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On Robust Control of Mobile Manipulators *
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Abstract: This paper studies the tracking control problem of mobile manipulators in which parameter uncertainty, system
friction and disturbance are considered. A robust tracking controller is proposed based on the defined tracking errors, the struc-
tural properties of the system, and Barbalat’s lemmas. The proposed controller ensures the system state to asymptotically track
the desired trajectory in the presence of uncertainties. Simulations presented in the paper show the effectiveness of the proposed

approach.
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1 Introduction

A mobile manipulator is composed of a manipulator
am and a mobile base on which the ann is mounted.
Several researchers have studied the systems, see [1,2]
for details. However, the study of the tracking problem
of the mobile manipulator has been limited to partial
states of the system without consideration of parameter
uncertainty, and in some cases the interaction between
the mobile base and the manipulator are neglected. In

this paper, we discuss the tracking problem of the full’

state of the uncertain mobile manipulator. A robust con-
troller is proposed. The proposed controller ensures the
tracking errors of the full state to asymptotically globally
tend to zero and is robust with respect to the parameter
and friction uncertainty and disturbance.
2 Modeling and problem statement

The mobile manipulator shown in Fig.1 consists of a
mobile base and a multi-link manipulator. Generally,
the mobile base may belong to any type of the nonhol-

onomic wheeled mobile robots discussed in [3]. The
robotic manipulator is a series-chain multi-link manipu-
lator. Considering the constraints to which the base is
subjected, the system motion equations can be represent-
ed in the following form:

Fig.1 A mobile manipulator

Mu(‘])i]'l + Mlz(q)t'ju + Cu(q,tj)q' +
Gu(q) + Fu(g) + Dy(t) =

JiCg)A + Bu(gp)z, (1)
Mxu(q)4r + Mu(g)gn + Cu(q,4)q +

Gulg) + Fu(g) + Dy(t) = 7y, (2)
Ji(q)g; = 0, (3)

where ¢ = [¢7,¢5]T € R" is the generalized coordi-
nates, q; € R™ and gy &€ R™ are the coordinates of the
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mobile base and the manipulator respectively, t; € IR?
and r;; € R™ are the torques applied on the mobile base
and the manipulator respectively, B;; € R™™” is the in-
put matrix of the mobile base, M; (1 < i, < 2) denote
the inertia matrix components, C,; and C,, are the Corio-
lis and centrifugal forces, G, and G, are the gravity
vectors, F; and F,; represent friction terms, D), and
D,; denote disturbance, A is the vector of Lagrange mul-
tipliers corresponding to the constraints. J; € ROH-mxm
is a full rank matrix qualifying the nonholonomic con-
straints. For clarity, we assume that J, contains the non-
holonomic constraints only, otherwise a reduction proce-
dure can be used to remove the holonomic constraints
from (1) ~ (3). Let

uw = [ i)

o = [yl o =[]

S P R
Bu(g) O

B(g) = [ 0 Inlxnl]’

J(g) = LJI(g), 01", = = [, ]".
(1) ~ (3) can be written in the compact form:

M(q)g§ + C(q,4)¢ + G(q) + F(¢) + D(1) =

J'(g¢)x + B(q)r, (4)

J(g)¢ = 0. (5)

In the system, we suppose F(¢) and D(t) are un-
known. The inertia parameter vector a € R% of the sys-
tem (4) is “uncertain”, i.e., there exist ag € R% and
a positive constant p such that || @ || : = la - a0l <
p- Given a desired twice differentiable trajectory ¢ * (t)
=[q7"(¢),q77(t)]T which satisfies J,(q; )¢; =0,
the tracking problem discussed here is finding a control
law = such that‘l_i_rB(q(t) -¢*(t)) =0and ‘l_ifg(q(t)
-¢*(t)) =0.

It should be noted that the dynamics (4) possesses the
following properties: 1) M(g) is a bounded positive

definite matrix, and ¥ ¢ € R* , M(gq) - 2C(q,¢) is
skew-symmetric for a suitable definition of C(g,¢);
2) VEER, M(9)é+C(q,9)¢+ G(q) = Y(q,4,
¢,&)a, where the regressor matrix Y(gq,¢,£,¢) is a
known function of ¢,¢,& and &; 3) There exist con-
stants ¢; and ¢, such that || F(g) + D(¢) | < ¢ +
callgll.

For Eq. (3), there exist linear independent vector
fields f;(¢;)(1 < i << m) such that ¢; = f1(g;)v; + -
+fm(ql)vm = f(QI)UI’ wheref(ql) = [fl(‘]l)v\"':
fula) ], = [y, , v, )" is suitably defined. Let v
= ¢y, then gy = vy. Thus

¢ = glq)v, (6)

where g(q) = diaglf(g). o xn,] and v = [o],
v)]7. Differentiating (6), one obtains ¢ = gv + gv.
Substituting this equation into (4), and then multiplying
both sides of (4) from left with g™(g) , one obtains

M (q)s + Ci(g,q¢)v + Gi(q) +

Fi(q,q) + D\(q,t) = By(g), (7)
where
Mi(q) = g"(9)M(q)g(q),
Ci(q,9)=g"(g)M(q)g(q) + g"(g)C(q,9)g(q),
Gi(q) = g"(9)6(q), Fi(q.,9) = g"(g)F(qg),
D\(q,t) = g"(q)D(t),Bi(q) = g"(q)B(q).
In what follows, it is assumed that p > m and f "By, is
a full rank matrix, so that the mobile manipulator is ful-
ly actuated.

Noting the results in [4], there exist diffeomorphic
state and input transformations :

zZ; =
[ZI’ ZZ,I""’Zsl,l;.“’ zZ,m—l"“’Zsm_l,m—l]T = 5{’1(‘]1):
(8)
u; = [u11u21"" um]T = S{’z_l(ql)vl, Uy = 51,
(9)
such that the system (6),(7) can be put into the form
Z1 = Uup, i;},j = U, Ziy = Z UL,
(10)
2is -1, 1gs jgs m- 1,
Zp = uy, (11)
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My(2)u+Co(z,2) u+ Go(2) + Foz,2) + Doz, 1) =
By(z)t, (12)
where
z = [21,23]", uw = Luf,u}]T,
My(z) = 27(@IM(q)2(q) Vg =47 qp=3,) 5
Co(z,2) = QN () [M(g)02(q) +
Clq, MDY Vg =47, gp=

Gx(z) = 0T(g)6(g) lig=47':), =2 »
Fy(z,2) = QY@ F(4) 1142 470), g1yl
Dy(z,t) = 27(Q)D(1) l1g= 4G, gy=1,1>
By(z) = OT(q)B(q) l1q=4":). qy=2,1>
0(q) = diagl f(q))$2(9) s Lo xn, ).
It is easy to prove that the dynamics (12) retains the fol-
lowing two properties: 1) M,(z) is a positive definite
matrix for any z € R" and M5(z) - 2C,(z,2) is skew-
symmetric; 2) For any differentiable £ € R™ "™,
My(2)é + Co(z,2)E + Gy(z) = Yp(2,7,§,8)a
where Y,(z,2,£,£) is a known matrix of z,2,£, &.

For the desired trajectory ¢ (t), it is easy to find z;

* * %* 1T »* * * .
={uf ,us ,yum ), andzy = qp, uy = gy such
that

* »* . * * . ¥ *

Zy = Uy 2, = WUjaZy = Uy
7

, % * »*

Zij = Zin,jur >

2gissi-lLilgsjgsm-1

==

Therefore, the tracking problem can be restated as find-
ing the control law r of the system (10) ~ (12) such
that
lim(z,(1)-27 (1)) = 0, lim(ur(1)-uf (1)) =0,
tl_i.lg(zll(l)—z;;(t))=0’£I§(ull(t)—ul7(t))=0~
3 Controller design
Let ¢; = [613 €215 " »€ 15 TS €mats T s
e:,,__,.m-l]T = W - (z -z ), where ¥ = diag[ ¥',
w2, 9P, W2 < I < m - 1) is the resulting
matrix after eliminating the first row and the first column
of the matrix ¥*. ¥ = {¢};} ER (I gl m-
1), and ¢! ; is defined as follows
di=1(<iss), ¢,=00< jsl< i,j< ),
Pii=0Q2<iss),
Sbi'.j = 0 (i,j are not odd or even at the same time),

! 1 . ,
;'j=k,~_3,1¢f'_2'j+‘/'i_1,j_1(4$ iss, 2< )< sl)

= [z 332..17""z:l,l3"'332.,m—1’"'az.v:_l.m—l]T’u; and constants k;; > 0 (1 < i < s; - 3). Let
i uy +p 1
5 -1
uy - #3161 ~ k:l-mux‘ €, -1,1 ~ uy iEz‘l’ll.i(ziH,l - zi0)
= ’
LI
_u': - H3.m-16_ ,m-1~ k:m_l—Z,m—lul. &, ,~lim-1~ ul. ‘Zz SbT:_:,i(ziH,m-l - z:+1.m—l) i
T = i — Ky(zy = zj1),
) "’2" "_l 2 ej,l¢jl'.izi+1.l e,’,,«,bfl,,-zjn,,
P=-mbmmar 121 joz bicz ko k1 k2, * kl,lkZ,I"'ksl—z,l ’
where ko ; = 1,k, 2, >0(lsjsm=-1),1 >0, oY3(z,z,7,9)(w - 7)
p2 >0, and s ; >0 (1< j < m~1),Kyis a constant | Y3z, 2,7, 7)(u = ) || + 6(¢)
positive definite matrix. Letey = zy— zyand e = LeT, 2
e} )7, the following theorem can be obtained. xiCu = ) K,(u-75)-A]

Theorem Assume that z; ,u; and #; are bound-
ed, if u," does not tend to zero, then the control law
T = Bz#(Z)[Yz(z,Z., 77)7‘7)(0’0 -

wllu-gl +6@)
make e, é and p tend to zero, where # is any left in-

verse, 7 = [77,74)",
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—\ l e e lsl} e 1.l
A o] ej.l‘;bj.z~z+1.[ s s L
wmer+ 2, 212 r

+
T 2 L ko kg Rudka ks o

esl.l

k1.1k2.1” 'ksl—z.l

esm_l.m—l

kl n=1 k2.m—1‘ . ksm_‘—Z. m~1

*

- 2 = Zn -
x0= 120 | -lerrealll 587 G 1+ Nz 1D,

Q(2) = 00g) Ng=47'G. ay=2,)

and ko’j = 1, constants ki.j >0 (1 =< 1} = S —2,1 =<

jem-1D,u1 >0, 43 >0,pu3,;>0 (1< j< m-1),
Ky, and K, are constant positive definite matrices, 8(1)

> 0 and such thatj0 8(e)dt < .
Proof Definez = u - 7, let
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Vv =%(p2 + ,ule% + ehey + B Myii) +

Differentiating V along the closed-loop system, with the
help of the extended Barbalat’s lemma, the theorem can
be proved, which is omitted here for space limit.

The assumption about z; can be relaxed, see [5,6].
In the controller, (¢} could have different forms. For
example, it may bee *(a > 0) or 1/(1 + 2)*(a > 1.
4 Simulations

Simulation of a typical mobile manipulator discussed
in [7] is done. With the help of the result in the paper,
the robust controller can be easily designed. Under cer-
tain parameters and initial conditions, responses of (¢ —
q")and (g - ¢~ ) are shown in Figs. 2 and 3. It is ob-
vious that the tracking errors converge to zero, which
shows the effectiveness of the proposed result.
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