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ARTICLE INFORMATION ABSTRACT

Original Research Paper In this paper, dynamic modeling, optimal path planning and control scheme on a redundant parallel
Received 02 February 2017 cable robot is presented. Path planning in parallel robots necessitates the consideration of robot’s
Accepted 25 February 2017 kinematics to discern the singularities in the workspace. Also, dynamics analysis is required to consider

Available Online 03 April 2017 actuation constraints. To this end, kinematics and dynamics of cable driven redundant parallel robot is

derived. In this modeling, cables are assumed to be rigid with negligible mass and hence, tension and

Keywords: . . . . .
Cable robot sagging along the cable are neglected. Next, a sampling-based algorithm upon rapidly-exploring random
Modeling tree is developed to increase the convergence rate. In this scheme, distance, epochs and safety are
Path planning considered as optimization constraints. To evaluate the performance of the proposed algorithm in
203"0(! collision avoidance, a number of obstacles have been considered too. Tracking of the planned path has
edundancy been handled using a feed-forward controller in the presence of obstacles. Regarding the redundancy
feature of robot, a redundancy resolution scheme is considered for optimal force distribution. Path
planning and control algorithms are implemented on the RoboCab (ARAS Lab.) and experimental

results reveal the efficiency of the proposed schemes.
. . oz . R a

B Az Sy9e (SigiEl SSE alis (Fls o)lgen (JyS o8l 5o docdo -1
[B] oS (oo Wl ) (ooter (45 s J58S 0 0 500 aS 12 305 Jlisle )5 a5 00 5 o0 bl el 5l (slaiws 4 (LIS-(s5lse sl
Y . - . A T = T
b Glr o il bosilehs (i) 5l ohles 5 G Sgbige ooliul glas, Gl Sl wde Gloh T e slra

35 o oS S5 ) iS5 LsalslS (4] 05 e oy SATUAS s g5 b LS slogil iRl 4 4 b dnnl 5l s ol
&5 [6] oy [B] el 08,5 oolainl v Jy8 sl lase slad Sl 5 as ook 0 (Solu gjlalely § ceal slhan e als LS o

1215510 olyom @ 1) s 2 5 syl (205 0 JLdo @y 5 Lol

1 Redundancy resolution
2 Feedback

Please cite this article using: 2w Lo 03Uu] o3 Oyl 5l e ol & glayl g1y
M. Ghanbari, M. R. Mousavi, S. A. A. Moosavian, P. Zarafshan, Modeling, optimal path planning, and tracking control of a cable driven redundant parallel robot, Modares Mechanical
Engineering, Vol. 17, No. 4, pp. 67-77, 2017 (in Persian)


https://dorl.net/dor/20.1001.1.10275940.1396.17.4.24.0
https://mme.modares.ac.ir/article-15-3949-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.4.24.0]

Ve 9508 Sgrumo

439331 L= (6190 by JHHS 9 digta pamse b (s J3w

ondinal (Sl 5 (S S Sl 9 Sl (Byme & sl B 9

5,595 99 b (Silatpw ilodas colsl jo 0gd oo ai3loy o 9y 2
FIIY Ry 5l (Seelus Joe g plnl GusSae g s Sloren
ol g 485 13 () 9)90 (g SIS (s 935 (o0 gl Pl
coilin 0aiS JpS (Byme b Ll 0 09 Gl e (Slb
plxl sl azle LB-slse by 69y 2 28 @B Gjleesly

Sl

" ol olisle 3T bl -5 31g0 Dby -2
orll iy aio oSils K, 5 S o 55 ol K 03,5
alide gloacr )58 ooy (ol 3855 5 adllas 5l Gy (ousb
~Sslye Sby Gz 9 esrde Phb 4 pldl g Sl slans 5 b
@ pldl (IS mb ol ol 5l e 9 [21] eoges &olyl ax 0 6 iy
..\.Jysn a5 col o..\..;¢_>|).|a ES A c..\..;uL..» ub) Cal ao; u] oole
6 &b, il amils clie 3,Slas M alas 5 ol asie b g3 o
"1 S Gl g pallpaiasles el oKails oyl ax o
DS o0 ot Al Gla s ;0 Hoile Cuz 8B Gl plejen &g
ol ol Gl M2 S glle SolSe 5 Soig,mSIl cilises lipgs
sll leyd slzl s 4 alize glrosls 0,53 5 (5, Sdges Ty
S5iS iSTao Wl e 45 g ,Shes B 5l s tl o el 03,5
e slargly cunsdge ol Jlis @ 5 w8 Jlael e 15 ' glaill,
el 00355 o3l 0 5593 5 s &1 1) (63959 55 5 Jloc!
Cosdge (el Sz Bl (2L Cond (55 00l eal sloinm 90
Sloppya Sl b laimyes ol eboe 43S B4 b e
e 38l gy e slaz;s 737 (5 kB W aygl; 5 30 (fps™)
50 lawgi oad a3 S neas 0,5 4VL Lol )5 slad o ol
pll S oo gbl 095 Sl 5o 3 9 &5 (elual plu Bd> g e
Onbe 5l Ol 508 cazp b &S Dl e S uled 50 ol
JL@.C‘ )‘ o9 AW lel.\u...:ﬁ}& JJjLA.’ L;L..S.u 6[..43 ) Sl o0l 1A>
S omizmen W oo Cawd 4 Gamans slad o o] Coadse DLT™ PCIN]|
LS 28,5 518 paaS cow ) plebl cuzr o G S
lagslall ol s oS 518 ool 4 amgi b a5 1z 595 co ool
& )L log s plp 509 S 1S (LES Glag s Cod g e
SrpddysS dog] (Solidl g la LS Sos Jo cusls sualsss 50,Sles
St co 5 s WS (oo @) s g 00,8 PSSl ) et
S oy b LS oy 13 anS cod g odd laizgs £adge
8 dliwly (ol 50 Ded o Lgmime Ay Caglsl « Saluo I saslcisoa
ceai b g ooy sies £ 3l aS odd cual Ol ol ojle (59, giws
9o glFl LA 95 088 51 I j5ee b g o] Sl 2 088
2 ol AUl )lS by @ lagiws i glazs,s Sl cuz @
Ly e ool ond cemi g b (g amis SuigyS e il
35 0l YL Jleel 51 g g 00l uad Dby (oils Caond jo aginng s

' RoboCab

' Redundant

'8 Suspended

9 Stall torque

» Feedback

! Frame per second

? Diagonal angle of view

% Direct Linear Transformation
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2 Cascade

® Sliding mode control

* Vision based

® CoGiRo

® Feedforward

" Pick and place

® Robust PID

¢ path planning

' Roadmap

™ \Voronoi Diagram

2 Visibility Graph

'3 Rapidly-exploring random tree
* Multiple query

' Probabilistic roadmap method
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Fig. 3 Kinematic modeling of RoboCab
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Fig. 1 6 DoF cable driven parallel robot, RoboCab
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Fig. 2 Mechanical and electrical instruments installed on RoboCab,
load cell circuit (a), camera (b), actuator, pulley and load cell (c),
IMU installed on moving platform (d)
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! Asymptotic optimality
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Fig. 4 Cable force optimization algorithm
B (58 (sl oI 4 S

1. TR « InitializeTree();

2. Initiate(ziniy);

3. TR « InsertNode(zjnit. TR);

4. For i=1toKdo

5. Zrand < Sample(W);

6. Xnearest <— Nearest(TR. Zrang);

7. If ObstacleFree(ziang) &
FeasibleWorkspace(z;ang) & Safe(z;ang) then

8. Xnew < Join(TR. Zyzng);

9. If Straight2Goal(X;ew) then

10. TR « ReConnect(Xnew-Xgoal- TR);

11. break;

12. End

13. End

14. End

15. OptPath < CostEval(TR)
16. Return OptPath

Fig. 5 Pseudocode for path planning
e >l S as 5 S
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Fig. 6 Control system for maneuvering
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Fig. 7 Planned path in presence of obstacles
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2 Linear Parabolic Blends

75

Gl b aS ool pgo az o dolae 4y poie Las alolas (33) dobes 3.k
Lo ol slaile) Sho &y doles lade ol e ¢S canlie a2
35 g0 ooliial )l olKlel (L= (53l5e Dy )0 4T catas 4 4255
a5 Jsl 63959 S o0 0 Sloje Hsba (63959 95 51 Slyed sl Kee
ool sliwly 5o g ead ply (JiS SVl g 9w 599y Glea
Oled 45 g (63955 53 Wedee Bl line (JS Gl e e
JrsS 50 0ebioe 48,5 0 9P ey 03T ;S l eodgr Jolie i s
ghal 3 a8 Sl Gb JpS at ail> aly G Jolie Cope

25,5 oy 5 (34) Aolre O ygods s plol i
[ =Kpe; +Kpé; + 14 (34)

0l Jae gime Ojpod (Sealind SYslee a5 nl (558 b A5 cal o
Ly qelio @bl i (59, 5 005 J7US 45 5 pod (B 5 095 G0l
Glple el eas Jlis 1y s e 2l g aBh
I om s ead ole o booses oo Glsiee LD = La(D)

D5 oo Hla B5) dolre &jgody S aten adl> alobas (g 5lwesl
Kpiei + Kpiéi = 0 (35)
Sl b oS oals gl ax o dloles 4y jorie Uas aoles «(35) akal, 3.b
ol ey yio 4 |y dobe ke o8 te (IS canlie s
G oG e G5 Caz 9 Caxse polie J S e (JyuS il
bl 0 2l e 5 ool dty plojer jobey Lo LS e 5 la LIS
5 95 el (B3P (IS e 3 S (0 S5 > 00d (et e
» e glas Solys b ais el Glojes ©jgoa B e
a8 7S 5o el nl b el plbsrme 5y 2 S slad

el 039y (b3 sl 28l sl )3 g 485 )90 593 e

BT (g 5esly -8
o B ead &l glae oSl Come agh Sl Cwnd ol o
S glad o wile golasi 05 go iz )l SBtslejl Sl (59 Slos
s zme B blS b glo 0,95 0 5l 6T sl (sln wload 485 a5 o
e e <ol okl o ilyn Saiye Yl S gl s
55 b S 45 el o 0 5 e 55 4 IS JLl sl s
9 P G G lp eed 9 IMU Tl s anles oes 9555
oo sy Jeaiay [22] 53 ald cal g oo 0pllS (ruygd By
6Lad )3 @lye a5l g e (Hib e8Il S8 A s
oals i "7 UKL o a8 jsblen 00,5 6 et Akt e ()
L e I RS TT LR Ly SE T PEQPCOMRERES
Aolro Ojgods a5 Canl pnn Coal Jlre len &ly jo ol sad

Do oo iy 25 (36)

Xmax ~ Xmin .
Safety (%) = % X margin (36)

5 a8lpeesd RRT 0,680l oals 53 Sl (e zodsas JS3 0f
GOlptin s ol Bun Al Cos 4 peiias s gl (2L,
A Cel b jo cpl el pitas e oSG A Jold L w565
by Gl cendy JEl cuz peiis b 0925 w9750 slaek,sS
ASGAST g god 03ld adii pp ol ahi S0y 0 S Bus @
5o w3 es &5 ) sLad o RRT o yofl S 552153 4 &S e (4392

4 o plass 17 095 1396 5 o rde Suilfo Swiie


https://dorl.net/dor/20.1001.1.10275940.1396.17.4.24.0
https://mme.modares.ac.ir/article-15-3949-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.4.24.0]

Ve 9508 Sgrumo

439331 L= (6190 by JHHS 9 digta pamse b (s J3w

el SISY (ogy o] ¥oles 5 8,5 18 ) 950 oy
slael o Jobo yss 5 JUS 2 5l esilodae 0 Jutesd sl wcel oud
Sl a4 Cans b Slee i olaws 4 az g bl ool Jaics o
sl o0y 5 ol 5 S 0 58 s 5 (Sl SeSE Sl g0l
M el 5 oilme (e U RRT e (il 02,6501 dalol o
A s o s (b Sl e Sl o ST (6l pediians
oad (Zhb s el 00l iy 9 (b s (Gb3) Sln 8P
M=slee Sby Sox e S pesw 2 odle o))l g
M PRCRPHININ

s § e (b 0,8 (Ul e (e siluesly @l
L2550 5l ole g dinte S omne (b o)X Casl 0090 ]S
b3y UlF (JAS pass Sl 03900 920z leds e SIS ln
L B Seelias 5l oges Slaidse 51 L36 Slagginsl jpa 50 e
w0 b g b s soled el 03903 San |y Bl ol ISl 5 4zl
ol ol 45 el 00gy o] sl g ailge glid 5 el (IS (glisb 9,0
ol b At [0y Sl Jlre 53U e

e S 4g8 -10
Sl il A
M) &l & U5 Jlas! olesil blis cosdge s

M) &by & B Jlosl Jomo s oy
(M) s e & M sl blis copaye Bi

o 35 30 il g g 595 e il ¢

Sl glas €
g3 Kot 538y Sl o D
Soilaiew o S gy bli cusdye sy Od

(M) puiins
s )‘QJ..I e
s e 4 o)ly ilasel Jlopy P

(NM) L (N) 55 oy 5585 5 5,05 Fir
Soiloiw 5o Bl Jitaw g bl sl S
adlr puple €

S ol Jyr olsme ool oles | Iwe

(kgm?)
(kgm?) 558 Shos oy 35 o Jg> ool oloe I
omsSls e S
GrS e K
SVl L

m) M5 Jsb b
M

OM) L (KG) sl s £ maile

b LS slas ™
(k) Wi mo pye M
N

oesSls T ol
by golyl as o

& o Slaizw olfws 0

4 o )lasis 17 095 1396 5 (oo Suille wise

— 200
g ol --- Desired Actucal
= 200
0 5 10 15 20 25 30
time (s)
— 200 A
=) ob = = Desired V
= 200
0 5 10 15 20 25 30
time (s)
600
g = = =Desired Actueal
4 500 - v
-
400
0 5 10 15 20 25 30
time (s)

Fig. 9 Experimental results on desired trajectory
ol >l sno 53) p s5lwesly s 9 Ui

IS e 2 Jgu
Table 2 Control coefficients
Kp=[0.30.30.3] walys
K,=[0.410.4] JAs
CoxBgo

Kp;=[0.509 0.518 0.512 0.522 0.529 0.566 0.439

walyl
0.504]
J=s
K;,;=[0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07] IS e
ol s
Kp=[050.505050.505 05 0.5] i
95 S5
z z
5 10 Cablel | 710 Cable 2
o o
S0 S0
0 10 20 30 0 10 20 30
. time (s) . time (s)
= =
[5] [ 5]
£ 0 £ 0
0 10 20 30 0 10 20 30
—_ time (s) _ time (s)
4 =3 -
510 Cable5 | 310 Cable 6
o o
£ 0 £ 0
0 10 20 30 0 10 20 30
—_ time (s) . time (s)
= =
R i T -
S0 S0
0 10 20 30 0 10 20 30
time (s) time (s)

Fig. 10 Cable forces during the maneuver
odd (b e Jobo 33 (LS (slag s wjes loges 10 S

S 15 4 -9
5 9l LU=l Sl 1o e age (b b9y Solie cnl o
5 350 RRT 20,50 slicays s, ol ool 30 s losly et 55y
il 5 el ool Singe 5 poiios 15 bl )] 428l ooy a5
o Sl ilodae 5 oad dyme )l dBialosl (LIS-(s5l5e L,
Slati Ll 3 ol e ile o b el 20y S

76


https://dorl.net/dor/20.1001.1.10275940.1396.17.4.24.0
https://mme.modares.ac.ir/article-15-3949-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.4.24.0]

Ve 9508 Sgrumo

439331 L= (6190 by JHHS 9 digta pamse b (s J3w

International Conference on Robotics and Automation (ICRA),
Karlsruhe: IEEE, pp. 4659-4664, 2013.

[9]1 M. A. Khosravi, H. D. Taghirad, Robust PID control of fully-
constrained cable driven parallel robots, Mechatronics, Vol. 24, No.
2, pp. 87-97, 2014.

[10]H. Bayani, M. Tale Masouleh, A. Kalhor, Practical performance
comparison of pole placement and sliding mode controller for
position control of cable-driven parallel robots using visual
servoing, Modares Mechanical Engineering, Vol. 15, No. 12, pp.
63-74, 2016. (in Persian _.,13)

[11] G. Jafari Chogan, M. H. Ghasemi, M. Dardel, Jacobian analysis,
dynamic modeling and adaptive control of a cable robot with six
degrees of freedom and six cable, Modares Mechanical
Engineering, Vol. 15, No. 4, pp. 391-400, 2015. (in Persian __..,is)

[12] A. Aflakiyan, M. Tale Masouleh, H. Bayani, R. Sadeghian, Path
planning of cable driven parallel robots in the presence of dynamic
obstacles via potential field using computed torque control method,
Modares Mechanical Engineering, Vol. 16, No. 4, pp. 109-118,
2016. (in Persian .. 5)

[13]D. P. Cunningham, H. H. Asada, Continuous path tracing by a
cable-suspended,  under-actuated robot: The Winch-Bot,
Proceeding of 2010 IEEE International Conference on Robotics
and Automation (ICRA), Anchorage: IEEE, pp. 1255-1260, 2010.

[14]L. Tang, X. Tang, X. Jiang, C. Gosselin, Dynamic trajectory
planning study of planar two-dof redundantly actuated cable-
suspended parallel robots, Mechatronics, Vol. 30, No. 1, pp. 187-
197, 2015.

[15]S. Garrido, L. Moreno, Robotics, Automation, and Control in
Industrial and Service Settings, pp. 92-108, Shenzhen: IGI Global,
2015.

[16]D. Verscheure, B. Demeulenaere, J. Swevers, J. De Schutter, M.
Diehl, Time-optimal path tracking for robots: A convex
optimization approach, IEEE Transactions on Automatic Control,
Vol. 54, No. 10, pp. 2318-2327, 2009.

[17]J. J. Kuffner, S. M. LaValle, RRT-connect: An efficient approach
to single-query path planning, Proceeding of 2000 IEEE
International Conference on Robotics and Automation (ICRA), San
Francisco: IEEE, pp. 995-1001, 2000.

[18]K. Shi, J. Denny, N. M. Amato, Spark PRM: Using RRTs within
PRMs to efficiently explore narrow passages, Proceeding of 2014
IEEE International Conference on Robotics and Automation
(ICRA), Hong Kong: IEEE, pp. 4659-4666, 2014.

[19]S. Karaman, M. R. Walter, A. Perez, E. Frazzoli, S. Teller,
Anytime motion planning using the RRT, Proceeding of 2011
IEEE International Conference on Robotics and Automation
(ICRA), Shanghai: IEEE, pp. 1478-1483, 2011.

[20]O. Arslan, P. Tsiotras, Use of relaxation methods in sampling-
based algorithms for optimal motion planning, Proceeding of 2013
IEEE Inernational Conference on Robotics and Automation (ICRA),
Karlsruhe: IEEE, pp. 2421-2428, 2013.

[21] A. Nasr, S. Ali A. Moosavian, Multi-criteria design of 6-dof fully-
constrained cable driven redundant parallel manipulator, Third RSI
International Conference on Robotics and Mechatronics, Tehran,
Iran, October 7-9, 2015.

[22]M. Mousavi, M. Ghanbari, A. Nasr, S. Ali A. Moosavian, P.
Zarafshan, Sensory feedback performance improvement on
robocab: An experimental approach to wiredriven parallel robot,
4th RSI International Conference on Robotics and Mechatronics,
Tehran, Iran, October 26-28, 2016.

[23]H. D. Taghirad, Y. B. Bedoustani, An analytic-iterative
redundancy resolution scheme for cable-driven redundant parallel
manipulators, Robotics, IEEE Transactions on, Vol. 27, No. 6, pp.
1137-1143, 2011.

[24]S. Karaman, E. Frazzoli, Sampling-based algorithms for optimal
motion planning, The International Journal of Robotics Research,
Vol. 30, No. 7, pp. 846-894, 2011.

[25]S.-R. Oh, S. K. Agrawal, Cable suspended planar robots with
redundant cables: controllers with positive tensions, Robotics,
IEEE Transactions on, Vol. 21, No. 3, pp. 457-465, 2005.

[26]B. Zi, B. Duan, J. Du, H. Bao, Dynamic modeling and active
control of a cable-suspended parallel robot, Mechatronics, Vol. 18,
No. 1, pp. 1-12, 2008.

[27]H. D. Taghirad, Parallel robots: mechanics and control, pp 275-
277, Boca Raton: CRC press, 2013.

77

s e 4 Jate S e Slattie olfiws
(NM) L (N) a8l pass sl jgbiiS 5 g5
(rad) g sl Shos Copnbyo sloy  w
& Cod S e olate dlfies g il Re
&
(M) S yxte Slaisee olfiws Caxdso oy
M) S goz LIS gless T
HE spScaz ool Jop S
sz sbad 4 JEl il S

O) i 35 T
g >yl L )0 TR
Q) Jemily 535 U
@QW“PJLJM 4
by 6,8 slad w
(M) lis e s cepu oy Tp

(rad) b (M) a8l geoss Slaise X

s (b oS (g Y
g e
e Soiloiw altes anie i A
b JlS 0 o285 o sl T
s Siloins ;3 g2 50 bl o Lo il ¥
(rads™) lsisyme slygs by oy G
b ¥l
S s T
ERET TS
Js €

SIUGURRPEI PRSI

&&lpw-11

[1] A. Nasr, S. Ali A. Moosavian, Multi-objective optimization design
of spatial cable-driven parallel robot equipped with a serial
manipulator, Modares Mechanical Engineering, Vol. 16, No. 1, pp.
29-40, 2016. (in Persian .. 5)

[2] H. Taghirad, A. Khalilpour, M. Aliyari, M. Masouleh, Appling
evolutionary algorithms in multi objective optimization of planar
cabledriven parallel robots, Modares Mechanical Engineering, Vol.
8, No. 5, pp. 44-54, 2014. (in Persian _..,s)

[3] S. Fang, D. Franitza, M. Torlo, F. Bekes, M. Hiller, Motion control
of a tendon-based parallel manipulator using optimal tension
distribution, Mechatronics, IEEE/ASME Transactions on, Vol. 9,
No. 3, pp. 561-568, 2004.

[4] A. Alp, S. K. Agrawal, Cable suspended robots: Feedback
controllers with positive inputs, Proceedings of 2002 American
Control Conference, Anchorage: IEEE, pp. 815-820, 2002.

[5] S. Kawamura, H. Kino, C. Won, High-speed manipulation by using
parallel wire-driven robots, Robotica, Vol. 18, No. 01, pp. 13-21,
2000.

[6] G. Meunier, B. Boulet, M. Nahon, Control of an overactuated
cable-driven parallel mechanism for a radio telescope application,
Control Systems Technology, IEEE Transactions on, Vol. 17, No. 5,
pp. 1043-1054, 2009.

[7] H. Bayani, M. T. Masouleh, A. Kalhor, An experimental study on
the vision-based control and identification of planar cable-driven
parallel robots, Robotics and Autonomous Systems, Vol. 75, No. 1,
pp. 187-202, 2016.

[8] J. Lamaury, M. Gouttefarde, Control of a large redundantly
actuated cable-suspended parallel robot, Proceeding of 2013 IEEE

4 o plass 17 095 1396 5 o rde Suilfo Swiie


https://dorl.net/dor/20.1001.1.10275940.1396.17.4.24.0
https://mme.modares.ac.ir/article-15-3949-fa.html
http://www.tcpdf.org

