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Practical performance comparison of pole placement and sliding mode

controller for position control of cable-driven parallel robots using visual
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ARTICLE INFORMATION ABSTRACT

Original Research Paper This paper presents implementation of position control for planar cable-driven parallel robots using
Received 30 August 2015 Visual servoing. The main contribution of this paper contains three objectives. First, a method is used
Accepted 07 September 2015 toward kinematic modeling of the robot using four-bar linkage kinematic concept, which could be used

Available Online 11 November 2015 in online control approaches for real-time purposes due to decreasing of the unknown parameters and

computation time. Second, in order to track the position of End-Effector, an online image processing

Keywords: procedure is developed and implemented. Finally, as the third contribution, two different controllers in
Cable-driven Parallel Robots . L . . .

Kinematic classic and modern approaches are applied in order to validate the model with plant and obtain the most
Visual servoing promising controller. As classic controller, pole placement approach is suggested and results
Control demonstrate weaknesses in modeling the uncertainties although they represent acceptable performance.

Due to the latter incapability, sliding mode controller is utilized and experimental tests represent
effectiveness of this method. Result of the latter procedure is an inimitable operation on the desired task,
however, it suffers from chattering effect. Moreover, results of these controllers confirm
accommodation between the model and robot. The whole procedure imposed could be applied for any
kind of cable-driven parallel robot.
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(d) Connection between camera and computer
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1- Sag phenomena
2- online
3- Perturbation
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4- Pole placement
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6- Sliding Mode Control (SMC)
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(e) The winch model used in robot

() Dynamixel AX-12 motor used in robot
Fig. 1 The planar Cable-driven Parallel Robot developed in
University of Tehran
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Table 1 Characteristics of the equipment used in the cable-
driven parallel robot.
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linkage

Slabes o o35 & g0 4 45 Glamio LS (55lge Db, 5l Caoms S S
w‘ ol u;).b..)e

4- Kinematic loop closure

12 o jlosds 15 093 1394 sl (3o Suilse wiiie

(’ C}-": .
41 1 k] % J2

6 I 6
! A, % 45 72
f\

P04 R‘ S, 0o

koo,

fa / m g, \ f3
J4 J3
04 A4 A-?) [7’: i
74 vy 73

(X4

Fig. 2 Schematic view of a planar CDPR with four cables
5 ez Liglazmio (LIS (53l50 by 5l (Sl Joo ¥ Sl

o & b, Clakie 4 axg L e Sl ol See i >
e () alal, 58S Siso a by Gl Wb Glo iy Ceond

b, =30, " b, =-30
x y
b,, =80, by, =30
x y
bp, = =30, by, =30
x y
bp4x = —30, bp4y =-30 3)
[10]055 o ass (4) ally & j90 0 (831 5550 b JIS 52 (L)
X—ap., —bp.
a; = arctan( Pix Pl")
y_apiy_bpiy (4)

5 (1) oVolao gl S Jobo 5l oolawl b oles Shee Ko alns sl
Dl o Canony (5) alal, (4)

x = (rf; +ry)sina;,y = (rf; + ry)cosa; ©)
. 1 : ; 1 -
Guie (5) 5 (2) Llsy 5l b gy mile oy51 Cemsar sl
[10] g (B) aasly &g s ylg5 oo |, aess a7 g a3 5

[(x — aplx - bplx) v — ap1y — bply)-
Aq Aq
(x — apzx — bpzx) - apzy - bpzy)
A, A,
6= p
(x — ap, — bp3x) v - Ap, — bp3 )
Az Az
(x— ap, — bp4x) v - ap4y - bp4_y)
i A, A, ] (6)

2l Shos (093 gy 5> “‘) e (sl 2l (6) Wolns 05 so 4135
U 4 sy 6l S o e ®s Slae glisd 4y Laie sl 511,

1- Jacobian
2- Joint space
3- Task space

66


www.sid.ir

Ve 9 il s

229905 i)l g b Slaziuo Gl $)lge by candee JHiis Sl pildge 9 S leily SIS Glac 03)L dulie

M = x(6, — 6;) —y(6, — 65)

N =y(6, —65) —x(6, — 6,) 17)
3ol c¥olee slass 5 el pakine Sl dlal, ,Sily (15) aolas
Fly Coles o s a5 ol pl Silo g Canl S o] SYgpome Slows
S5 Wolae lore 4 K08 bt e o8 S5 a5l alple ol
Loy adine cpl @ azgs booys Jo Iy SVolae cnl Glgn B 3)ls 0929

2155 (18) abl, g oo S 52 50 ol Ll 5 oolicial
4
_1)i 2 —

D (D8 +7)? =0 as)

oyl o5 (19) akal) ¢ (18) alal, 5l i ctass 235 L
Dl oo Cavots il oo ad e e w1y i ={1,...4} 46,

4
(-1)'6;6; =0
Zi=1 F (19)
Sl 1 ={14 5 6; 5l Jlez olee Sl gy SolS alS g0
dolee cawgiil b oplplo 0098 Ol (19) alal, 51 b 09 o oleslf,
, (20) akal, olgoe K0 ol @ 4z L6, 6l ly (19)
0,

6, =
(20)
e (S Joe s ile (15) aluly 45 (20) aba, 516,138 sl b
g Glgse 1, (21) alal; & jgon |,

t=B[d, §, 6" @1)
Sygo d e pile opl slaal,s wcaol i,j ={1,...,3} §B = [b;;] ol,0 &5
g o iy (22) alad

bij = a;; + a o
04 (22)

L6, JJaie (20) dolre b g ol pitmsw (IS Joo mopile (21) alolas
G5 il wsilwosle (pl a4z i b 3gd oo Gueni O ple 4 axgS
stz BB e 4 ]y Olasbw jlade a5 0l 2 o ye S 4
30 b Gilee Dby gl (Sabinl ol Lylids aslsl jo 0w o ialS
Dy g 485 b

Sl 55 -1

Jlade 5leog Cute ojlgen Wb b S piS wb le a5 jebles
S b BB Jeod albial Sl wls Geizmen ally feST Wl patiue
Dgd sa ST (23) alaly & jg0 43 03 90 ol sl

fmin = fi < finax (23)

Jade Sislinl Jols glp sl B yo j0 miS oy fi ol yo &S
QP wwl ho ol See pojly () o ilw]oe (nl o
[28] cuogs (24) abasl, & y90 a1y Joles &Y olas

Sf=0 (24)
Q)ﬁ..a MSW)JLA 9 LcoJ.,lS U‘“‘S )L)).g f:[f1 fZ f3 ﬁL]T QT 3o aS
D o R 2 (25) akl,

—C0Sa; —COS@, COSa; COSa,
g = |sina, —sina, Sina; —sina,
Ap, A, A Uy (25)

67

oolizinl (LS (s3lpe by po b blS) 2 51 slacsid Job & a5 L
P abii 55 LosSas Suilaios <l ;5 45 el ol 4 oY el o0
(11) akal, (10) doles o3l el V=T ian g Gl asiioe
REXPPR )
ryefiz — r,el% =, — 1,00 (11)
b tal)ly 005 50 b el (12) alal) & jgon olgioe 1) (11) dolas
ry@/f2 —pel® = p+r (12)
@y 9T, T3,12, 11, P paein slayul)ly 5lgrn ol Kles (25 2 4,
g | (13) alayly g5 03 Kb a4 axgi b .b\,{—lksa Cwddy

Xp — 1,C0SQ,

COSpy, = ——,
T3
. yp - T'4COSCZ4
singg,, =———
"3 (13)

xp? + yp® + 1% — 7”32>

214/ Xp? + yp?

¢,, = arctan(xp, yp) + arccos<

(14)
523 whag iy b opl b 1ol ails ly> ez b Wilgi o (14) dolas
ol osda Lol 100 0b aw 50 (gl gz p3lSe s (gl
il plye @ &5 Wby Sitie Clsx G oo)lyen dilee ez
Woles g 4 cpl 5l oolainl b iogd oo i85 Sl 0 oy See 25
Sy ol (15) o, (7)

t=A0 (15)
Sy A o ple amo o Lt |y o o g g el [£,7, 1T Joptas
g ol J={L LAY 5 i={1.. 3} o] o a5 ssde anigfay]
ol (16) abaly &j90 4 o] slaas]yo

A = 1 B (x B apfx B bpjx) —C <y B apjy B bpjy)
Y AB - ? A A
ar: = 1 _C (x B apjx B bpjx) + A (y B apjy B bpjy)
2" AB - C? A A
agj
— | B Jx Jx
(M2 + N2)(AB — C?) \ A
_c <y ~ %, b%) y(6, —65)
4;
(x—ap —b,. )x(91—92)
—| = Jx

(16)
1, (17) alal, S8 o sole Ojy00 N M gl il b YU &Yoles o

a5l

12 o jlosds 15 093 1394 sl (3o Sulse wiiie


www.sid.ir

Ve 9 il s

229905 i1 5y b slaziuo G5 S)lge by candee JHiis Sl Hpdldge 9 S pleily SIS Glac 035l dulie

osd gldl Jliol izen 5 jb ol Slee p oS ceal pae
3 g G531 5l eolital Gus [33] sl (s 3 3 Shes o by jgains
39279 b Al 303 5) cl Ol aled Sas e 3,5 oy callie ()l
Cawddy polai 0950 M g 21l egran ;58 mlie abox SIVL lanys
oS (o dw yle o oS (30) alal) 08 4 iy 5l oo
g oo el (2 9 o a8 e le a4l olad
Riany = M
Gy = Mz

By = M (30)
S5 B mile g e K556 G le a3 S5, R e le (30) el o
O 6o b jle pl Glaa] o aies o Glis |y pgal aie o
aps oo plis |y Lol S, wals slael (pl s o lis 1) 255-0
Sg>g odidd yLis 255 sae g Ll 0,90 5, 8929 pae sbixe 4 0 vae
Ll K, 2l

e3> iga Sl el g gy dn i ile il Sl iz
atp T Sy 720 55 480 oS b g o5l ol gl oo oliciud
Sl sl pgas ilon 5l Jeol> mple il 3 5 WS
50 2l Shos 257 asly 5 O (s Sl 05 nles 720X480
bocnlplo ol oad 00y ol Slee p Jolb b S5y 508 conz
sty |y 2l Ko Gl Slasin (5o 102 oSS, (nl plulid
Sl bl 5 cnl slp g 05 asuin 1) 508 (>lg b il e 0]
Jolo pslad Gloe (nl Gololyy g 05 et 308 K5, 6l 6 L
G99 3l gl ey Oollae a4 g 05 Ghilop Gl |, L)

& amg bl e JUl all 4 Laly @b 5l sedse 48,5 2SI

34 5gu> 15 05550 o el 4l o o (5505500 S p &S]
] oo L3y 5 gla by, 5o oolial gl o5 ol il Lie
i 2l Shes p pasiie ol b S5y 308 conz g SOl 4 ang
I 0,5 0 plexl G s 6l 30 3 ST audeld o.,ﬂ)s ! 00
90 ol olelp & was e Bl 1) paal 2l el (295 4
ool ST g 0gbice maowy 308 4>l Gul oo S5, o oot

Wl oo Casoas

.

wa

red halos ‘

Fig. 4 Frame of camera after locating red regions

odd (310 p ol pgas ¥ S

10- Resolution
11- Pixel
12- Analog

12 o plosds 15 093 1394 sl (w30 Sulse wiise

(21) doles 3 sowlcawssds oSty mle 9 (25) dobe 4 azgs L
seboles 18,1 Cavsas o BlST 2iS 0ged dubie gl dolee SO yl5 oo
oS (25) dolre o S¥gpome slaws 5l SVolae olaws Cowl asiie a5
[29] ol (26) dolae JSio ol &8, sl o]
f = (1,%x4STS)z (26)
ol hhn olel b olgzds Jlopn Sz a3 o lias Iy azly (o plelyny a5
Sy s iy 25 (27) byl & j30 48T oy o o o0

t = QT Ty-1
S ST(SSY) 27)
ile ol el S il 1Y esSae s Ky (27) doles Caipi> o
WS e Jie S eyl t gp lad 4 [,Z o5 cadl?less >
4>, dw glaas LIS gslage @by aSepl 4 axg5 b g [29] bl y
D oo (o 93U (28) alayl, &, g04; (6) dolas «,ls s0l5]

f=an (28)

Slex o Plas a5l el gl ccwln = [ng 0y nyng]T ol a8
Cuol (B g p3Y o)ls 8gzg (Soliwl Jolbs gl b LIS s 5l e
QLMSJ slecwdle i={1,2,3,4}5ni )b).g 6‘}-’." aS Sguls oals ul.w; aS
Sl N slaaslys den SCSLLLl ol 1o blas coled (gl gy .05)ls
aS o) Hguieanl 1B bos pl STacal atsls e b cuie cdle
3,10 3424 (28) woles P a sl gl SO bl Gl o se ool Cls>
Lootiee cudo b P57 oled o jiilS a5 WS oo puendl a5 ldieS @

&l e a1 (29) ib{‘)lew 18 dlre

n
[—atpzsin(a3 +a,)+ ap3Sin(a4 —a,)+ amsin(oc2 —as)

J |aplsin(0c4 —a3) + a,[,g’sin(oz4 +a;)+ ap‘}sin(oz3 - ;)

1

I

= I
aplsin(oz2 —az) + apzsin(a3 —a;)+ ap3sin(cr2 —a;) J (29)
Sl olai 45 8T S g0 ot slaysgacs 5 (29) Woles
slad plplo ¢[30,29] conl 5 Ssbiul )5 (slad « Silarw 5

.. 5 2 . . .
5O dasuie Q—.’.‘ o] M 9 Lg)lf LgLa_e g_i’ Glglf LgLﬁulg) Lg)lf
ol 32,31,5] 518 352 S sl )5 slad iyl oles
Colo oylgen |y o LIS o uiS Soliwl log i a8 4 axgi b lgs 0
A.Q‘P o5 s A o)lj.o.as |) LaJ.ng)a ,,w....S W OMT Cawddy A.d cedle ol
sbou!l sl y (Dguds o0 obw!l LS s w\o Sygo a4 08 ol g cdls
_ . . 6 .

sl Gan Caend 0 (B 5l 0,3k Sl TS A ail>
Dedon Bl ol See Sl Sz paal (hloy

laplsin(a4 +a,) + apzsin(a4 +a;)— ap4sin(a2 +a,)

2 Shos LUK cgr paad 30T
429 bl plaal (86 alulid gl Jolote slagts) 5l pead A3l
30 Sl 0uls Jolatie Jles gy ol ) eolaiul o ynjgs (gYL Cds w
gledl Jdo 4y (g, 0yl 8))’7:) sheslatul (3, 5 Moo 105955k e,y Jolde
s g e SleMbl Jl 5Vb [l E80 izred g g A

Jeds 0l canpe a8 i, b allie 13 WS (a oo uielly

- Pseudo inverse

- Homogenous

- Null space

- Kernel vector

- Singularity free workspace

- Close loop control

- Ultrasonic

- Laser scanner

- Global Positioning System(GPS)
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Require (CDPR design properties,t,P.,n 0,7,P. )
A=Define CDPR

B=Jac(A)

While (t > 0)

P.(n)=FeedPos(camera)

©(n)=CalKin(P.(n),B)

Err = P.(n)-P.(n)

CC=Control(Err,B,0(n))

9. Command(CC)

10. t,(n) = elapsed time

11. t=t—t.(n)

12. EndWhile

Algorithm 2 Procedure of creating model, taking camera
feedback and controlling Cable-driven Parallel Robot.

LS S lse Dby J5uS g Cmyes 95855k 5285 ¢ e JeSis o] 8 Y ai 595!

N~ WNE

Desil r(id task Visfion
\
Model = Controller—= CDPR

Fig. 5 Block diagram for communication between the CDPR,
camera and controller
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- Gray
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1. Require: Red Object Defining Threshold, Device properties,
Scxr Seyr Ox, Oy, N

2 Output: x,y, ¢

3 vidDevice = imag.VideoDevice

4, Fori=1lton

5. rgbFrame = (step(vidDevice))

6 diffFrame = imsubtract(rgbFrame, rgb2gray(rgbFrame))

7 diffFrame = medfilt (diffFrame)

8. binFrame = im2bw(diffFrame,Threshold)

9. C=step(hblob, binFrame)

10. Ifsize(C)=[0,2]

1. (y,d)() = (xy,¢)(n—-1)

12. Else

13.  obtain (x,y,¢)(n)
14. EndIf

15. EndFor

Algorithm 1 Vision procedure for tracking position using red
marker on end effector.
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Fig. 6 Pole placement controller block diagram
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7- Feedback linearization
8- Root Mean Square Error (RMSE)
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- Full rank

- Controllable

- Reference values

- Stability

- Full State Feedback (FSF)
- Eigen values
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Fig. 7 Comparison of operated and desired path defined in Eqg.

(39) using pole placement controller
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Fig. 9 Variation from ¢, = 0, using pole placement controller
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Fig. 10 Sliding mode controller block diagram.
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6- Steady state error

7- Rise time

8- Settling time

9- Maximum over shoot
10- Barbalat’s lemma
11- Step response
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1- Energy function
2- Cauchy-Schwarz
3- Positive definite
4- Negative definite
5- Lyapunov theorem
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Fig. 13 Variation from ¢, = 0 using adaptive sliding mode
controller.
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