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Robust Hybrid Control for Uncertain Robot Manipulators

Myung-Chul Han*

ABSTRACT

An new class of robust position/force hybrid control law is proposed for uncertain robot manipulators. The
uncertainty is nonlinear and (possibly fast) time-varying. Therefore, the uncertain factors such as imper-

fect modeling, friction, payload change. and external disturbance are all addressed. Based on the possible
bound of the uncertainty, the controller is constructed and the stability study based on Lyapunov function
is presented. To show that the proposed control laws are indeed applicable, the theoretical result is applied

to a SCARA-type robot manipulator and simulation result is presented.
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Lyapunov stability (2] oFZ = F84)

1.4 &

A2 Ro| B = AYE A F AY RFR Ve
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oo} Aol 29 szt HA 2R sy Ed el FHH#
79 BT mdde ol gt 1 AlAd g
d& 49, $H 843 deve gy 3, vdE, Helg
(payload)®} W3}, 9 F 93 $79] EFHHE =
geiA gt olad B8dA-E melg A s dA
£ Chen™, Chen and Pandey®, Reithmeier and
Leitmann®, Shoureshi et al®™® S 93 A=
th. o] B4 & 284 A4S 7MFF FAR L Ao
7} AAd A8 2F A (deterministic control) &
aeFel AXF L, £ Foi A7t A F A&
E2ga49 7Fert ZAET

B m2RiMEe 28428 2dE oo 2 YH
74 stolHE = Ao71E AAst 1 AL FEE
o} 2R A 3 BAYE u X9 Fe) &
3 249 PN f2E AP Fol7t A (skew
symmetric) e AFo] BAFRA Prteh]z} A
TAZ TEE EFUPHANME AAEE o] &8t A
2% e dojggE AYA 77} AL e A
td AI7I7t Z1E AAA VP dHES FEE
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AA A 2de) AT 45 o2 SCARA ¥
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IRtz o2 dzo|dE o FARYTA HEo] dojrt
2 @ 2% n B4 2% v EdoEe $3934%
& 2ol =¥ F vt

M()g+Clg.q)q+g@+e@+flg.gn=10t) 1)

o714,
q :nx 1 FAY Y (vector of joint positions)
7 :nx 1 EZ2HE (vector of joint torques supplied
by the actuator)
M(q): nx1 #4393 (inertia matrix)
Clg,9)g :nx1 A48 3 7|22 W (vector of
centrifugal and Coriolis forces)
8(g) : nx1 =9 € (vector of gravity force)
f(g,q,0): nxt BEAEIHE (vector of uncertain
torques)
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A (1€ a2 424¢ Z2x vt A, 843
2 M(q) & F¥#F o™ dA (positive definite sym-
metric)olth. EA, M(g)-2C(g, §) ° LAAA
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M (q)=T"M(q)J (3)
C.(q =TT (Clq.q)- Mg} HI™"  (6)
g(@)=J"g(q) @)
f(q.4.0 =77 f(g,4.1) (8)
T, =J"¢ )
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rh=x;, i=1--.k
=k, (6 —x4), i=k+1-n (19)

A7A, k= i& 989 S71734 (equivalent stiff-
ness)°|il, re= 289 d=olHEH7t FHEAY A
97) A9 948 JEdTh 3 98 2R3 £984
o ¥¥d AT B34S A d4d 9N e =
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714,
§-=diag{s,,s,,--,5,}: FEFAFPL
K, = diaglk,i ko, kot FEAHHE
K, = diagik, . k;p, Ky, } 2 FEFASYEY

283, M, C, 3., f, R 5 4 (@4 234
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A AAFLEe] £ AFE] AAA g JR7 g
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¢t =& (Buclidean norm)o|x, #8Y =&L {27
¢t 4% =& (induced norm)olth. & A& Eo|, ¥
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4 (4 (24) 22 FH, g 4& ¢ ek
Mji=MK" ¥
=7,-Ci-g,—f.-R (28)

=M, K\, -Sé)+C, K,”(#, - Se)
~C, K, i3, ~g)+(f,~f)+(R-B)
+K,p-K, K, "e-K,K, ¢

A% the3 2ol W R 4 9,

M, K =M, -M)K, 7,~M, K7'Se  (29)
+(6,~C,) K, (5, Se)
—C.K, (e +Se)+(8, - 8)+(f. - £)
+(R-R)+K,p-K, K 'e-K, K, ¢

4 (29)9 2FE 3 279 thlate & dert

VE ) =2é+Se)” K (M, -M)K,™ 7,
—-(M,-M,) K" $é
+(C, ~C,) K,”\(, - Se)
-CK, M e+5e)+ (@, —8)+(f~ f)
+(R~R)-K,p
-K, K, e-K, K7 €]
+(é+Se) K, M, K, (é+Se)
+2¢" K7N(K, +SK,)K, ¢
=2(é+Se)” (D +p)
+(e+5e)" K, (M, -2C,) K, (é+5Se)
-2¢" K'SK,K,"e-2¢" KK, K,
=2e+Se) (D +p)
-2¢"K,'SK K, e-2¢" KKK, (30)

4 (30)9 EHME Fe 19 Fas q49e
(diagonal matrix)3tdlE 2¥gR o] AP3l= AL o
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4 (30)e 2 78, &< der.

n ) / i
Vg, < 22 le; +selo- Z%Héi rsellpt- Zz"éi +selp
i=l

i=1 =ttl

=Y Qskyel 16 +2k, &1k (33)
i=l
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o714,

k, = min{2sk,, / k2, 2k, [ kZ}. (34)

2322 |l|> Jle/2k, A, FolZ T F
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A A4S B i grp oo o

5. ®|017| ] off: 2-21=2 SCARA-type DH-HZ0]E

o] oM gdlA A o|8F FFAE A E3E d=
ad 1904 A FEFFAM F Fo] BF FHUFE

Fig. 1 Two link Scara type robot arm
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4oz 3WREFE 2-link SCARA-type di &l oo 7178 @A 4 (3)9 BAE &3t ¥
oJHl ] Ao}7] dA % Al AW S AW ET FEAREY 9 %2r 90 90 G0 4 5 A HIAA
AA, B Z2RY 29 E5ER e 78 o 8 #HED x5 xy, Xy, Xy, F, X 2 UERITH
olHe]E A4 Ao71& dAstz, AFE AlEH )M s 2 s
A Ae7INe] AeEg AEATIEA Aoy SRS 4 g, = tan —1(17_1}_605 | XL D
HE. 2 2 x} + x5
N - ) ) . xlz+x§—lf—l22
A ds A2 A2 RN E o Gz =08 | =
of iy ZdlolHe $5HFAL A (H9 e e "
U, 45). ~ (9)¢] Fde) g o 2o} 7HA a9 19 X &2 XAl 3 8 Foln, X5
=3 HAAE 27] A48 Folc}. W EHo|H 9 d=o|HE
. o _ A X 2 433 gl RS XWges FE
M, (@i+C(q.9x+8.(+ f,(gq.D)=7.()-R FLES F= AL AZED ARG}
FHA A2 stolBAE A Ao7E theH 2o
M(q)={M“ Mlz:l A A g},
My My 430N X% @S FAO 7] 8 =0 Aol
A rg 2358 b3 2o}
oA7]A,
1 oml o &
M, =ml} +my (P +15 +201L, cosq2)+";1—2‘+-n;27 [,.2:' - [keZ(xZ __xm)J
lZ
My = my(Ey + 1 c05gy)+ =20 o2 4 (0% QAN JFE AARHE 73
il 7] 918 Ay B g e o) TR
My, =my (% +11., cosq,) + 2%
12 ko]t O e
M, =m-zlczz+mzlz ““lo 100} TR X2
12 10l e=r-r,
*=lo1) e=i-;
Cla) = (=myhlysing,)g, (—mylil,,sing, Xg, +4,) R ¢
D=\ o1, sing, )i 0 ®(x, 5,1 = K, [(M, — MK, (7, - Se)
J_[hsing - LsinGa +4,) ~bsin(g; +g, )] +(C, —C)K, ™ (r, - Se)
T | heosq +Lcos(g, +4,) cos(g, +4;) +3,-g. +f.—f.+R-R]
J=[, ]
i- [—ll cosq, —1,c08(q, +q,) —1,cos(q, +q, )][ql ] plx,%,8) = [@(x, %,1)]
' -l sing, —Lsin(g, +¢;) —1Lsinlg, +4,) |4,

l l | oA AARE p ¥ FAReEE 4 (22) P 4
b, =[‘2°°S(ql +42) ~heosig *‘h)][ql] (299 1 & 2 ok w4 (209 doluls 2

~hsin(g, +4;) ~hLsin(g, +4;) (4, AAe}7) AA7} o) =0} HT}.
_ 2 29 A A=A o7 dEeleEL 298, A
ZRE AU gAolnz 4 (49 g@)=0 o 47} el FFEL MHANTTEA AN 27 $8E ANER.
o, AR R=[0 1" 2 B} AlEdCA d9E A3 oo 2o 2874 RS9

AA 2t P& FAll Aol doln= AAE 98 g AT
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Table.1 Simulation data for unknown parameters » -
Unknown | Maximum | Minimum Real 100F
parameters value value value o
m 8 12 10
my 5 10 7 g ®
5 0.2 03 025 LR
L 0.13 0.23 0.18 Ed
£ALD 0.1 01 0.1sin (209 oM
f:(2,1) -0.005 0.005 -0.0001 20
[s] =X 1° 15 2 25 2 35 4
Agdod A9g Ae 2R Ay Fage o w
m=9, m=6 =02 L=02=2 sgct a8z
L.l
100 O 1200 0 ] b
i =[ 0 200}’ K ‘[ 0 400} 2 d9gen, g
E- wf !
2

£ 39 Wild wg A2y $9e 1Y 2~59 2o}
2 e e AA N2Rd Bg A AU FEAE
dF7) gon 2 F9) £ & 489 *EAR wHF 19
4oA BRo] FAG A eXF FANE THeEE 0 o5 p oy 2
Ao}, 7ez 42 RSE p§ AAAe] Hdd

(k)
o8] e ko] 2P EH. Fig. 3 Control history with £=10
0z

2 - 4 -] . ):] 10
soc

Fig. 4 System response with €=100
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Fig. 2 System response with e=10
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Fig. 5 Control history with e=100
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6.4 B

L =RdAe 44 HEAZAZ TEE 2% Oy E
gojEe) WA k= B4 = BYPPe v
A9} Zel gl 940 dofr §EE FEY Aol7t
RN (skew symmetric)He 420 JaFARAZ
E8E 259 AINE fAE S FHAAY. 94X
glo] FAd SYHE A= Fde|BYd=Ade
IHEAZ THY LFVHAE Rojolge s FuE
E4& solBrEA7] dA F2% 7]ute] ©e}, o]
& ulgoz Q2 Fee] A4 so|BelsAo7]E A
etn 2 B S 45t 284 A28 gal)
Bl 5] gEtutole 2R ¥z B4 9
S RE EAst neEdd. & &4, 2
payload ¥ & Eau AJ¥ aFsee] 9@ Fol
oA7el £& = o AdE Aorle dR¥EY ANE
ot Aoj7] AA Slol A $4L gEdges
A 71E AA7EAYY] dHEE FEAAT. FofT
=z N E Bl AA B2 2RA 25 ghy
A& YA
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olglZg o|2H AZE SCARA-type BHd) &3
of Alg# o)A Bald 1 dF4 S 9Fea.

1. Y. H. Chen, “Robust computed torque
schemes of mechanical : non-adaptive ver-
sus adaptive”. ASME J. Dynam. Syst.
Meas. Contr., Vol. 113, pp.324-327, 1991. .

2. Y. H. Chen and 8. Pandey, "Uncertainty
bounded-based hybrid control for robot
manipulators’, IEEE Transactions on
Robotics and Automation, Vol. 6, No. 3. pp.
303-311, 1990.

3. M. J. Corless and G. Leitmann, “Continu-

~ ous state feedback guaranteeing uniform
ultimate boundedness for uncertain dynamic
systems’ IEEE Transactions on Automatic
Control, Vol. AC-26, No. 5, pp. 1139-1144,
1981. :

4. M. R. Cutkoski and P. K. Wright, "Activeé
control of a compliant wrist in manufactur-
ing tasks” Robot Sensors, Vol. 2 - Tactile
and Non- Vision., IFS Publ. Berlin:
Springer-Verlag, pp. 17-33, 1985.

5. M. C. Han and Y. H. Chen, "Polynomial
robust control design for uncertain systems”
Automatica, Vol. 28, No. 4, pp. 809-814,
1992,

6. N. Hogan, ‘Impedence control: An approach
to manipulation, Part I - Theory,” J.
Dynamic Syst., Meas..Contr., Vol. 107. pp.
1-7, 1985.

7. N. Hogan, "Tmpedence control: An approach
to manipulation, Part II - Implementation,”
J. Dynamic Syst., Meas.,Contr., Vol. 107,
pp. 8-16, 1985.

8. N. Hogan, ‘Tmpedence control: An approach
to manipulation, Part 11l - Application,” J.
Dynamic Syst., Meas.,Contr.. Vol. 107, pp.
17-24, 1985.

9. D. A. Lawrence, Tmpedence control stabili-



AU REE A A14d A7E (1997 74)

10.

11.

12.

13

ty properties in common implementations,”
in Proc. IEEE Int. Conf. Robotics Automa-
tion, pp. 1185-1190, 1988.

G. Leitmann, “On the efficacy of nonlinear
control in uncertain linear systems’, ASME
J. Dynam. Syst. Meas. Contr., Vol. 103, pp.
95-102, 1981

M. H. Raibert and J. J. Craig, "Hybrid posi-
tion/force control of manipulators’, ASME J.
Dynamic Syst., Meas., Contr., Vol. 102, pp.
126-133, 1981

E. Reithmeler and G. Leitmann, “Tracking
and force control for a class of robotic
manipulators’, Dynamics and Control, Vol.
1. pp. 133-150, 1991.

R. 8Shoureshi, M. Corless, and M. D.
Roesler, “Control of industrial manipulators

81

14.

15.

16.

with bounded uncertainties’. ASME J.
Dynam. Syst. Meas. Contr., Vol. 109, pp.
53-58, 1987.

M. W. Spong and M. Vidyasagar, Robot
Dynamics and Control, John Wiley & Sons,
New York, 1989.

D. L.-Wedel and G. N. Saridis, "An experi-
ment in hybrid position/force control of a six
DOF revolute manipulators,” in Proc. IEEE
Int. Conf. Robotics Automation, pp. 1638-
1642, .1988.

D. L. Whitney and J. L. Nevins, “What is
remote centre compliance (RCC) and what
it can do?.” Robot Sensors, Vol. 2 ~ Tactile
and Non- Vision, IFS Publ.
Springer-Verlag. pp. 3~17, 1986.

Berlin:



