s 2wl kls ggl> dlao ol jo

3 €905 iz 0 s o 9 Sy ol pin 5 i ibazgl D SRS B 48T 0 AT Ll ol e
ool r:l?u‘ duL.M.o é‘L&bH:Jl;dbMLﬂ.a o Jlie U‘" o OMT WY 6L")"° 69)l‘d"":'ef A.J]"‘S Ls’l"o) 6”97 Lg)“‘\‘l" U‘")" °5)Lc"'x‘5)"‘5i‘>)" ““':‘db
03,5 (el g (oo BLL o) jleoliinl b (oilee b 4 3 2y

3 3 25
------- Voltage-based Optimal Control -==-\oltage-based Optimal Control -===-\/oltage-based Optimal Control
25 Reference Signal 4 Reference Signal 1 2F Reference Signal 1
===-Torque-based Optimal Control [7] ==="Torque-based Optimal Control [7] 5 ===-Torque-based Optimal Control [7]
— e — oS — 1
g 2 PN 277N, £ P )
— a 4 pY — 4
Y/ /N s / -
S 1514/} ¥ / v 1 2 / c
2 /i % / \ @ 2
c i % / \ 2 /’ kS
S 1¢f M / A\ 4 © o
A K % I \ {4 I 4
= i‘ 7 \ = ’
\ ’I \\ N /
05 % / N 7
\‘ Y, kY /
0 “s_/ | 0 Y, ,,/
0 2 4 6 8 10 0 2 4 6
Time [ sec] Time [ sec ] Time [ sec ]
@ ) (&l

Fig. 15 Comparison of tracking performance of the applied voltage and torque strategy to robot motors in the presence of uncertainty in
the system model parameter (2) Trajectory tracking of the link 1, (b) Trajectory tracking of the link 2, (c) Trajectory tracking of the link 3
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Fig. 16 Comparison of the generated voltage of the control signal to track the reference path by the applied voltage and torque strategy
to robot motors in the presence of uncertainty in the system model parameter (a) The voltage of the link 1, (b) The voltage of the link 2,
(c) The voltage of the link 3
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