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Gravity Compensator for the Roll-pitch Rotation
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Abstract: This paper presents a gravity compensator for the manipulator of a service robot. The manipulator of a service robot is
operated with low velocity for the safety reason in most cases. In this situation gravitational torques generated by the mass of links
are often much greater than dynamic torques for motion. A gravity compensator can counterbalance the gravitational torques, thereby
enabling to utilize relatively low power motors. In this paper the gravity compensation for the roll-pitch rotation is considered which
is often used for the shoulder joints of the manipulator of a service robot or humanoid robot. A gimbals is implemented and two 1-dof
gravity compensators are equipped at the base. One compensates the gravitational torque at the roll joint and another provides the
compensational torque for the gimbals. Various analyses showed that the proposed compensator can counterbalance the gravitational
torques of 87% at the pitch joint and 50% at the roll joint. It is verified from dynamic simulations that the proposed compensator

effectively counterbalances the gravitational torques.

Keywords: static balancing, gravity compensation, manipulator, service robot
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Fig. 1. Two dofs rotation.

e 23 oA Qo] M ol Aol ek 1 |
N BAug 9 ey

fU ofN

'R, =R.(6)R,(6,) M

pol = ZH7E 29 HEA9 o) HIANA vieRE FAIF
Aol 91x1ghi *p = [, 0, 00|32 P = "Ry’P = [[cosbicosé,
sinficoséh, -sin6]". Pl T+ Aps1uIot §, 5 AlLkEkch

—siné,cos@, —cosfsind,
J,=1| cost cost, —sinfsinb, (#))]
0 —cos 6,
ESCETERE
TW = JﬁFﬂl (3)

o714, F, =[mg,0,0I', =, =[7,5,], g& 4 7H=olth
0 F20] o8] WAlsh 7 2lEe] Bald,
1, = mgl[-siné, cosd,,—cosd,siné,] )
L WA E3 AM

1. 1ARE %E_ﬂ. PN F7|—‘rL

Roll-pitch FHBA 7]l 2g3t 1A-F%= T8 BAV|T
£ A :LFJ 2 (49 1IAFE Y 71T Ve

W}, 2ol xF o] 143 A9k WA 99| A Bl 94
HAAvk A 49 B A7 dAelA pes "olzl 9X= g
th o]7|A XL zerolength o2t 7). Zero-
length =325 27| W97} Qi AdefollA] Zol7} 09l =2
ot} Zero-length =X 9] A T ABTIHE gloo]
2 ARG AZYS Ho| s sl W So] Jls3)
ok 1% 2004 ¢ = 22w 2232 Ao)7} golrk. Ed, ¢317
o S +2 W o PRk

1A= B =] FAZE molar A g4l 93 o9l
A R ol $1x]4d] )& 79, potential energy function=-
ofefs} o] WHE 4 itk

V(q)=kS*(q)/2 ~mglcos(q) ®

71N g 1A= FAe] Bxzbolnt Rk ke 2xE
T, St 2228 o)tk oA Zerolength A~ 0= 713}
Fons 2] Ws) Sg)= AB Aol mddrh H 4

X

A4
% 2. 1A TEHEE 71
Fig. 2.1 dof gravity compensator.

o} Bo] 91X= 242k A=[-4,0,0], B
= Sz(q)T:

= [ficos(q), Asin(q), 0] 0] =

S*(q) =| BAP= 21 {1 + cos(q)} ©)

©)y= 2l tiste] Aejsi

V(q) = ki + (k" — mgl)cos(q) )
st FERAAS 317] Sl 9 AL A Adgoiofr gk
Wb 2328 A g oY o= AT,

k =mgl/ ®)

A 0ol Fe3= BEAE ARSI (8)

7, = mglsin(q) ©)

HATE x5S AR g
02 1 < ¢ < 1 GYolA 52 7t =5 (41914 Al

frie 3Heso® A8 7Fe o}t‘r 314
v 2 %ﬁr Zc}% 71?& SHAIR <13l A FEA] 24l
Ak AT 37T ke =
2 Ak ﬁsﬂ 3 29} 22 T2 01919 internal CAM[2]
PE—E etolol-F[1]¢} &2 TEE 73t

. 2AIRE %EE! HAFD|F

A 725 QY 225 SEHEA 7)1FE 19 390 Y
ERf AT la 19] g% o6& 22 JE AUAL} FHA
3o s gd"ECE A Fdo] 2l 3 HHIA= 9-H 0
B SHOE xpz BN FHSES A el 7
HAoh B3 " as T Fa3e] WX E <l 4F &
go|Eg u} FAo|Es AU 63 6 33 wet
A &eto|=o] A7 wiskeit). watA 37 P39 E4

= xozo B AOlA FA ol FAl REAE <]
gho|l=g wat FARITE 13 3b)llA xez0 HH A
#= O7F %8 olF= Ztely 6= P} o7} olFE 7t
3 Zolole HHAb T3]

g 29 AR T AVITE 47 67 3]l
o st=s e 2 h-‘?ﬂl*ib oS A 4 Y
E*WHLQ} ¢ T8 A7 AT 6 59 BT ¢

2 7T A7 6 g AE E*Jshﬁ gtk =, 7
7—}4 2IZNTE A®)EFE kg = ky = mgl’ = A HTh

¥ 12
o
i
3
r$L'
:

o
.?L‘

;

Lo
I
e i ﬂll>

o



690

Spring for the 6, gravity compensator

[ e
o) Spring fqr the
¢ gravity
compensator
I O 2o
Yo O ”
Ll 22
Xo I 4 6
G (<0 | ] Link 2
U Q)
. gl r O
# Link 1 )
Base xo‘;\—ﬁj/' wox Yp
() 2dofs gravity compensator.

Q with respect to
frame {2}

x

(b) Sliding motion.

a9 3. 22H R FHEA 7
Fig. 3. 2 dofs gravity compensator.

AA FAA 3 29 1S 29 07T 6 3A)
Aegw 7)1 - 93 A dwrh AsEn) kA
ok oA 71523k e} o] intemal CAM[2] = gbe]ol-&
e 2 7x= g 7ssith o] AS A 9= e
FeeiARt A @) LT Pl AE etk s
Faztmsh FHE AR ARt == AAE) ol F F44
el F&e FA eet) wpebd B =Rolid AA FEA
Zhe A gko] QAuk 7} vharal Aol 18 2 FxE AH
Kisss

B4 A = (603 FHIA g WSA A5
(1% 4b), 6 28 27T o8] g FY HAo] 7}
Fal Ak fAR 6 = 0091 AElelA grt WA -
(18 4()), ¢ T4 27Tl g s T Aol 7}
S8 Aok s 18 4d)9 e A9 A9 6 FH B
71T} ¢ T WAl o9k gakE B arefslof gtk

QEFE 6 =8 BT} AlFshs B

o

Tp = [TBI.HTBLZ]T = mgl[sin el’O]T (10)

A7V 1y 6 T WAVITR A 63 6 el 2
sk EFEo|th ¢ 8 WAV g B EIE A
Ak}, 1 3004 ¢ T8 BTl 23 BAF ESE 0
o=z AdFrh 17 3(b)ellx] B local ZEA ({2} FHE
A A 09 FHFE= 2Q={rcosf, rsind, 0]'. "R, = H-E]

HA - 22 - AIAESS =2X M 16 &, M 7 = 2010. 7
O
1 1 —
I S 1 g
(@) 91:0232:0” (b) 6 =30°, =0’
I O

(c) 6,=0°, 6,=30"

9% 4. 245 FEuAd 7)o teke A,
Fig. 4. Various poses of the 2-dofs gravity compensator.

(d) 6,=30° 6 =30"

0R22Q: OQ:[OQX’OQJ.,OQ:]T (11)

07} xpzp W Aol A o] FsER g, = 00]aL o] 2SR ¢
& Ankei

P l[lixll-t-tanzﬁlcoszé’2
=2tan

tané, cos b,

N——
~
—
N
~

i

Q8] AsmIetE: ANtE] 918 Qe g Atsha

. ) 6
°0 :|:V] +%V3 v, + 08'992 V3:|{0;}

(13)

A7) V= r=si0x¢q - 15p cieaco— 5156 01, Va = rl-cis:cq 5152
O]T, V; = r-ci689- S1C -S1C2S9 + CiCo sst]TO]Uﬂcxﬂ- s 22
cos(x)%t sin()E 2P|k EFE J, e R

6 8 BT AFshe B AR ¢ 5 B
7177} AT B

7, =mglsing 14
717 AdsE e 2ol 2l 3 "HAaE
%) =

ok (4l <l A= DS otk Bk By
P A 28kt 18 3(b)ell A Fp=

5
&
ot
5
o,

F,, = F(§)[-sing 0 —cosg] (15)

01714 ¢=-tan’(’0,0) = tan™(cicxco - si5eV/sac). TS, (14)0114]



Journal of Institute of Control, Robotics and Systems Vol. 16, No. 7, July 2010 691

F(¢)=mglsing/r.
a7 300 YA dY Egel=
HE Ry Soelt WoR AU, Z nRgon
O Fpe] 3 gos T g
Fy,., = (ozz 'ng)ozz (16)
A7z, ="R,’z, =[5, 5,5,,6,] oItk A8k
F;, .. = —F(¢)(CIS2S¢ + czc¢)°zz a7

§ 59 AT Sl3) 4 2lEe) Ak wy 2
Tpr = Jngz.:z = [732.1’732.2]T
= VF(¢)(C|S23¢ + C2C¢)[st,9,cg]T

Ve el tig HelRo® 0w AA A4S ofv]sith
webd g9] 87 e mUEIsh Vit Aush] A e o
ol

Iv. 53 24

717E FEshe EEO AES miAlg AA Z2RIE

of Ag3hs BAE Y B BE W B9 fom

T=7T, +Tp +Tp (19)

AXE A3 E 134 2o shehlElE sk 19 3

T (Nm)

6, (radian)

T2 (Nm)

? S -t

N2
B

s*:“

6 (radian) O, (radian)

(b) Tm2

¥ 5 Y EAL
Fig. 5. Gravitational torque.

o 7157} e ool g 7dste] g3 6o W
A= 44 -z < 6 < 03 -22 < 6 < 0= A3t 3]
A0 < 6 < 7%l 7 < 6 < 0 B hFA e
s vt dellA] Aol AL ofn|gith w3 g3
6 A% HAERE g= -7 < ¢ < 099004 Wlslnz
0 < MHAZ AL BE FH A

-

5
1o,
®
|
NS
YA

091141 HNZH49.05Nm), 6 = -72°14] ONm, 6 = -7 °l|A]
427K(-49.05Nm)S zH=t}.
6 =9 BT Algehs EAE 19 6o LRSI
(10)& F=Est B2 goll tiall g, = 0912 & = 2Ath el
ek T BAS ae SRlon R & OF 63 o]
6 Wstll= Fasial gol wet Wskdth 4,9 HUge
ONm©]al #4:3k2 49.05Nme|th.
a9 72 ¢ T RAATIFL Algshs BEA3E UERdch
19 39 A FEE QLA (180 2ol mn o7t FA
RS 7,9 H AR 12.226Nmo] 3L H &4k ONme|th.
T3 7,9 HREES 49.05Nm ©]al HEgkS 49.05Nm o]tk
60 -2221 B 5T o BT 60l i ONmS| ks
zt=t) g8 EW I8 3004 6 =72, 6= 03] A= I
Yo R & AR PF o s Ftho R 6% W
weknt A sy el o] 9l 3 g W
Zho| 9] IHFH(6F) WY X =Y ¢ F
ol ol AuEe d(15)2 aFY wA3IT) o
2 BA7|TE BE R Ed ojud BE% AlF
[e)

Ae olrgh 7178 Soldat fAksbl ¢

6
G
B

flo

ot 1 [o
o9k
T

>

<l

A7

r ol

Ay Ho [T o oy H
R

¢
8l

31,1 (Nm)

'
©

& (radian) 6, (radian)

0
¥ 6. 6 9 BT Aledhs B
Fig. 6. Balancing torque by the 6, gravity compensator.

E LAk =A
Table 1. Parameters.

1(m) m (kg) r(m) g (m/s’)
1.0 5.0 0.1 9.81
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