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Dynamics Analysis of Robot Manipulator

{Computer Simulation for Two-Linkage Mechanism)

Shinobu SASAKT, Yoshikuni SHINOHARA and Hozumi USUTL
Department of Reactor Engineering
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

(Received November 30, 1989}

This paper is concerned with a basic preoblem of dynamics of
spatial mechanisms. The problem of dynamics for cbtaining the driving
forces and torques that will realize the prescribed moticn, the so
called direct problem, leads to dealing with expressions which becomes
extremely involved with increasing number of links. From the practical
standpoint, it is desirable that this complexity of dynamical equations
be simplified by means of introduction of reduced models with well-
grounded approximation.

To this end, attention was directed towards analysis of two-=-1ink
mechanisms having some of the fundamental functicns in ordinary
manipulator to accumulate experience of better simulation of dynamical
movements. Through examination of analytical results, the various
mechanical effects were clearly identified in torque behaviors of

individual -joints.

Keywords: Direct Problem of Manipulator Dynamics, Driving Torque,

Coupling Effect, Inertial Matrixz, Lagrange's Equation
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LETELNRTES, LEFNST, R(Q2.14), (2. 15)TRULEL I &Y ¥ 7 iOBREIRE
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0 0 0 0 0 0 0 0
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Tr(84) = (mz/B8)az%6 2% (2. 34)

Ko

Tr[S1+S2+S5+54] :
(mz/G)azzcggé 12+ (m2/6)az26 2 (2.35)

1l

—F, BEEORT vl TRIVE—F, RUYIOBRLICBWTEHET S L,

P, :—ﬂhgTa =my g "(Auiry)

cy 0 -8, 0 0
=m;(0,0,8,0)is; 0 ¢y 0||2d:|=—3mdig (2.386)
0 -1 0d 0
0 0 0 1 1
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2185, CTIT, gREINY MNUT, Fig LIKRUEEERS (O FRE2ENNEE
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PET, VD7 L2E0EB IRV —LRT vl TRIILX-DHEL MR o
Zeh5, lagrangian LADEFOLHICRET 5,

L= (Iﬂ}/6)d129 12+ (mz‘/G)azzczzé 72+(m2/6)a229 22
+ymidigtmeg(d;- azsz) (2.38)

Zh%, lagrangeDBEIFERICRATRZ LT, BHESICERTA NV T, T2
ERiCEBEEsHES, +4bhb,

d &L gL
Ty = . }*
dt Jd o, 08,
_ WE{ m;d12651 N Iﬂza.gE‘CQEté3 1}
dt 3 3
d'?" ‘79292‘! 299297‘ I'D ’
_ m;d;=& . Mzaz"Cz" @ _ dlzaz 82026 16 2 (9. 39)
3 3 3

= Jﬂé’ﬁ'(fﬂéléz
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AEITH, Fig. ITRT2U VBB LA, EVEESPENAFELR TN
ZoOEMELHHTROE M IVHERCESSEHT 2, HEBIREII-T, 7, &
BERCBTZTMEAVOBET AV ERDTBZD,
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AT, BEEHEOEEERIOELLY., LhoBRE— AV MCDOWTIE, Ur2lE
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HMOEbYOBEE~A M2, ET5, (Fig. 358)

ATy ERdne 32, di=pdrk Y I, M

zd,
I., = JrZdm =f pradr = m,dy2/12. (3.1)
1
=5 d

EHENE, EEL, mepd, (o 3EE)
B, COBO-EHMEBYEBCEELE(EDORY OBMHEE— AV Mo,
THMOEEEFE-T

Toq = Ipp + mi{2d1)® = §midy® (8.2)
AELhd, 2hiv, DI LICET2EBHEE— AV MNE,

12270, Lix=Iyy= tmid,® (3.3
ERB, Bk, UrrUI20n T

L0, I,v=l:2= Fmzaz® (3.4)

LEZS, FTE, UYIIOELG 0, ¥4,,00& 0 7 20ENG(- 3 az, 0, 0) DEER

Fig. 2L BT WTHREENS, A DEER(22DICRALE S OHFR(2. 28), (2.29)

THB, |
DEKC, BEINV I RHETEI AT, REFOEHEELLD ., -

Y, MEE%Fie.4(a) OWTEALL D, ThbE, BERMION L2 AHMOBE

BRIA-FZomMEECEHL, BELZIHFESOMERETHSETINVEELS, ZhER

TEREE, 2¥F0LHICh s,
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dzq*ga I=t=

( T)
at? \ -a ( T) 3.5

r\s|..
II/\ r~=I-

FE.DERHSLT, TRHOBREM(t=0Tdq/dt=0, t=T/2Cdq/dt=V, t=TCdq/dt=0)
5
de [ Q@V/Dt

(0<t=1T) fHL, a = 2V/T 5.6)
dt  |-v/T)t+2y  ( % <tsT) '

=T

LEBICHRETES. HL, EE@&E@&%@%@BB%}%J%H'@%HH%%H, R+ T TR

KEVE LY, DEBERHEDS LUBHTTEIET200L T35, (Fig.4(b) 38B)
zh&v, EFiOEENALOL22HEL L TRIONE, MHOBERESF (=0T

q=00,t=TT@E0.I)PBRB.NOLIICEIT S,

(V/T)t%+ 0 g (0=s=t=1T)

1) =) y/myezaavesc ( L+T=t<T ) 3.7)
t=+ TR OEN—E T 221,

(V/TI{(EFT)2+ 00 = -(V/TH)(FD=+2V(F T)+C

C= ~(VI/2)+ 0 ¢
PLT, ZOBBEAOEDL D ICHRET B, (Fig.4(c) B8)

q(t) = -(V/T)t242Vt-(VI/2)+ 8o = -(VW/T) (t-T) =+ (VT/2)+ B o
t=T%#ALT,

VT +80 = 6., AO=8x -80 (3.8)
#EB5, 2h&y,

V=2A8/T, a=2V/T-=4A806/T% (3.9)

yira, o0, MEELBEAEEABIRMTEBEAOBHEA O TRETE S,
Lk, BT )7”@Ld’%?é‘ﬁ(2 39), (2 INICHBWTHEE, MEEMRAOX

HITREENDS,

B, = (400 /T3)
6, = (4A 6 /T2t } (0=t< LT)
8 = q;(t)= (V/T)t? =(2A 6 ,/T%)t%+ 0 ¢
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g; = -(4A 6 /T3 (3.10)
8 i :—(_4A 6 /T2 (t-T) } ( +T7 £t=T )
8; = q(t)= -2A9;/T)(t-T)%+ 9.

i=1, 2 t=T/n(nix 488

FNTH, BHRRRERTRED,

M OMBEL LT, Fig LORUESBERBITZBL TR 2Y ¥ 780K —
LR arvkMERT 3, LT, EOBREFAE, BETH%2IEEL T2 Rz I
WUT, Rt hUREET D, &, 28icOonTH, KEFRICHWESZU VY
A, Bz, L TREFTEDVERELT S,

Fig. 5h B Fig. 9%, 0.,=00& L T, 0:%-90(deg) 5 45(deg) E TIHM T THEEL

EEEOXHTH S, Fig. 53, SHIMEICIER T 258 MLy LBIETA 6 0BIART,
Fig. i3 Zh 2 BMICOWCELHELDOTH S, NOFT, ACKE, MEEICELZED
{841 %, CENTIZ2EBhoSEE A RIETRLAN%, COREIE, 2 @ 2o nBfoEEIC
BET2aVAVON%E2, FERVEENATEERT., TITALBZ SRR &2 A Z5EE)
bV ERT, Z0BE, EFBTA MVt BENACEEAE-BELTHLH I LA
bbb, MIL7IE 0220, t=5.5(sec) TIRALZ S, —F, LMICERTS MVY 7,13,
BtHd, HHoEEEM, Thobb, MEE, EE, BEPEIFig A BFig 9icRE
ha, BEFTIE, SHEHOREAEE%30(deg)/sec, FH15(deg)/seck LTERZEIT
o7, Fig. 102 5Fig 21id 02 EE L KRBT, 1E% iR L 256 (0 ,=-45~45(deg))
OEBE %Y, Fig 1013 62=-90(deg), 2F Y U V7232 BEICEIFERECIEICIER
TAHRNVIERLEROTHD, ZOMUVIOEDPEE, BETETLEFL—ELRDE,
BHE—AY N1=md;%/3 A—ET, POZOHICIERATINEES —EEENEE
HTH5, Fig ITRELDIC, HFEAEECR>TWAZLAS, HEHINOENH
FADDMB RN EARE, 1201, FEIBH TN BLartEs,
Fig. 13,Fig. 14id, 0z=-45(deg)iCEIELELE D 6 (PRAVDOELICHT 5 7, 0%
tERLEEOTHS, 2HHE, Fig 100Fig 11 FFICIBEEZSRAIKEIHNT
WBZERREATVWS, 105 Fig 15, Fig. 120FBEICHAT45(deg) > 0 B
ORREARN, FRFIEO ML LV ERACAERESRELE, CHhIEDHED
HAEE V7 ICEEL TS, 0 2BEMED 590(deg) BEZH=(TEFig. lOW
HAR—2LBI aviclHYTs)e s, NOFBRELULTHWEY, 71, 23K E
F*ELEERLTVWA, EBIC, 0MAEfAARETdICOh, BT, T 2DfE I
NELB>TL 5, (Fig.19~Fig. 218 R)

oFEIC, O0HSRERICHIBEETBE S EELEO MU ESERFig. 222 5T ig.
BICE 2B, £, Fig 22~Fig. 2513 0,k 2% £ £1C-45D B 45 (deg) F TEHMIT T
BELELESOEETHED., 71 OHETE, BEALaUAV OO EN TSV
ERENTWED, —F, 17 DMV IVRBENEFOANREERICE>TVS, £O
AEZRIEOFOICHATERDTREN,
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Fig. 26, Fig. 27i%, SE28h%giL (ic45~-45(deg) E THREIZ B EHKRTH D, ©:
DWW, Fig, 22,Fig 28id2<—BT 2D, 00D THFig 25 Fig. 2T% HEET 5
L, MEE L7 ARBRATERLTH 2000, ZOEMEH T/HEWEDICET
OEOBAFTEHAE R >TIFLAE—BLTHWEERBNS, Fig. 28~Fig. 313 6,=
-10~20(deg), 8 2=10~40(deg) % 2(sec) TEME L = ZBOFHETH 5. Fig. 8ICBIT S
TANOERLLT, JUZUOINEEUL(sec) TRAK RS GHEFRIC)A, HEE
iR ERERLUE, —F, Fig. 30icB8i32 v2id, RETHMEERICES, E
FESHHCRENED, MU oRERRES Wy, Fig 32~Fig, 35i% 6 ,=-10~20
(deg), 8 2=—40~-10(deg) % 2(sec) TEIE L == R OEHETH B, Fig. 3213Fig. 28iCth
R, aYFY ORI AFEICERLEES, FRAEFTRKEL MV RHZDE DT,
T20Fig ICHARTERA-TERLTVS,

Fig. 36LARkIZ 6 1=5~20(deg), O »=-40~-25(deg) % 1(sec) TBEI= 2L OT, M7
EENIS E TEERENT A, ToERRESFHREENE,
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Vo2l —A20e o2 EEEREASNBZ2) YV 7BBOBNBRIT*ERLE,
B A ERAZTEANOEI T AN~ AT YUY IV R ILEF -5, Lagrange
DFBRENL THREREZIHT L AERL R > TV, SALESIEMTH D
A, MEEEEIT S MV AERICIRE LT, B, B, kLR Z0DEEE
ZZLANTEE, SHOHECRHMEED MEE2ESHATWEOTEPHEEITR
EEETEMUOBERSIHULED, EBE2RALZLICLYER D NELHIES
W3 THAD, LRI, SETHLLIEDN, EEBAAFREZMFBZZ LICLY ZEAD
FIOVERT 28I, ERF— A LORBEFEE LW OTROBEL T2, BEDET
VY Y I BEABEMREZ EASHBVLERTHY, FEHOSEE LY FHICH
ETED, *2T, COBMOERMRICLIET—A LKL, BFEFILOR LSS
BT LAAHTH S,
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{a) Kinematic structure

%o  BASE
S S S //yO/;’\/z///////
_‘}K Toint 1 Xg
|
d1 91 ZO )
‘ &/ﬂ\&/ - Tyz

| 9 —
L 2 met Lz ¢“‘+ X2

(b) Link co-ordinates systems

Fig. 1 A simple linkage mechanism to be studied
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Link 1

Fig. 2 Vector representation at the center of gravity
of each link

(9} (P
|
|
[

Al ]
dr 9] dr di
p Z

Fig, 3 Calculation of moment of inertia of each 1ink
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b

(a) Acceleration distribution

|
.
T2 T

(b) Velocity distributiocn

D

= (c) Joint angle profile

Fig. 4 Distribution of velocity and acceleration of

joint angle
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Fig. 3 Calculated torque T: corresponding te variable
joint angle B; with 9;=0(deg) fixed
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Fig. 6 Time dependent behavior of calculated torque
T2 with ©:=0(deg} fixed
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Fig. 7 Time dependent behavior of joint angle 82
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Fig. 8 Acceleration behavior of joint angle P
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Fig. 9 Velocity behavior of joint angle 0o
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-+ COR
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OH 3 3 5 ¥ 4 & 5
1t |
. 2 L ! | i 1 i
-45 -30 -15 0. 15 30 45
Angle (deg)
Fig. 10 Calculated torque T:i corresponding to variable

angle 9; with 0,=-90(deg) fixed
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Fig., 11 Time dependent behavior of calculated torque
T: with §,;=-90{(deg) fixed
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Fig. 12 Time dependent behavior of calculated torque

T7 with ©;=-90{deg) fixed
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C)'Ezc = B & e '
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Fig. 13 Calculated torque T: corresponding to variable
joint angle By with 8:=-45(deg) fixed
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Fig. 14 Time dependent behavior of calculated torque

T; with 8;=-45(deg) fixed
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Fig. 15 Time dependent behavior of calculated torque
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Fig. 16 Calculated torque T1 corresponding to variable
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Fig. 17 Time dependent behavior of calculated torque
T1 with €2=0(deg) fixed
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Fig. 18 Time dependent behavior of calculated torque
T:; with 0,=0(deg) fixed
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Fig..19 Calculated torque Ti corresponding to variable
joint angle 01 with 0,=30(deg) fixed
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Fig. 20 Time dependent behavior of calculated torque

71 with 0,;=30(deg) fixed
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Fig. 21 Time dependent behavior of calculated torque
T with ©;=30(deg) fixed
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Fig. 22 Calculated torque T3 corresponding to variable
joint angle 03
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Fig. 23 Time dependent behavior of calculated torgque Ti
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Fig., 24 Calculated torque Tz corresponding to variable
joint angle £,
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Fig. 25 Time dependent behavior of calculated torque T3z
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Fig. 26 Time dependent behavior of calculated torque T:
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Fig. 27 Time dependent behavior of calculated torque
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Fig. 28 Calculated torque T: corresponding to variable

joint angle 0,
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Fig. 31 Time dependent behavior of calculated torque T2
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Fig. 32 Calculated torque T corresponding to variable
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Fig. 36 Calculated torque 11 corresponding to variable
joint angle 63
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Fig. 37 Time dependent behavior of calculated torque Ti
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