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Spherical robots are the mobile robots with spherical shapes equipped to an internal drive
mechanism that moves on the ground due to their external shell rolling. In this research, first,
a pendulum spherical robot is modeled, then using the Lagrange method, dynamic equations
of plane motion of robot on the non-flat surface are derived. Considering the scarcity of the
number of operators relative to the number of degrees of freedom of the spherical robot,
designing of a non-linear controller is performed based on feedback linearization techniques.
Therefore, regarding non-confirm initial conditions on the trajectory, parametric uncertainty
and disturbance torque on the robot, the performance of the system has been investigated.
By selecting the appropriate rotation trajectory, the robot motion is simulated in MATLAB
software and in following the pendulum rotation angle and actuating torque are obtained. The
results indicate that the designed controller has proper and resistant performance in tracking
selected trajectory for sphere shell rotation during moving on a non-flat surface.

Keywords Spherical Robot; Non-Flat Surface; Motion Equations; Non-Linear Control; Para-
metric Uncertainty

CITATION LINKS

[1] Introducing the “Sphericle”: An experimental testbed for research and teaching in non-
holonomy [2] Motion control of a spherical mobile robot [3] Design experiments and
motion planning of a spherical rolling robot [4| Dynamic trajectory planning of a spherical
mobile robot [5] Motion control of spherical robot based on conservation of angular
momentum [6] Dynamics modeling of spherical robot with arms by using Kane’s Method
[7] Design and analysis of a spherical mobile robot [8] Gyroscopic stability analysis of a
rolling robot [9] Stabilization and path following of spherical robot [10] Dynamic Modeling
and trajectory planning for a mobile spherical robot with a 3Dof inner mechanism [11]
Omnidirectional locomotion control of a pendulum driven spherical robot [12] Controlled
motion of a spherical robot with feedback. I [13] A Semi-manual master-slave algorithm for
control of flexible micro-macro manipulators [14] Engineering mechanics: Dynamics

Copyright© 2019, TMU Press. This open-access article is published under the terms of the Creative Commons Attribution-NonCommercial
4.0 International License which permits Share (copy and redistribute the material in any medium or format) and Adapt (remix, transform,
and build upon the material) under the Attribution-NonCommercial terms.


https://ieeexplore.ieee.org/abstract/document/619356
https://ieeexplore.ieee.org/document/509415
https://ieeexplore.ieee.org/document/844763
https://ieeexplore.ieee.org/document/4018821
https://ieeexplore.ieee.org/document/5245059
https://ieeexplore.ieee.org/document/4667308
https://www.sciencedirect.com/science/article/abs/pii/S0094114X09000676
http://sjme.journals.sharif.edu/article_6294.html
https://ieeexplore.ieee.org/document/4681358
https://www.sciencedirect.com/science/article/abs/pii/S0094114X13000414
https://ieeexplore.ieee.org/document/7506648
https://link.springer.com/article/10.1007/s10883-017-9387-2
https://books.google.com/books?id=bRpdjwEACAAJ&dq

ohSan g y5slle 1o £F0

oz I ool el Gy Jase ol & Lgded G35l
lad (595 gy ol 38312 o Ldplud! glacly,
olsiedy ailgie 5 033 @alyd LB (Sl (18,558 (sl olie
0y 0l 38 Jae Gl (a5l cudle gln g5 bidlxe S
ol @bl 55 (S 5 (alad wlidxd )s el wly g95 o
gi( 50 o3kl aisbuisl g

(Slodie (bbb daily )3 lonyin wlinisd gyl 4 b
ol odauy el 4y (59,5 Glawly wS)> S g (gilodd
Syxe 058580 glsieds Eyz 93 b all Sl ghlSen 5 2Ly
5 e 10335 eslisiul wly (59,5 diwsy u29hs wSH> 4 sl
olaiwl o S gy oS e Exz Sl hlen
WalS Lol sl b (59,5 @by SG (SohTs Lyl 21usss
ol 5955 diwgy ) oddaal slaygigy NS glul |y )lite
ol «glgly IS5 (Sl ool 51 sl U g 0393 ¢y lie il
Mge by 63,5 wly Ko hlSan 5 o Blagle 3 e8> 4
T 42,5 93 Sl S o Syoe @3ilSe 45 00l 438 anpp
L g oloes c¥lae 5 okl b @by el eSy> e¥slee g
69 =5 6l g el cunsty Kol apSiilivl 4 83
Sty Jeol 3l ohlSan g g Hlenl oad J> lopls pune
AilonyS oslaial (59,5 wly o pabeSye sy gl piiege
ghail padiue be (59) w8y sl by pal e8> @Yslse
aslllae 301y (53,5 @l SO phlSan 5 S Blewd ords > g
el S gy jl oliiul b |y eSy> c¥slae g oy )3
ol 13 eSye @V¥slse jloslatwl b ol eadiue Seolns . ailos)S
QS g =hb 4 phlSer 5 e (el oad uyy Guixs
©lad 55 of Gildre @ G 5 595 wly S Jel= g
Gl Gaop @ hler 5 gy Fasshy i
5 o Bluislyy o5 wly o caals eSSy
Syze il gz £93 b (59,5 wly w5y agllhe 4 e
5 sipe P100s J18 byl 50 1) o (olaly (g g ailag
SQ dingy 5> o ($jelin g Seelias siledre 4 (500
dan S @hlSen 5 phloadpe MOl (55,8 wly
2 Gie gy Sl eslawl bl (Ssl (55,5 @by SO adle
SlaceS slagtumw sy o S8 @4 i sjleshs
OS2 gy U515 55 oaddns Glgs Slae 93055 S
colie ol Gilr @S> 5 oy sl Ll 93 ) 1) SSol
Slae o b 59,5 @by S0l Jae phlSan 5 fifay/ M5 e
9 035 bl |y 3955L piuoss S I eslatl b o568 (S
B2651s 8 Gy ve by of olnk

Giadad Sl S wlinisd 9 eglled uwyn 4 429 b
Tohw 59y 95 wly S S 9 Saelins by dlly o
S 5 ol el sy pldl @ laxie s )y e
Ylge 4 dzgi b Glagh iz 4 ol wygpd &S el
Gb wing zohw g5y 695 lewly s ol S

WA el ¥ oyladd Yo 09

S9xS wly So ey JyiS g Saoluy Jul=s
iyl eghw (59;

MSc j53,)le damo

oSl pdinad a2ly (SulSe uwige 0iSbls (SlSe g 09)S
bl sediuas (el 35T

PhD “llise e

oSl ppdiinad axly (SulSo usige 0l (SlSe g 09)S
ol oebinas satkul Sl

PhD 50035 cpau>

ool coledol leiol ol (uwiige 5 (538 015l (Sl (uwtige 09,5

ouSz

69 45 GBS Shzo 0386 4 Seme SS9 Sl slowly 4 5905 @l
ol 0 9o GBI WS Ge w8y GGz diwsy paele 1y e
Jelod 4y G 5 48 (3l (Sl (59,5 by digad S Il (Gedios
et Sue n ol Glede S wWilee ghiiwl 5 Seelias
39005 GBIV b Gaizen .l o 4y SISV (hyy 4 (sl
2SS Sy 2k «g9)S @l @l wlzyy sl @) e Slae slaes
wnl 48 ol Soud SeS @y (Giluhs lagbs, » Gl (hiyd
5 rehly Grmal awo  Grbiane alsl buld G855l oug
oxd aiblay oS S sSlac oy 4 elusw p oLl LS 5
63 J> 9 Gilwand 4wl w5 gl cwlio pue SBIIL cwl
23S 5 Kol Gtz (sl 9 4l i S8l 53 by e8> w¥slea
wolho 3Slac (LS ol @l sl sral cunsdy Slac bauwgi oud o3
$9)S dlwgy BBz (Shn 0o jwe SIS 53 oIS LS pglie o
ol sl eiipg daw y jeae e by

el byt RS S e¥slas wedind ahe 535 ol daelsals
rtebly

WAV/E/VY el gyl
WANE/Y iy gl

mokhtarian@iaukhsh.ac.ir : Jgius sdiugs’

dodds -)
o33 695 slewly Glw glawly Wlixe gyl gl
@l Wloads @lg (udlize 4253 90 (glosinlid yobdy 12l Jlo
Gy Shze 03l 4y jezme JSiis9,S sl lawly 4y (59,5
WS e Sy Pl gy gale I oae) g9y S
sl 5l GG 595 glawly w8y GIS jsbay sgde @b
bbe @bls lawly ol cwl Wl g2 Sy coedse sl
s5ll 45 1)1 e b eoled dhaits Sy b T it (glog
Spae plize ppyieS b g SBhel JSlas b wly w5y a0
9 Whinead i (5955 slawly GBI ghzl 39d eladl (655
gy bwgi )Lt 5 35 5 (2 slSed | gy laSus
o2l «oly day gagitiun Jubs 4 ol ogdle 390 cdible
0392 pslie § niylidedi G5 g gale slakuxe b 93y 5 lacly
M2y oS S by a4 glasl I g wygo )d puizen

ode Sl usige byl sele dolinle



PP et gohe (59 2 595 Wly S @Sy ST g Saalins Julas

Sl Syzme IS lisl b (95 @l SO oximaglid O S
eSy> 5 (s9 el Jitue sliwl 93 53 Sigl hg 45
Soriay S o Giaghy ol 3wl e wly il
Sl e SaS 4y ile Sy ISl 38,5)B35 (94 5
9 Swelind al=d 390 (lamie Sy Sy b Ll So
Zhzil g Saelas Jio bl 4 dalsl )y .l 483 )15 s

ol oy aiBlayy @il lamio eS)> @wYsles

wdiug ahw g9 @y oo ¥

695 Wy Sy S puizen g Sy (glednd jshiedy
CeSy> e Ay el Saelny =i 4 Taul Sigl
G Wbsleo b olgs edine ahuw Su 595 5905 @by glaxae
B3, Y S @ilhe (X — Y wlatie o ,3) y = ()
UBS)z 49l @ gy (IS gl QLY S 4 4293 b
ahw p olas b aigh) oo psie cud al Y g Sl
wlatze gleiedy ) @ 9 @ cwl (dbx) o 5> bead
o>y lyy Sy @Yslae g 41,5 AT )Y e 4blieess
5 Gz il dmolxe I g Wl wlitie 5 daite 93
Ol 53 42 @ilhe HISY blg; )3 (Il 9 piuow Jaudliy
A wlgs olo cewl

et mhw 59y (595 Wby Sy I lad (Y JSb

o (i (g5 Y
$ro <5y e dlae p18THBI b pailse o 5k glan
Sl Juhins @y = f(X) SIS @b wyson 555 by

29d0 ol (V) daily eygody G5 wlaikae s @l jS)e

ds:m:dx/1+(%)2: o
V14 (' (x)%dx
el pualys (1) ahily oudib 1558 Sl b
s = [T+ (FG0)2dx = F(x) ™)
Uiz 9 wly S Rl g Ghedhas by guses
el (¥) gl yg04) Aoy

ds = rda ")
fels (V) bl b S5 5 (W) daly rudyb 51 SISl
F(x) =ra (%)

Modares Mechanical Engineering

5wl vy g a.;é|9 ol g (lasd (ol Caliko (sla igls
SS9l (59,5 @by SO Glambo Sy 58 g (Salins Juloxs
lal by gl 55wl oauwy pladl 4 cipe gl o)
@by glxio e8> w¥sles zhsiwl § (Selind (g5l Jie 4
Sl s gl oad aislyy caing psbu (53) (il (5955
» el S gilednd (GhEpe S inS Sy 2hb
Sroizel i8S b sl 03 olal ibie Jfdleys
odsipslie olhse Gy A piuaw n B 9 gsebl
39205 4 dzgi b ol I3 4 03V ol oAbl oS yuS
P Giwe Ghud casS S ok coly ol 5 )iln.c i
S B gy xS0 5 o SeS 4 (ilushks
oy plzdl @ (550 5,5m slacnlyy S (shy) [azye

Ll

oS by lisle Jae oY

sl el (Ssl £93 5l Geixd ol > asllbe 330 (59,5 wly
by dwgy ggise o Jold (5955 @l pal eximsfiSis SLlel
29990 () JSb) sl Syme Sigl g by L3I sliz degare
5wl o &8l @by Lol Gzl g SSgl g Juato o 5
68,5 @by 02 $Sie cusbse pusi g Sigl Gilgs wSy> sl b
D950 wly (S9uy 4 y2i0

s sl

Jgaily

Gl (53,5 wlyy GIS sl (v JS&

wlusyd (S bl ol Swbas e¥sles Giegh ol 5
9] palos cundy

298503 B3R )l e (59) Sy e @y

90 hidpe wly GBI gzl pu SShel (5950 1 Y
wly (Sl olusa! g91) GBI bl degame 02 5550 ¥
03980 485,11 )3 o) uwiis JS)e ()

fewl JhE wly eSe b e jl plaliz pae byd -

08 S S dlwgay oS Shatie g2 S eygoty Sigl -0
29d0 Jao el Jato dlugy e Sy 4 0>

Pz &5 i el pSen g 6 cwlis b (695 dwgy 1
sl o lite g blgiSy diagy

Volume 20, Issue 3, March 2020



ohSan g y53lle Jamo FFY

e Jaaniliy (58l Y-V

Ginl gsazme wygoty i (U) i S Jawily 55l
il o (Up) Sigl sy 5,31 <(Us) (55,5 gy Jauniliy
s 5 (10) ey s (Up) pitenses 115 (sl (fuaslty
RO

U=U+U,+U, (00)
gty Gid ,a LS iy @ eailioe 45 jsb plen
1 3gd e ot G of oz 5Sye el 53 0jy @6 Jol>
Q1) kg, 1 eslaianl b Jowiliy (63, &b slapizn I So 2

2950 duwlo Y S 4 4295 b g (VA) 9 (V)

Us = mggh, = msg(f(a) + rcos(h(a))) (%)

» = mpgh, = mpg(f(a) +r cos(h(a)) ()
—Lcos(9))

U; = mygh, = myg(f (@) +r cos(h(a))) (A)
Sisl (595 Syaita 2 glail by 5 05 3Sye elail hy LT )3 &5
& (10) dhly )3 (A) 9 (W) 5 () Ly, (6,130l b st

9o Jol> (1) daly @ilhe (59,5 by Jawilo

U =m.g(f(a) +rcos (h(a))) +

m,g(f(a) +rcos (h(a)) — Lcos(p)) + ()

mg(f (@) + rcos(h(a)))

Sy e¥slae gyl ¥V
(Sl o8 Sy ai8leness wlaihe b 53 & j5b plas
oy gy ohss Sl 45 @ 5 @ (slagiably Jolis sy Sy
02l ez 5 $5Y @¥slee gl ol wisus SSsT (8,2 9

el (Y\) 9 (Yo) b.)'g) Chguody daizo §d

4 (8T\ T oU
4 (or) _or |, au _ Vo
dt (6(1) da + Jda Qa ( )
d (oT\ oT oU
z(%)_ﬁ—}_@_Q(p ™)

a segz ;s awbeuass slag s Q 9 Qg bilgy ol 1d «S
63l )8 ggazme bl Sl osliiwl b T s gl 5 039 @
eld s slag
W = 5er + W, = o + 16 = Qa6 +
Qy0¢
5 Sigl (595 ysige yoliiS Sl cusiyiy Ty o Ty o 2 &
(T nle sl L) @by G5l szl (5, ssige HluiS ugSae
©ilxe slaples (agi0lgids 4y dzgi b g (YY) ahaly 0 Ly it

(*Y)

b SIS (el g A8lpsasts glog e B9 5 Sax
Q=7
(*v)

Qp=T1
bolgy 5 Jamailiy (655 5 iz 65 @lg (5,10l I pu
oS wly eS)e w¥les dagpSEuie elail g (M) g (Vo)
A ales il (Y0) 5 (Y8) blgy wyson
mer2d + Lt + myr?i —my,rig cos(p —
h(a)) + m,rig? sin(p — h(a)) —
myrigah’ (@) sin(p — h(a)) +mir?a + La+  (YF)
my,rlaph’(a) sin((p - h(a)) +mygf'(a) —
megrh’(a) sin(h(a)) +myg f'(a) +

WA el ¥ oyladd Yo 09

ahyly Gilho IS eygot @ 5l G2l @ygod X (F) dilee >

el glo JB8 (0)
x = g(a) ®)
el qamles X caBge )3 e cud aigly (sl izen
tan(y) = f'(x) Q)

el e o aagly (gl (B) dhaly b waSys b ol b

y=tan (f'()) =tan (' (gl@) =,
h(a)

223 & s LY Ay plgiie oS el ol sbsS (V) dal,
@ygody (59,5 wly Gz 6550 (A) dagly Gillao 55 ()l o
5 (Tp) ol iz 3l «(T5) gy i (535 g9azme
aol glo P8 (T3] piteco G518 izl Gl 55 paigen

T=T,+T,+T, )
Sadse e (1) dly I eslaiwl by (59,5 diwgy iz (555

T, = %(msrz +1)a? Q)
3530 o> gy Guayinl plas Is woly) diwgy @2 My (ol 3 &S
Sigl iz (6553 izmad .l by digy lad T g of 02
sl drln 5 (12) sy G

(V)
@ Jeate b o ey s Ty 5 Sgl 02 My, o 53 oS
Billao o wlitin g abesass wlatbw cus 4 039 gl
193550 duslne (1) i

1 1 =
— = 2 =
_szVp_ m

T Sy

p

b
<l

<l

=V, + & X T, = rai + (—@)k X
(—Lcos(p — (@) j+ Lsin(ep —
h(a))i) = (ra — lg cos(p — h(a))) T +
(=l sin(p — h(e)))j

g 51530 By 5 @l 30 iyl Vy o Sisl Jobo L o 3 o5

53 (1) il 5l oaelewnsay Ty )il b ol Sl (sl

)

ol Sl iz (53l sl (12) alady
T, = %mp ((rd — lg cos(p — h(a:)))2 +
(¢ sin(ep — h(a)))z) = %mp(rzdz + (V)
12¢? — 2rlag cos(o — h(a)))
S p by GBI el g2 S Sk b puizes
eIy (S90S diwgy i
T, = %mil/;,z + gziaz = %(mirz +1)a? Ow)
szl Gl plas I; 5 wly Gl gzl gz my of )3
63 sl (A) ) GunsBb b el o o)z 5o Jo> o1
edly paalyd (59)5 Wl Gduiz
T = %(msr2 +I)a? + %mp(rzdz +
2¢? — 2rlag cos(op — h(a))) + (0F)
%(mirz + I))a?
wlaixe cus (1) daly osde caline «§ b las
el 0 ol L @liiiie 5 widlasass

ode Sl usige byl sele dolinle



PR csipné gobu (535 1 5955 @y S @Sy [0S g Seeliad Julas

Chgody plucs diu le JyoS dilee ceuaw 4 S
D50 st (V0) dsleo

é+kyé+kpe=0 (Vo)
o 4y cowd diogy Gidyz 4l sl Giley i e ol )3 oS
ol (V1) dhaly Gllae Cgliao

e=a—a, (V%)
45 (¥0) dlse grwly (HiS calps (sl wado yalie lsal |
e jio 4 led IS8 @ cuwl i guly slbs ples
el 05 JUS 3spluly glime 4 ol g 1d salss

wly eSy> (ilwad -0

5iS Jlael g (59,5 @by eSy> (sl Dslho e Slaal L
w8y wWleo g3ie U2 g Gilwdnd pladl 4 woly 4 S
9 dlwgy (S>> sblg; ‘QT =B &S ol odd 415'))3 by
_\JTU_A Cawdd Hgige hwgi sddslxl S )9L’i.;.i'.«§ 9 &QT
ey (s50l g iz (6551 dmlxe gl s ol 42T Gilhe
gl b o )3 (V) swses cod gl Gl @ puow
ol 0 el 3 h(@) @ 5 55 (@) by disy iz
wlsl )3 &5 Ganb @ (esabolxill gloply ypuws (slp) jokiie
90 Jae Lo

eld 0 Sye buwgs eadh wélue sl

Ss=RO=ra (*v)
‘oalnbe

0=— (VA)
byl plgie pized

x = Rsin(6) (¥4)
palgs () bl 53 (FA) daly 5l oaslewosty 8 (55180 b
ey

T

x = Rsin (?) (Fe)
Wolso j1 oolitaol b ((yrane alslee) F(X) cymasd sl oaizean
:‘Qg)lb o)glb

x2+ (R - f(x))? =R? (FY)
‘oalnbe

y=f(x)=R—+ R*—x? (¥Y)
stte 4y o f(X) 3l g5 gtie b g (£0) ahily 038,553
edly eaolys a

ra Rsin(&
f'(a) =rcos (7) ¢ ool (FV)

R2—(rsin())?
Wygeody wly (iE)> gl can s cad gl ol
Sgde lu (£8) b,

Rsin(ﬂ) rcos(ﬂ)

h(a) = arctan(—=% R (FF)

R2—(rsin(F))?
sldaiin g cauS S 3Slac 95 (ulal p (gilwands b
gy 5l ookl b g laySlac bl a> u_\s)f)lm)b Ly I)Af &l

Modares Mechanical Engineering

mygrh' (@)sin(h(a)) +m;gf’ (a) —

m;grh' () sin(h(a)) =1

my, 2§ —myrli cos(p — h(a)) +

m,,rlo.uzp s,m(go - h(a)) — (v0)

my,rla®h’' (@) sin(¢ — h(a)) —

my,rlag sin(p — h(a)) + myglsin (p) =7
SO ohb a4 (Selins ei¥sles cpdly Lty b sy Giso )y
695 wly glxbo S gl cuwbe Ghoné oasS s

RV RCAFEARL ESAY

wly oauS S >hb -t

93 Ghls 393 lambo Sy 53 (595 wly Sl 4 4z b
5wl SlaceS @by SO palal 039 Slee S5 g (53T 42y
of S sl SleeeS slawly sy S slagis, 5 2b
U5y 2 e (35555 ol 53 sl LIS g, 3 editul
3 35l 9Sae ooy Sm S s eatall LIS
el Blgz 0

Sy @Vslne unyile JSi (Y0) o (V4) balg, 5l esliwl L
ol oot BB (V) ey g0t

My, My,|[a Ni(a,9,a,9)] _ [T
My, Mzz] [(ﬂ] + [Nz (a,0,a,¢)] [‘L’] (%)
Zuy ol &

My = (mg +m, + m)r> + I + I (vY)
M,, = —m,rlcos(¢ — h(a)) (YA)
My, = —myrlcos (¢ — h(a)) )
My, = m,l? (W)
N, =

+m,rl¢? sin(p — h(a))

+ msg[f’(a) —r h'(a)sin (h(a))] + (¥)
myg[f'(a) —rh'(a) sin(h(a))] +
m;g[f'(a) —rh'(a)sin(h(a))]
N, = myrlah’(a)sin(¢ — h(a)) + )

my,glsin(p)
gy OISz gl woly LS Glel psie 4l 4 4295
15350 45liiS (Y1) ayile dslea I oslitwl b ol o i
Dgdize ol (VV) ahaly IS 4 @l Syme

M11M33—M1M31 .. | MaaNi—M1Np
= @+ (¥¥)
Mz2—My3 M32—My3

(¥6) sy gty ol 4 ovigdlacl GHuS lusS axiliz

2398 i8S Jhi )
M1 Myp—M1o,M . . .
‘L'=( 11M32 M1, 21)(ad_kv(a_ad)_ ¥¥)
Mzz_Ml%W N{—M1,N:
k a—a + 220N1—M121N2 (
P( d)) Mgp—M;

oS diwgy b Sy wslhe Gily &6 Sl ag ol > o
Gl g e cude calpd cudyia Kp g ky puises ol
gl sladasin g JSib 55 Ll pslio 45 s @i (s
39S ol Jlasl b st S350 a2y b

Volume 20, Issue 3, March 2020



ohSan g s lle tamo F5F

plho s sl diadlys @by 3gbue sanline 45 ob las
ole 3l om b 395 diwgy GiEyz Ayl (sl oabans,Syys
iy odmlie Hohiiedr .S JLSs (@il ¥ 3gas) aligS cuudd
sl Sy g widmhb Ghi e canS S 3Slae
Gt sshiedy 9wl oud bl Y bgal Gillae pitucus Gl
s jlae odgame (IS LS plhae zoyd pae
o gy ¥ jlagal Gilhao plej s 1 gige HoltS laged
Sy=e gige dgds0 odmlie ¥ 5lagai ;3 &5 j9b lan cwl
h odpmni S glal > 4wl eSe b e

el 03auy (g 5lodand

30

Error of Rotation Angle of Sphere (deg)

0 5 10 15 20 25 30
t{s)

adgl kb ced oglhe cdl> 4 caws oF gy dugl slas (¥ jlagal

0.5¢

054 - L

Torgue (N.m}

25 | ' I I
0 5 10 15 20 25 30

Dl yune ) bt sl bl o (59,5 @) sgise y3leitS (W ylagad

Sriably el Sl b by Jyus -Y-0
O 53 (S5 sy @by Gohb slayiahly (s pSojlal
303 399 6),50)‘|_\j| skt skl Jlais o)lgan ‘UJ):LLS)9LL.11§
i (bayiohly 28lg ydlie guas )3 LS 3929 458 L 1
il 4wl oSS |y eS)e JuS ollgs Ll oaus s
(s xtohly Gasels 4y 0auS J3US (dge9lie (liae s sokiedy
G539 slayiohly (Sem sl %) Glie 4 allas 85N b
A aleS bl (59,5 wly Sy J3US 5 (glodad gl wly

WA el ¥ oyladd Yo 09

awl oad ol Yo sae ply Kp g Ky ylie das g ew
Joaz Gilho «(gilodd sl e glasiohly jalie puizen
gy 555y il plas (sl cogdedy ol 00 i8S HJai 53 )
el (Is) @by

I, = mr? (FO)
s Syo gige (shy oadars, Sy sldl s> puizen
0z gl el e (shy Ban @i el ¥ Nm 5luss
2 (871) dhily eygody (JSbslonls ahw (555 &Sy o> 53 05
Sgdia 418 b

a,; = sin(0.2t) (%)
ced wlgn wly « cwl of oS by S Jus jl due
slae @l ccal o1 53 dalsl 3 4 iglate diwlgsl byl
A5 s eine ahw (59, <S> b |y 395 diwgy ¢hed

Gl (sl piunw glayiobly polie (1 Jyaz

Jlade s yiably
\kg M;
kg M;
Ykg M,
o/0m r
Oem R
Yos' Kv
Yos1 Kp
o/\kgm? Ii
o/FOm 1
a/A\ms-2 g

wolho a5 Grhiopd alsl bauld wad wly Jyus -0
iz by olho adgl gl ey g adsl aygls &5 Il o
SSlae Gui yohieds wwl jao by (£7) dhyly Gilhe @l
ey g o/orad phy |y @by adsl Gisyz 4l was s
L eamSioe HhI , adli n glaly sie |y wby adsl sl
Wy lae LS Jaadhans @dslee (g3ae Jo g (gilwdandd
L dunlio )3 wby =8l (iyz 4l b sblie Gl (et

Ao cawsds ) lagad Gillae wglhe wdls>

T
imulatian

eal

Rotation Angle of Sphere {deg}

0 . . :
[¥] 5 0 15 20 25 a0
tis)
Aol bl s gl 4gli b dwnlie 13 (5555 @y Giyz dgli (1 slagad

ol e y Guhaieye

ode Sl usige byl sele dolinle



$5D cmat gshu 93 1 535 Sy S oS LS 3 (Sualips b
235 G5 b s S

Sy Jlio )3 pglie (sbag sl oylgas caslly 53 4ol 4y azgi
3929 S8kl (slag sl puizer 9 ok cuglio g9 dle
55 ol Sl Gis sy eniiahb oS yuS Galle 11U oyl
Uide ol 3 ol el Llyedn (slohg ol S wlilisdl
edls )y @l gy (Ta) eolasel plus o Sk b
Szl )3 0auSJ0S ySlas Gup 4 wipnd ahe g9, <S>
Al oad aiSlyy @l gy Gz e sthe Gl
Sl 055 Sy yoeb eygoay eSy> ¥slee ys alaael jluas
ol O duaite b ybliie didbyesas’ (59515 5 (Ta)

Qe=7+14 (FY)

Al Ta i ool » ol ead S eSye (glwdnd sl
cudni slhd (295 gl bl epSe JB s o/YNm
oxd o9l A B Y (slaylagai ;3 casyiay Slac j3lisS g jaune

Ll

8 -
Simutaton|
| — ]

Retaton Angle of Sphere (deg)
[ [ &
2 = 5] 5

&
a

,533 —

0585 b slhe aygli b duglio )3 (59)5 @y Gidyz asly (Y agad
(oo 3 .))|9 b.wl.w.,gd )9l14i3§

"
i
1

)

Error of Rotation Angle of Sphere (deg)

<] 5 10 15 20 25 30
tish

298 18533 b Cgllae o ) o oS olhgs agls slas (A ylagal

s 5y ALl

Torque (N.m}

) 5 10 15 20 2 0
1{sh

» ly Galaael j5liaS (a5 b 59)S wly Hgige jslitS (3 lagad

Modares Mechanical Engineering

GialS B (Jao 1 @Sl Saslis @¥slee ,3 & Eygo o
S 0 sie Jlael (V gz n Gline) o2 9 Glob sslie
5 @by 3y (DS H5liS st Gl whesi ol
laytohly augl jslie Gline y auS S 5 d9dsed 48S
WS e Jos (1 Jg42)

bl p @i by Ghes w8y 4l bbb (s ol 5
Sy (5wt S 39de i8S i 53 Cglhe yane 4l
b el ok a0l 15 € claylagad s wedls oyl 5 oad s
Cyguody 0435 1S 45 3940 odlin 0 g ¢ (slayldgal 4y dzgl
LT @B (s yehly (sloiumel Cglhali il diwdlss Jod JlE
[y 395 cadippasd Ging 5l welbo juwe walyy Gisyz dgly g
3 Sy 49l T l3900 4 4293 b puizan 43S JLSy a4
ol 03,53 ol o (gly o.\xbct;ié)f)léj)) bl 3>

Simulation

Rotation Angle of Sphers (deg)
] & 8 &

L
=]

10 15 20 25 a0
t(8)

o 5

o583 b slhe aygly b duglie 1 (53,5 @y (isyz sl (£ lagad
©xobly rasmels

Errar of Rofation Angle of Sphere (deg)

o 5‘.! 5 10 15 0 5 ao
tis)

el 38,5355 b ol o &) e 555 olys sl (sllas (0 fagas
ey

Torque {N.m}

"o 5 10 15 ) 25 30
1(s}

Sl (535 Sxiohly Glemels i8Sk U (5955 @by sgige 1olaS (1 lagal

Volume 20, Issue 3, March 2020



ohSan g ya3lle tamo 55

Tarque (N.m)
& & b

5 10 15 20 25 20
Eish

it 5y Gt alsl byl o (59,5 @y sise 5lisS (Y ylagal
ilaadl 5l 5 syl sl ioglas

GRLERIR

Glmbo Sy J3S g Sweliny (giludie 4 Glagly ol 4
ool 0 ad sy e mhe SO (595 Gl (59,5 wly SO
Gle 2 of Gilwdre 5 (59,5 wly Hlidle zpus )l jskio
daiie 95 Gl b dalsl )3 g odauy pladl 4 yg5 50 @l
() Sisl whss aasls 5 (@) gy hes dgly ubas aidlypress
69y @by glamio eSy> wYsles ghiiul g (Suelias Jul=s @
$ISY Gig) 1 osltil by (e (IS dhslse 1) wding zobuw
Al iy

0 63T wilzys slaei 4 cuwd Slee slasi 39105 @ d295 b
G 10 5 039 Sy ol by B 5l el Jus
@ slehs 5 Gie g b (Ghspe eSS SO >k
adgl bl 85,855 b welsl 3 o aislyy Soud SaS
alaagl jgliS puizen 5 (5 iebly (soli Gaue  Gabaiope
8 G ey 0aiS S dgeglie plise (etuc g
loaSHlubl bylyd iz 53 odelcwnddy gl aidl 4«5 ol
(s @) spumo 3 JLis 53 0235 S glhae 3Shee (sbosS
The n e8> o> (595 diwgy 0hed Al le eldpuss
o Phb cwl odgr Gilwdnd gl osdolail wiipne
6l oxels BB bt b (5 Slae I oslal ISl oSS
S (Slee gl 42) g9850 ol &5 aislo eals |, @b,
D9d0 Pgwe (595 sl  >hb leeasgaxe

el 0285 (IS S Siungd bawgi (5390 13338 g S
el 0285 (IS B oyl bawgi (5390 1INS] 4pali
el 0285 IS B gl gl (390 1@dlie ()lai
sy (sl eviungl) Hnlle deme Buugsi g
oy o138/ (g lel SLli/ Lol Simgi/ (pwlii s/ 401ia
AL/ (SaS Sitmgsy 93 ediunsd) plylizwe e (%)
(pgw odung) senS o H(BYe) oy 0aylS/ gkl
(%Ye) SaS Sy

el 0185 ()l S tiengd bawgi (5390 (e @ilie

WA el ¥ oyladd Yo 09

3929 b by a5 3gd50 odalin A g V slaylgal 4y dzgi by
oile @l dtudlgs w8y b o » poliiel jaluss Jlacl
3929 bl 395 (59,5 diwgy e ausl (sl oadbidnyes glho
Slone o39a5a 53 Slac sl (yrizan aylad JUds (Sl sl
(8 13g903) cawl sxile 8L Wby eSym> b o gly o pass
sy Gabiopé agl byl wai (g9)S wly JyuS -F-0
olaagl glisS 5 (g yiahly umali woglbe

Sl Jole 4 pm o5 aSie i 5 b Gy i)
Grably ool ey Gaiand adgl bl iy wly,
wBly 3929 plejar jobdy w3 Yy oliael ol
b slayiohly dan pslie )3 hs %) s929 58 b .uibly
309 69)5 dlwgy @ o/ONm ‘:wl.m_\_c' )9l;’u.ik§ dLA.C' 9 ub)
4 eo/Vrad Gicyz gl b blie Cglhel audgl bl sl
51 slhe e 45 LRl sl 53 oS JyuS 3Slac ay
5 diels ol gde wiBlayy S JLos |y sddinsd (i
Jldgad gy S yz gl Jlagad Jold wedle gl 53 (g5lodpnds
sly15905) sl Syma 5390 4518 Hl3gad 5 (ilej fuly sl
b 390 camlie V) g Vo (glaylagad 5l a5 jgb ylam (VW B Ve
&l oS @by Gisyz gl S oauSilull Jelge 3929
ol rord SNl ey @31y (sl ) 395 glho Gl
15> 5l Hgige yoliaS Y lgel 4 dzgi b uisen cwl 63,5
anl 03)S5 59l glul jlxa

a0

Simulaten|
Keal

404

20F

2ok

Rotation Angle of Sphere (deg)
o

'y
o

-600 5 10 15 20 25 0
tis}

gl byl i gl dygly b dulio 13 (59,5 wlyy (idyz 4pgls (Vo jlagad
il iS5 (s ytehly el coglhe jrus » haiond

=

-

Error of Rodation Angle of Sphere (deg)
_h o

)

% 5 10 15 20 25 20
tish

sl b o Lsthe e 4 e oF ohes sl slas (1 lsges
il 5l 5 (s ytehly el coglhe jrus » Gihaiond

ode Sl usige byl sele dolinle



PRV el goh (595 30 5955 wly S @Sy JuS g Saalins Julas

Piscataway: IEEE; 2002.

3- Bhattacharya S, Agrawal S. Design experiments and
motion planning of a spherical rolling robot. IEEE
International Conference on Robotics and Automation,
24-28 April 2000, San Francisco, CA, USA. Piscataway:
IEEE; 2002.

4- Zhan Q, Zhou T, Chen M, Cai S. Dynamic trajectory
planning of a spherical mobile robot. IEEE Conference on
Robotics, Automation and Mechatronics, 1-3 June 2006,
Bangkok, Thailand. Piscataway: IEEE; 2006.

5- Shu G, Zhan Q, Cai Y. Motion control of spherical robot
based on conservation of angular momentum. 2009
International Conference on Mechatronics and
Automation, 9-12 Aug. 2009, Changchun, China.
Piscataway: IEEE; 2009.

6- Zhang W, Liu X, Fang C, Sun H. Dynamics modeling of
spherical robot with arms by using Kane’s Method. 2008
Fourth International Conference on Natural Computation,
18-20 Oct. 2008, Jinan, China. Piscataway: IEEE; 2008.

7- Joshi V, Banavar RN, Hippalgaonkar R. Design and
analysis of a spherical mobile robot. Mechanism and
Machine Theory. 2010;45(2):130-136.

8- Karimpour H, Keshmiri M, Mahzoon M. Gyroscopic
stability analysis of a rolling robot. Sharif Mechanical
Engineering. 2014;30-3(2.2):105-112. [Persian]

9- Liu DL, Sun HX, Jia QX. Stabilization and path following
of spherical robot. IEEE Conference on Robotics,
Automation and Mechatronics, 21-24 Sept. 2008,
Chengdu, China. Piscataway: IEEE; 2008.

10- Azizi MR, Naderi D. Dynamic Modeling and trajectory
planning for a mobile spherical robot with a 3Dof inner
mechanism. Mechanism and Machine Theory.
2013;64:251-261.

11- Muraleedharan N, Cohen DS, Isenberg DR.
Omnidirectional locomotion control of a pendulum driven
spherical robot. SoutheastCon.2016, 30 March-3 April
2016, Norfolk, VA, USA. Piscataway: IEEE; 2016.

12- Ivanova TB, Kilin AA, Pivovarova EN. Controlled
motion of a spherical robot with feedback. L. Journal of
Dynamical and Control Systems. 2018;24(3):497-510.
13- Sadigh M], Salehi A, Keshmiri M. A Semi-manual
master-slave algorithm for control of flexible micro-
macro manipulators. International Conference on
Methods and Models in Automation and Robotics.
Unknown Publisher; 2007.

14- Meriam JL, Kraige LG, Bolton JN. Engineering
mechanics: Dynamics. 8t Edition. Hoboken: John Wiley &
Sons; 2016. P. 313-390.

Modares Mechanical Engineering

(ms2) 4l Ols g9
(kgm?) oyl ploe 1
(52) xS S aunlis ppd kp
(51) oSS Ghitde oy ky
(m) K57 Jsko l
(kg) Sl o, m
(m) o3 glass r
(Nm) Sy sgig0 s5leis T
() Gz 3 T
() Jeeiliy 5358 u
(J) Sige logyd (s5lze ,15 sw
Gl padle
(rad) o5 (2,2 ausl; a
(rads) o) (slaygl; ey a
(rads2) oS (slasls Sbs a
(rad) ahuw cub al; 14
(Nm) ,gige ssleis T
(rad) SisT Gisyz sl ®
(rads) SSgT (slygly cuepmo ®
(rads2) SisT glasly ol ®
(rads) gl (glaygl; ey 5l3y Wy
L yuntgiyaj
gy s
Sl gl i
wly jSye
Sl p
&lie

1- Bicchi A, Balluchi A, Prattichizzo D, Gorelli A.
Introducing the “Sphericle”: An experimental testbed for
research and teaching in non-holonomy. Proceedings of
International Conference on Robotics and Automation,
25-25 April 1997, Albuquerque, NM, USA, USA.
Piscataway: IEEE; 2002.

2- Halme A, Schonberg T, Wang Y. Motion control of a
spherical mobile robot. Proceedings of 4th IEEE
International Workshop on Advanced Motion Control -
AMC '96 - MIE, 18-21 March 1996, Mie, Japan, Japan.

Volume 20, Issue 3, March 2020



	1234
	1234-TXT

