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Abstract

In this paper, force/motion tracking control is investigated for nonholonomic mobile manipulators with unknown parameters and disturbances
under uncertain holonomic constraints. The nonholonomic mobile manipulator is transformed into a reduced chained form, and then, robust
adaptive force/motion control with hybrid variable signals is proposed to compensate for parametric uncertainties and suppress bounded
disturbances. The control scheme guarantees that the outputs of the dynamic system track some bounded auxiliary signals, which subsequently
drive the kinematic system to the desired trajectory/force. Simulation studies on the control of a wheeled mobile manipulator are used to show

the effectiveness of the proposed scheme.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Mobile manipulators have received increasing attention over
the last 15 years, because of their industrial relevance and aca-
demic interest (Dong, 2002; Liu & Lewis, 1990; Tan, Xi, &
Wang, 2003; Watanabe, Sato, [zumi, & Kunitake, 2000). How-
ever, the motion planning and control of mobile manipulators
cannot be addressed by traditional methods due to the nonholo-
nomic nature of the systems which are imposed by the wheeled
platforms. Due to Brockett’s theorem (1983), it is well known
that nonholonomic systems with restricted mobility cannot be
stabilized to a desired configuration nor posture-via differen-
tiable, or even continuous, pure state feedback. Therefore, the
control design for these systems is a challenging problem, and
has attracted much attention in the robotics and control com-
munity (Ge, Wang, Lee, & Zhou, 2001, 2003; Oya & Su, 2003;
Wang, Ge, & Lee, 2004).
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With the assumption of known dynamics, much research
has been carried out to control mobile manipulators including
input—output feedback linearization (Tan et al., 2003), nonlin-
ear feedback control (Yamamoto & Yun, 1996). Because of
dynamic uncertainty, adaptive neural network controls (Lin &
Goldenberg, 2001) have been proposed for motion control of
mobile manipulators. However, for practical applications, not
only the motion but also the force of the end-effector of the arm
should be considered. In Dong (2002), adaptive control was
proposed for trajectory/force control of mobile manipulators
subjected to holonomic and nonholonomic constraints with
unknown inertia parameters. Most control approaches for mo-
bile manipulator deal with uncertainty in system dynamics and
assume that the exact holonomic constraints of the intercon-
nected system are known (Ge & Lewis, 2006). However, in
practical applications, environmental uncertainties arise in mo-
bile manipulator applications which can affect the system stabil-
ity and performance. In this paper, under holonomic uncertainty,
we consider the trajectory and force tracking for general
dynamic nonholonomic mobile manipulator systems in which
the system is transformed into a chained form. Since the general
motion/force decomposition control is not valid with constraint
uncertainties, we develop a low-pass force filter to assure the
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boundedness of force error and simultaneously estimate the
uncertain constraint Jacobian matrix. A main concern in our
design is the magnitude of the Jacobian error as it influences
the residual force error. By investigating the dynamics error, we
apply areduction procedure and define a mixed tracking error of
trajectory and force. Then, robust adaptive force/motion control
is presented in which adaptive controls are used to compensate
for parametric uncertainties, suppress constraint uncertainties
and bounded disturbances. The control guarantees the outputs
of the dynamic system to track some bounded hybrid signals
which subsequently drive the kinematic system to the desired
trajectory/force.

2. System description
2.1. Dynamics of mobile manipulators

Consider an n DOF manipulator mounted on a nonholonomic
mobile platform (Li, Ge, & Ming, 2007)

M(q)g +C(q.9)q + G(g) +d(1) = B(g)t + f, (D

where ¢ = [q1, ..., gn]" € R" denote the generalized coordi-
nates; M(q) € R™™" is the symmetric bounded positive defi-
nite inertia matrix; C(gq, ¢)g € R" denotes the Centripetal and
Coriolis torques; G(q) € R" is the gravitational torque vector;
d(t) € R" denotes the external disturbances; T € R” are the
control inputs; B(g) € R"*? is a known input transformation
matrix; and f = JT(g)A € R" denotes the generalized con-
straint forces. The generalized coordinates may be separated
into two sets as ¢ = [¢y, ga]* With ¢, € R™ denoting the gen-
eralized coordinates for the vehicle and g, € R« denoting the
coordinates of the arm.

2.2. Nonholonomic constraints

When the system is subjected to nonholonomic constraints,
assume that the n,, — m nonintegrable and independent veloc-
ity constraints can be expressed as A(qy)gy, =0. Since A(gy) €
RUm=m)>Xmy it is always possible to find an m rank matrix
Hy,(qy) € R"™*™ formed by a set of smooth and linearly
independent vector fields spanning the null space of A(gy), i.e.,
H] (q,)AT(gy) = 0. Since Hy(qy) = [Hu1(qv). - ... Hum(qv)]
is formed by a set of smooth and linearly independent vectors
spanning the null space of A(g,), define an auxiliary function
vp = [Upl, ..., bm]T € R™ such that

Gv = Hy(gy)vp = Hy1(qu)vp1 + -+ + Hym (qu) Vpm 2

which is the so-called kinematic model of nonholonomic
system. Differentiating (2) yields

Gv = Hy(qu)vp + Hy(qu) 0. 3)

Therefore, the dynamics (1), after eliminating the nonholo-
nomic constraint AT/, can be reformulated as

g =H(q)v, 4)
Mi(q)0 + Ci(q, ¢)v+ Gi1(q) +di = Bi(¢)t + f1, )

where H = diag[H,(qv), lal. Mi(g) = HY(q)M(q)H(q),
Ci(q.q) = H'(@QIM(@H(q) + Clq.9)H (@), Gi(g) =
H"(q)G(¢), d\ = H"(¢)d(t), Bi(q) = H'(¢)B(g), v =
[Vb, GalT, and fi = J1(q) 7.

2.3. Reduced model and state transformation

There exist a coordinate transformation 77(g) and a state
feedback 7>(gq), such that

(=18 g =Ti(q) =[T11(qv), gal”, (©6)
v =[vp, 4ul" = Ta(q)u = [To1(qu)up, tta]” 7

with T»(q) = diag[T»1(¢,), 1] and u = [up,, u,]", then the kine-
matic system (4) could be locally or globally converted to the
chained form (Walsh & Bushnell, 1995)

& =u, &i =uéiy 2<in, — 1),

ny =U2, Qo= Ui, )

where u, = [uq1, ..., u,ma]T.

Remark 2.1. In Murray and Sastry (1993), a necessary and
sufficient condition for the transformation of the kinematic sys-
tem (4) of a differential drive wheeled mobile platform into
single chain was given. In Walsh and Bushnell (1995), the ex-
istence condition of the transformation (multi-chain case) was
discussed for the other types of mobile platform.

Consider the above transformations, the dynamics (5) is con-
verted as

MOt + Co (&, D+ Go(0) + da = Bat + fo, )

where M2 (0) = T3 (@) M1 (@) T2(9)] ;g1 ¢ C2(0. O =T, (@)
[Mi@T2(q) + Ciq. DDl r1). G20 = Ty (9)
GI@ly—r1o B2 = B @BI@D -1 2 = T)(q)
dil,_ro1 ¢ 2= T @1 = 1 @0l g1 -

Property 2.1. The matrix M» is symmetric and positive defi-
nite, and the matrix M, —2C3 is skew-symmetric (Dong, 2002).

Property 2.2. There exist some finite non-negative constants
¢i =20 (i=1,...,5) suchthatV{ € R",¥( € R", |Ma(D)|<c1,
1C2(, Ol <2 +e3liCll 1G2(D) I < s, and sup, > g lld2 (D)1 < ¢5
(Wang et al., 2004).

2.4. Uncertain holonomic constraints

Assume that the r-rigid-link manipulator is in contact
with a certain constrained surface @(q) can be represented
as: P(x(g)) = 0, where ®P(x(g)) is a given scalar function,
7(q) € R' denotes the position vector of the end-effector in
contact with the environment. If the constraint surface is rigid
and has a continuous gradient, the contact force in (9) is then
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given by f» = J)(q)in, where J; is the magnitude of
the contact force. However, when the robot end-effector is
rigidly in contact with the uncertain surface, the environ-
mental constraint could be expressed as an algebraic equa-
tion of the coordinate y in the task space. Without loss of
generality, the uncertain surface constraint @(;((q)) can be
decomposed into a nominal part ?(y(g)) and an unknown
constraint error part A®(y(g)) in an additive manner as
follows:

D(1(q) = P(1(q)) + AD(1(q)), (10)

where @(y(q)) is the constrained surface.

Denoting J» and J, as the Jacobian matrix of @(x(q)) and
@(y(¢)) with respect to g, and since g, = Hy(qy) T21 (qu)us.
Ja(q) = JX[!ZU}I_U(qU)TZI(qv)7 J2als J2(q) = Jy[J2v Hy(qv) T2
(qv), J2al, Iy = P(1(q)) /0%, Jy =0DP(3(q)) /0%, J2v = 0y/Oqw
and Jo, = 0y/0q,.

Integrating (4) and (7), we have

J2(q)u+w=0 (11
or

Assume that

h(q) = 1(q) + A (q) (12)

with AJ,(g) defined later. Since the uncertain constraint error
(10) is introduced, integrating (12) into (9) yields

My (Ot 4 Co(&, Ou + G2 () + do
= Bat + (L(T7HO) + AL(TT ON . (13)

Assumption 2.1. The Jacobian matrices J>(g) is uniformly
bounded and uniformly continuous if ¢ is uniformly bounded
and continuous, respectively.

Assumption 2.2. The manipulator is operating away from any
singularity.

Remark 2.2. Under Assumption 2.2, the Jacobian J,,=0y/0q,
is of full row rank /, such that the joint coordinate g, can be par-
titioned into g, = [q;rl, q(fz]T where g,1 € R"a~! and qa2 € R!,
with g,2 =(g,1) with a nonlinear mapping function Q(-) from
an open set R™ ! x R — R!. The terms 0Q/0¢,1, GZQ/anzl,
0Q/dt, 3*Q/dt? exist and are bounded in the workspace.

Since the dimension of the constraint is /, the configuration
space of the manipulator is left with n, — [ degrees of freedom.
Based on the full row rank for J,, the existence of Q(g,1)
(You & Chen, 1993; Yuan, 1997), it is easy to obtain

J2(q) = Jy[Jov Hy(qu) T21(qv) s J2a1, J2a2]- (14)

Integrating (14) into (11) and considering (14) and letting o, =
0A®(y(q))/0t, we have

up
da1
T U Hu @) T (@0 + Jiardat]
— T3 d; o
=Lu' +e, (15)
where
L=[L, L,"
I 0
= 0 I , (16)
~Lh D Ho(q) Tt () = T3z Jaa
u' = lup Garl", a17)
&=Jon (18)
=000 —J 50" (19)
It is easy to have
L' (@) =0. 20)

Differentiating (15) and substituting it into (13), we have

M3 ()i 4 Cau' + G3(0) + d
= Byt + (L(T7 (0) + AL(T ON T, (21)

where M3(0)=M(O)L, C3({, O=Mr(\)L+C2((, DL, G3 (D)=
G2(0), B3 = By, d3 = M2(0)é + C2({, De + da.

Assumption 2.3. The set of the constrained surface reachable
by the end-effector of mobile manipulator, defined by

S ={y: Py, 0)=0,0¢c R} (22)

is bounded and belong to a class of continuously differentiable
manifolds (y, o) = f(x1, %2 -5 )%+ 8415 Xiy42s -+ -
x)e+ @ with [1 <I<n and y € R", where o = [, ..., 0y,
O,...,O]T € R! and s:[O,...,O,l,...,l]T € R! are con-
stant vectors, f(x)=[f1,..., f1,,0,...,0] € R and g(x) =
[0,...,0,g1,...,g] € R"™ are bounded and uniformly con-
tinuous differentiable vectors, and @ is a constant scalar.

Considering Assumption 2.3, the uncertainty J;, could be
expressed with

d
on = AJz(Tfl(C))a(Tfl(C)), (23)
AT} =TT p(Sa()W + Cov), (24)
where S¢=[0f/0y,,0f/0x.....0f/3y,.0,...,0]" € RI*!,

Co=10,...,0,08/0%, 41,08/, 2. - - 08/0y]1" € R,
p=1/11S¢() W+Cgvl||, and J;=0y/0(. From Assumption 2.3,
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the weight vector W = [Wy, ..., Wll,O,...,O]T e R is
unknown positive, and v=[0,...,0,1, ..., l]T e R
Property 2.3. S¢Cp =0 and wTy=0.

Define the estimated Jacobian AJ, by
Af2T = Jin)(quW + Copv) (25)

with p=1/ ||S¢(X)W + Covl|. Consider Property 2.3, the error
in Jacobian matrix AJ, = AJ, — AJ; can be expressed by

AT} =T (So(pW — pW) + pCa), (26)

where p = p — p. Consider (26), the force error can be ex-
pressed as

ep =I5 I~ F =17 AT, 27)

where JC+T = ng(JETJC)_1 and the force error ey can be calcu-

lated from J §+ TJ; Ay and F from force sensor.

Assumption 2.4. There exist some finite non-negative known
constants bs; and bg,, such that, Yy € Qy, |0, <bgsll(d/dt)

O 1081 <bsy (@2 /AT O + bspll(d/dn) T O
3. Adaptive control

Given a desired motion trajectory g, and a desired constraint
force, or, equivalently, a desired multiplier /1 (t) should sat-
isfy the constrained equations. Since the desned trajectory gy
should satisfy Eq. (6), we can have the desired {,. After the
transformation for the chained form through {; = T1(qs) and
vg = Tr(qq)ug, we can obtain {; and uy and, equivalently,
u [11 The trajectory and force tracking control can be restated
as seeking a strategy for specifying a control law subjected
to the uncertain holonomic constraint, such that {1;, {, {} —

{;”}dlv Cd’ Cd}

Assumption 3.1. The desired reference trajectory (,;(¢) is
assumed to be bounded and uniformly continuous, and has
bounded and uniformly continuous derivatives up to the
(n — 1)th order. The desired Lagrangian multiplier /IZ is also
bounded and uniformly continuous.

Assumption 3.2. Time varying positive functions ¢; and #;
converge to zero as ¢t — oo and satisfy lim;_, o fot 0;(w)dw =
a; < 00, lim;_ s fot hi(®) dw=b; < oo with finite constants a;
and b;,i=1,...,5.

There are many choices for g; and h; that satisfy the
Assumption 3.2, for example, ¢; = h; = 1/(1 + t)z. Denote
the tracking errors as e = — {; and e¢) = 4, — /12, and define

the reference signals

1 IT ITT
ug =lupg, gql”

ug1 +1
uq2 = Spy—1ud1 — kn,Sn,
1 ny—39(€n, = Sn,) (i+1)
Mbd = +Z ! 0) s dl 5
Ou Ugy
_10(e K
+va 1 (”u nv)ei—i-l
ae‘i .
1 .
Uyg = Gald — Ka(Qal - Qald)s (28)
where
_ el -
e
2p—1
e3 + kzezudlf
2p—1
e4 + 52 + k3S3ud1])
——ZO Oe3 —3) qi+1) 3 6(e3 -5, e
=2" A
S = udl a 5;1) dl N
2p—1
en, + Sp,—2 + kn,)—lsnb—ludll7
1 ny— 4a(env 1= Sny— 1) (l+1)
" ug Z au U
i Z:’li Za(env leisnl l) eir1 ]
ny—1 ny a(e —5j
. ]
”I=—k071—k181— ZS’C’+1+ZS]Z C1+1,
i=2 =3 =2
p=ny —2, ufill) is the ith derivative of ug4 with respect to

t, and k; is positive constant, K, € R"«=D)>x(a=D i diagonal
positive.
Define new variables to handle the force control

U =—Kg¥ — KgJie;, (29)

where ¥ = [0, 9] with V1 € R", e¢); = ) — /IZ, and Ky =
diag[0, ky;] > 0. Defining the followmg aux111ary signals as
al=ul — "‘;1 =iy, fia, iig11%, ,u—u and u, —ud — K, 1, we

have

r— it Kt (30)
o=Lr+1, (3D
v=Lu, — 1, (32)

where K, = diag[0, K,,1]1> 0 and K,,; € R"«=D*a=D) From
(30) and the definitions of il u, and [t above, we have

u' =u, +r. (33)
The time derivatives of ¢ and v are given by

o=~Lu' +Li' -3, (34)
V= Lu, 4+ Lii, — 1. (35)
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From (31) to (33) we have
6+v=_Lu (36)
From the dynamics (21) together with (34)—(36), we have
Ma(0)6 + Co(L, Do + Ma(O)y + C2(C, Dy
+ G2(0) + d3(t) = Bo(Ot + (J5 + AJY) . (37)
Consider the control law given by
2 2
Y]
Byr— — Z &P lalPYA (v, ¥) Ko A
B:Yi(v, v)lall + o
— (Y + AT+ (I + ATDHK (g — 2
- Th’ (38)
A=[4, 01", (39)
kisi + Z””;l siCiv
_ 1 O(ej —sj)
Ay = Z/ 35121 %TC1+1 ’
Sny
Th = 7] sgn(a)(1Sa 126 + [ Cavll*)
2||Cqvl|
¢l A 4
21Cs ”sg @ lles? + (K + DAY oy — 28, (40)
() { 1 ife>0,
Sen(o) =
g -1 ifo<0
and the adaptive laws
W = f)/thg;JgG, (41)
b= ol 1 Sa >, 42)
2[Covll :
2v2 2
. .BrY:
b _pe 4 —ibiilol G=1,....5), (43)
BiYi(v, Mol + ¢;
where
i) = 151+ (6o | S|+ bl g1} | 1 @)
V) = _ J—

. d __
nmw=wwwmuw5n‘

2
Hﬂow

. d
Y3(v, v) =[]l (IIVII +bsil AN HET]_I(C) ”) )

Ya(v, V) =

Ys(v, ) = 1.

K, and K are positive definite matrices, ff; >0 and y; > 0 are
constant. From the dynamic equation (37) together with (38),
the closed-loop system dynamics can be written as

S| =041, (44)
$2= (0 + )3 + s3uar — kasou’l, (45)
- 0(e3 — 53)
=Mm+u) <C4 - %@)
e

2
+ sauqr — saugy — kzszuyl

(46)
ny—2
) - — O0(en,—1 — Sny—1)
Spy—1 = (n +1uy) (Cnv - 22 %Cz#l
i
+ Suytat — Sny—2ttd1 — Kny—15n,— 1103, @7)
ny—2
- x— O(en, — Sn,)
=(n+uy) Z %Cz#l — Kk, Sn,
i=2 €i
— Sp,—1Uq1 + U2, (48)
= —kon — A, (49)
20 _12y2
) CiPillall 7Y (v, v)
My6= — Cro— ¢ — Kgo
7 zz&ﬁ@mﬁﬂ+“
— Jg(lﬁ —Kje)) + Jgﬂvh
— AT o+ NI (K + De; — 1 — A, (50)

where 1" = Mv + Cov + Gy + dj.

Theorem 3.1. Consider the mechanical system described by
(1), (2), and (10). Under Assumption 3.1, the control law
(38) leads to: (i) (, C An converge to (4, Ca',/hh att — oo
and (ii) all the signals in the closed-loop are bounded for all
t=0.

Proof. Consider the Lyapunov function candidate:

y

1 1
V(I)ZE + klsl +

1 1
M
i=2 2 217 +26 26+Z 2y; “

1o 1
—WTW + 9T + K)HK
+3 + 0N+ KDK;

I i
+ 5 WP = )%, (51

where W = W — W, & = & — ¢;, we have W = W, & =é,~.
Considering Property 2.1 and integrating (43) and (50) into the
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derivative of V yield

ny—1
V< — Z ki s2u§ll s,%u —kon* +i'TA — 6" K0
GBlolPYE (v, ¥)
Z + ol 7]

B:Yi(v, vllall + ¢
— O'TJ2 ()Z —Kje)) + JTJZT;Lh

- JTAJ?A;, + JTAJAZT(IQ +De;—a't,—a' A

Zh iCiCi Z B NollPYA (v, ¥) W T
. Vi “ i Yiv, Mol + ¢

i=1
+I9TU + KHK'D — (W2 = D)oo (52)
From (26) and (27), we can obtain
ep=JF AL
= I ITSe (W — pW) i + I IT pCavin. (53)
Considering Property 2.3, we have

T Al
lesl? = 17 TP 1So (W — pW)1? 124117

T ~ 1
+ 15 TP ICaul* 1p 2l (54)
Therefore, we obtain
1p2u 1 <lleg1I/1Cav]- (55)

Considering (26), (53) and using the adaptive parameter law
(41), rewriting the 10th, the 11th and the 16th right-hand terms
in (52), we have

— JTAJEF)»h + WTW + AT (k; + De;

=—" I P(SaW + Cav) i + 0", (56)
where y = Asz(K;v + I)e,. From (55) and (56), we have
— oTJ?),hp(S¢W + Cg)

< el el
2|IC oll

by noting Property 2.3. Moreover

Ulesl* + ISalI* W12 + [ICavll*) (57)

G lo YA (v, )
loh Ty - Z B Y. Dol + o

5 A~
Zh iCiCi

i=1
5 ~ 2 2920, + 5
G lelP Y (v, v) (h,- P )
+ : < —c; +cig; |- (58)
Z;ﬁ,-m(v,v)nanwi 2 4y, T

i=1 t

In addition, from (29) and (31), ¥ =rTLT +9T. Thus, we have
— 6 IS — Kpep) + 0 IS dy + 9T+ KK
=—9T U+ KO+ r"LTI (I + K))e;, (59)

by noting LTJ2T =0 from (20).

From (41), (57)-(59), it can be shown that

ny—1

V< — k0172 — kp,Sp, — Z ki szuflll +a'TA - TKJG

5

h; ol el
+y (4—%3 + c,-gi) — N, + DI+ ——— ey

e\ 4, 2lICqu
ol el

+ ———(ISalIPIWI* + ICavl®) + "y — "7,
2ICqv]|

— A= (IW]? = &)d — 97T + K;)9. (60)

From (16), (29), and (39), considering the fourth and the 12th
right-hand terms in (60), we have

iTA— 6" A=a"TA— TLTA+ 9T 1)

Ay Ay Ay
=T —TLTLT[ ]—019 [ }
u [0} r'[L, L.l 0 [0 9] 0

From (16) and (30), we have L, =[1,, 0], and K, =diag[0, K],
rT[LE LaT][Al 01T =a'T Ay, subsequently we obtain

i'TA—6'A=0. 61)

Integrating (61), one obtains

ny—1

V< — kqu — kp,Sp, — Z ki szuflll — UTKO—O'

5
h.
+ Z (ﬁc? + c,-g,) — 9T + K ;)0
i=1 i
PRI

AW = o). (62)
2[|Cqvl|

AW = @) -
Considering the parameter & update law (42), it results that
V< — kon? — knySn, — Z"Lzlk szuflll — 6"K,0 + Zle
((h,-/4yi)ci2 +cio;) — 9T+ K;)¥. Noting Assumption 3.2,
we have Z?:l ((hi/4yi)ci2 +ci0;) — 0 ast — oo. Integrating
both sides of the above equation gives V() — V(0) < —
fo (ko> + kntsnv + > Yk stull + o"Kso + 9T +
K;)V) dS+Zz:1 ((a,/4yl)cl. +cib;) < o00.Thus, V(1) < V(0)+
Ziszl((a,- /4y,»)cl.2 + ¢;b;), therefore V (¢) is bounded, which
implies that 1, s;, 7, ¢;, W, 9 and & are bounded. From the defi-
nition of s; in (29), it can be concluded that [eg, e, .. ., e”v]T is
bounded, which follows that 7 is bounded. Since ¢ is bounded,
we can obtain r, ii' € Lg_l from (31), therefore, g,1 — qa1a
and ¢,1 — gq14 are bounded, which follows that g, is bounded.
Since ¢ is bounded, from (29), we have ¢, is bounded. There-
fore, it is concluded that s;uq1, s,,, 7 € Lo, it can be shown
that s;uq; — 0,s,, — 0,7 — 0 as ¢t — 0, respectively. It
is further concluded that s;, — 0 as ¢t — 0 Differentiating
uln yields (d/dDufyn = —kiugys, + il g — kou? iy —

udl{Z ) SzCerl - Z] 2512, ) (a(e] - s])/ae,)C,+1}
where the first term is uniformly continuous and the other terms
converges to zero. Since (d/ dt)ugln converge to zero, s and §
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also tend to zero. It is obvious that s; =0, yields that {; — y;
and él — ‘fdz as t — oo. Since o, 7, d3, AJg, e; and 1, are all
bounded, it can be concluded that 7 is bounded from (38). [

4. Simulation studies

Consider a 3-DOF robotic manipulator with two revo-
lute joints and one prismatic joint mounted on two wheeled
mobile platform shown in Fig. 1, which is subjected to the
following constraints: x cos® + ysin0 = 0. Using the La-
grangian approach, we can obtain the standard form (1) with

CIU = [xs y: Q]T’ qg = [017 625 03]T7 62 =TC/2, q = [f]v’ q(l]T7 and
A, = [cos0,sin 0, 0]T, and
M M C C
Mv:|: il v12i|’ Cv:|: il v12i|,
Mypr My Cu1 Cu2
B [ sinf/r  —cosO/r —l/r]
' —sin@/r  cos0/r Ir |’

My1p = [mip3dcosO + mazcos(0 + 01), mip3dsin0l +
mo3 sin(0+01)17, My1=diag[m p123], moz=maly+m3L3, L3=
212+l3+03,MU22=I[,+1123+mlz3d2+m2(l%+2dlz cos 01)+
mS(L% + 2dL3cos 01), Mys = [Mya1, Myaz, Mya3], Mya1 =
[mo3 cos(0+01), mos sin(0+64), 1123 +m2(l%+2dl2 cos )+
m3(L3 + 2dLzcos0)1Y, My = 0, M3 = [sin(0 +
01), — cos(0+0y), 0], B,=diag[1.0], M,=diag[]123, I3, m3],
=[1, 1, 71, T2, 73] 1, G,,=[0.0, 0.0, 0.0]T, mp123=mp+m|23,
mi3 = my + my + m3, Iy =101 + L + 13 + m3L2,
Ly =15L + I +msL}, Cy1 =0, Cop =CL,, Com» =
—2m23dsm0191,Ca_d1ag[ mozd sm019 m23dsm010 0],
Con=I[— m123d05m0 ma3 sm(9+01)(9+91) mlz3dQCOS Q—i-
mazcos(0 + 010 + 0DIT, G, = [0.0, magly, migL 5)T,
Cva—[cvals Cua2, Cuasl, Cval CvaZ—[ mo3 sin(0401)(0+
91) —mpj3 sin cos(0 + 61)(0 + 91) 0] Cyaz =[—m3cos(0 +
01)(6 + 91) —m3 sin cos(0 + 61)(0 + 91) O] Cav1 = Cgal,
Con = Cva2’ Cuvz = [m3cos(0 + 01)(0 + 01),m3 sin(0 +
01)(0 + 01), mad sin 001 ].

driving wheel /

2r

Fig. 1. 3-DOF robotic manipulator mounted on a mobile platform.

Remark 4.1. In such case that 3-DOF mobile manipulator
consists of two revolute joints and one prismatic joint, V{ €
R, V(€ R, [|Ma(O)|| <kt +km2 [ {6]I* with k1 and kyp >0,
G2 (Dl <kg1 + kg2 ll{6ll with kg1 and kg2 > 0, where (g = 03,
if the boundedness of (g is known, there still exist some finite
non-negative constants ¢; >0 (i =1, ..., 4), therefore Property
2.2 holds.

Remark 4.2. The existence of sign-function in the controller
(46) may inevitably lead to chattering in control torques. To
avoid chattering, a sat-function can be used to replace the sign-
function (Slotine & Li, 1991).

Given the desired trajectory g4 =[x4, Y4, 04, 014, 02417 with
xg=2.0cos(t), yg=2.0sin(z), 0;=t, 01g=mn/2 rad, Org=m/2
rad and the geometric constraint which the end-effector sub-
jected to: @ = oc(x2 + y2) + z — ¢ =0 with ¢ =2.25m, and
4a=10.0N, the desired value of the parameter o is 1.0, and the
joint 3 is redundant prismatic joint used to compensate the posi-
tion errors caused by uncertain holonomic constraints. Assume
that 03 € [0.0m, 0.3 m]. The transformation 7 (g) is defined
as {1 =0,{,=xcos0+ysin0, (3=—xsinO+ycosb, {, =101,
{s=10p, (s =03, u1 = vp2, uz =vp1 — (xcos 0 + ysin vy,
Uz = C3, Uy = C4, Uus = CS, one can obtain the kinematic
system in the chained form as Cl =u, Cz = {uy, C3 = up,
C4 = us, C5 = Uy, Cﬁ = us. Using the above diffeomorphism

12
10 |
g 8T
= 6
g 0,
2 4t
S 0
= 0 %\ 014 /\ 02\
\</ Ny
) -
4= Time (s)
Fig. 2. Positions tracking.
40
T
20 !
T
0 \)(}7
2 N 270 4 6 8 B 10
€ 20ry, Time (s)
5]
2 40 b
e
-60 |
-80
-100 -

Fig. 3. Torques of joints.
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12 1

10(

Constact force (N) /4,

Estimated uncertainty o

Time (s)

Fig. 4. The contact force (N) and estimated o.

transformation, we can obtain {1 = ¢, {;, = 2.0, {453 = 0.0,
Cas =7/2, Lgs = 1/2, 28 = 10.0N with ugy = 1.0, ugz2 = 0.0,
1q3=0.0, 44=0.0. In the simulation, m ,=5.0kg, m;=1.0kg,
my=m3=0.5kg, [,=2.5kgm?, [;=1.0kgm?,1,=0.5kgm?,
I3 =05+ mgG%kgmz, d=1l=r=05m,21 =10m, 2, =
0.3 m. The initial condition select x(0) =2.0m, y(0) =0.0m,
0(0) =mn/2rad, 0, (0)=n/2rad, 62(0) =n/2rad, 03(0)=0.1m,
A(0)=0.0N and x(0)=0.5m/s, y(0)=0(0)=01(0)=0,(0)=06;
(0)=0.0, 2(0)=0.1,¢;(0)=1.0,i=1, ..., 5. In the simulation,
the design parameters are set as bs; = bg, = 1.0, ko = 30.0,
k1 = 200.0, k» = 1.0, k3 = 1.0,Ky = diag[0, 0.01], K, = 0.5,
n(0) =0, K; =diag[1.0], K, =diag[1.0], the adaptive gains in
the adaptive laws are chosen as y; = 0.1, f; = 1.0, h; = ¢; =
1/(1 +1)2. The disturbances on the mobile base are set to a time
varying form as 0.5sin(¢) and 0.5cos(¢). The control results
are shown in Figs. 2-4. Fig. 2 show the trajectory tracking
(g — g4) with the disturbances, and the corresponding torques
are shown in Fig. 3. Fig. 4 shows the contact force tracking
An — i;f and the evolution of «. The simulation results show
that the position tracking error converges to zero, the estimated
uncertainty converges and the contact force error converges to
the desired contact force in Fig. 4.

5. Conclusion

In this paper, the trajectory and force tracking controls of
nonholonomic mobile manipulators have been investigated with
unknown inertia parameters, constraints and disturbances. The
controls ensure that the output of the dynamic system tracks
hybrid variable signals and makes the whole system stable
with respect to the desired force/motion. Throughout this paper,
feedback control design and stability analysis are performed via
explicit Lyapunov techniques. Simulation studies on the con-
trol of a two wheels driven mobile manipulator illustrate the
effectiveness of the proposed control.
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