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Robust force/motion control strategies are presented for mobile manipulators under both holon-
omic and nonholonomic constraints in the presence of uncertainties and disturbances. The controls
are based on structural knowledge of the dynamics of the robot, and the actuator dynamics is
also taken into account. The proposed control is robust not only to structured uncertainty such
as mass variation but also to unstructured one such as disturbances. The system stability and the
boundness of tracking errors are proved using Lyapunov stability theory. The proposed control
strategies guarantee that the system motion converges to the desired manifold with prescribed
performance. Simulation results validate that not only the states of the system asymptotically
converge to the desired trajectory, but also the constraint force asymptotically converges to the
desired force.

1. Introduction

Mobile manipulators refer to robotic manipulators mounted on mobile platforms. Such sys-
tems combine the advantages of mobile platforms and robotic arms and reduce their draw-
backs [1-4]. For instance, the mobile platform extends the arm workspace, whereas the
arm offers much operational functionality. Applications for such systems could be found in
mining, construction, forestry, planetary exploration, teleoperation, and military [5-11].
Mobile manipulators possess complex and strongly coupled dynamics of mobile
platforms and manipulators [12-16]. A control approach by nonlinear feedback linearization
was presented for the mobile platform so that the manipulator is always positioned at
the preferred configurations measured by its manipulability [17]. In [14], the effect of the
dynamic interaction on the tracking performance of a mobile manipulator was studied, and
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nonlinear feedback control for the mobile manipulator was developed to compensate the
dynamic interaction. In [18], a basic framework for the coordination and control of vehicle-
arm systems was presented, which consists of two basic task-oriented control: end-effector
task control and platform self-posture control. The standard definition of manipulability was
generalized to the case of mobile manipulators, and the optimization of criteria inherited
from manipulability considerations were given to generate the controls of the system when
its end-effector motion was imposed [19]. In [20], a unified model for mobile manipulator
was derived, and nonlinear feedback was applied to linearize and decouple the model, and
decoupled force/position control of the end-effector along the same direction for mobile
manipulators was proposed and applied to nonholonomic cart pushing. The previously
mentioned literature concerning with control of the mobile manipulator requires the precise
information on the dynamics of the mobile manipulator; there may be some difficulty in
implementing them on the real system in practical applications.

Different researchers have investigated adaptive controls to deal with dynamics
uncertainty of mobile manipulators. Adaptive neural-network- (NN-) based controls for
the arm and the base had been proposed for the motion control of a mobile manipulator
[21, 22]; each NN control output comprises a linear control term and a compensation term for
parameter uncertainty and disturbances. Adaptive control was proposed for trajectory/force
control of mobile manipulators subjected to holonomic and nonholonomic constraints with
unknown inertia parameters [23, 24], which ensures the state of the system to asymptotically
converge to the desired trajectory and force. The principal limitation associated with these
schemes is that controllers are designed at the velocity input level or torque input level, and
the actuator dynamics are excluded.

As demonstrated in [25-27], actuator dynamics constitute an important component of
the complete robot dynamics, especially in the case of high-velocity movement and highly
varying loads. Many control methods have therefore been developed to take into account
the effects of actuator dynamics (see, e.g., [28-30]). However, the literature is sparse on the
control of the nonholonomic mobile manipulators including the actuator dynamics. In most
of the research works for controlling mobile manipulators, joint torques are control inputs
though in reality joints are driven by actuators (e.g., DC motors), and therefore using actuator
input voltages as control inputs is more realistic. To this effect, actuator dynamics is combined
with the mobile manipulator’s dynamics in this paper.

This paper addresses the problem of stabilization of force/motion control for a class
of mobile manipulator systems with both holonomic and nonholonomic constraints in the
parameter uncertainties and external disturbances.

Unlike the force/motion control presented in [31-37], which is proposed for the
mechanical systems subject to either holonomic or nonholonomic constraints, in our paper,
the control is to deal with the system subject to both holonomic and nonholonomic con-
straints. After the dynamics based on decoupling force/motion is first presented, the robust
motion/force control is proposed for the system under the consideration of the actuator
dynamics uncertainty to complete the trajectory/force tracking. The paper has main contribu-
tions listed as follows.

(i) Decoupling robust motion/force control strategies are presented for mobile
manipulator with both holonomic and nonholonomic constraints in the parameter
uncertainties and external disturbances, and nonregressor-based control design is
developed in a unified manner without imposing any restriction on the system
dynamics.
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(ii) The actuators (e.g., DC motor) dynamics of both the mobile platform and the arm
are integrated with mobile manipulator dynamics and kinematics so that the actu-
ator input voltages are the control inputs thus making the system more realistic.

Simulation results are described in detail that show the effectiveness of the proposed
control law.

The rest of the paper is organized as follows. The system description of mobile
manipulator subject to nonholonomic constraints and holonomic is briefly described in
Section 2. Problem statement for the system control is given in Section 4. The main results of
robust adaptive control design are presented in Section 5. Simulation studies are presented by
comparison between the proposed robust control with nonrobust control in Section 6. Conc-
luding remarks are given in Section 7.

2. System Description

Consider an n DOF mobile manipulator with nonholonomic mobile base. The constrained
mechanical system can be described as

M(q)4+C(q,9)4+G(q) +d(t) = B(q)T + f, (2.1)

where g = [q1,...,g,]" € R" denote the generalized coordinates; M(q) € R™™ is the sym-
metric bounded positive definite inertia matrix; C(4,q)g € R" denotes the Centripetal and
Coriolis torques; G(q) € R" is the gravitational torque vector; d(t) denotes the external
disturbances; 7 € R™ is the control inputs; B(q) € R™™ is a full rank input transformation
matrix and is assumed to be known because it is a function of fixed geometry of the system;
f € R™ denotes the vector of constraint forces; ] € R™™ is Jacobian matrix; A = [\, ;] € R™
is Lagrange multipliers corresponding to the nonholonomic and holonomic constraints.

The generalized coordinates may be separated into two sets g = [§o,qa]’, where g, €
R? describes the generalized coordinates for the mobile platform, g, € R” is the coordinates
of the manipulator,and n =v +r.

Assumption 2.1 (see [38-40]). The mobile manipulator is subject to known nonholonomic
constraints.

Assumption 2.2. The system (2.8) is subjected to k independent holonomic constraints, which
can be written as

h(q) =0, h(q) € R, (2.2)

where h(q) is full rank, then J(g) = 0h/0q.

Remark 2.3. In actual implementation, we can adopt the methods of producing enough
friction between the wheels of the mobile platform and the ground such that this assumption
holds [41-43].
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The vehicle is subjected to nonholonomic constraints, the I nonintegrable and inde-
pendent velocity constraints can be expressed as

A(g0)4o =0, (2.3)

where A(go) = [Al(q0), ... ,AIT(qv)]T : R — R is the kinematic constraint matrix which
is assumed to have full rank I. In the paper, the vehicle is assumed to be completely non-
holonomic. The effect of the constraints can be viewed as a restriction of the dynamics on the
manifold Q,, as

Qi = {(90,40) | A(90) 40 = 0}- (2.4)
The generalized constraint forces for the nonholonomic constraints can be given by

= AT(g0) A (2.5)

Assume that the annihilator of the codistribution spanned by the covector fields
Ai1(qv), - .., Ai(gy) is a (v —I)-dimensional smooth nonsingular distribution A on R”. This dis-
tribution A is spanned by a set of (v — I) smooth and linearly independent vector fields
Hi(gv),...,Hy-1(qy); that is, A = span{Hi(gv),..., Hy-1(q)}, which satisfy, in local coordi-
nates, the following relation:

H'(g,)AT(90) =0, (2.6)

where H(qy) = [Hi(qo), - - -, Hn,-1(go)] € R?*®™). Note that HT H is of full rank. Constraints
(2.3) imply the existence of vector 77 € R°™ [44], such that

G = H(qo)7]. (2.7)

Considering the nonholonomic constraints (2.3) and its derivative, the dynamics of
mobile manipulator can be expressed as

HTM,H HTMW , [H"M.H + H'C.H HTCW HTG HTd
MavH % MuvH + CavH qa

VSR

From Assumption 2.2, the holonomic constraint force f), can be converted to the joint
space as f, = ] T)j,. Hence, the holonomic constraint on the robot’s end effector can be
viewed as restricting only the dynamics on the constraint manifold €} defined by Q) =
{(g.9) | h(g) = 0,J(q)g = 0}. The vector g, can be further rearranged and partitioned

(2.8)
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into g, = [gL,42]"; g. € R"~* describes the constrained motion of the manipulator, and g% € R¥
denotes the remaining joint variable. Then,

oh dh oh ] 29)

J(q) = [Fq’@’a_cﬁ

From [45], it could be concluded g is the function of { = [, qi]T, that is, g = g(¢), and we

have g = L({)¢, where L() = 8q/0¢, 4 = L(0)s + L(¢)¢, and L(¢), J'(8) = J(q(¢)) satisfy the
relationship

LT ()] () =0. (2.10)

The dynamic model (2.8), when it restricted to the constraint surface, can be transformed into
the reduced model:

ML)+ CH+ G +di () =u+ TNy, (2.11)

where

H'M,H H"M,,

1_
M_[MMH M, |’

[HTMoH HTMy,] HTM,FH + H'C,H H'C,,
| Mm,H M, L(C)+[ Mo H + Cyp c, |k

H'G HT'd
1 _ (4 1 _ v
o O O

H'B, 0
u=B'r, Bl=[ v ], =[Tl].
0 B, = lal

Cl
(2.12)

Multiplying LT by both sides of (2.11), we can obtain
M)+ Cr(¢,¢)¢+Gr +dr(t) = LTB'r. (2.13)
The force multipliers A, can be obtained by (2.11):
An = Z(2) (C1 (&, &)+ G +dl(t) - BlT>, (2.14)
where M; = LTM'L, C; = LTC!, G, = LG}, Z = (J* (M) JIT) L (v,

Property 1. The matrix M is symmetric and positive definite.

Property 2. The matrix M, — 2Cy, is skew symmetric.
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Property 3 (see [46]). For holonomic systems, matrices J'($), L(¢) are uniformly bounded and
uniformly continuous if § is uniformly bounded and continuous, respectively.

Property 4. There exist some finite positive constants ¢; > 0 (1 < i < 4) and finite nonnegative
constant ¢; > 0 (i = 5) such that for all { € R", for all { € R", | M) < c1, ICL(&, Q) <
c2 + csllll, [IGL(Q)I] < ¢4, and supy||dL(B)]| < c5.

3. Actuator Dynamics

The joints of the mobile manipulators are assumed to be driven by DC motors. Consider the
following notations used to model a DC motor: v € R™ represents the control input voltage
vector; I denotes an m-element vector of motor armature current; Ky € R™™ is a positive
definite diagonal matrix which characterizes the electromechanical conversion between
current and torque; L, = diag[La1,Las, La3, ..., Lam], Ra = diag[Ra1, Ra2, Ras, .., Ram], Ke =
diag[Ke1, Kez, Kes, - .., Kem], w = w1, w2, . . ., a)m]T represent the equivalent armature induct-
ances, resistances, back EMF constants, angular velocities of the driving motors, respectively;
G, = diag(gr) € R™™ denotes the gear ratio for m joints; 7, are the torque exerted by the
motor. In order to apply the DC servomotors for actuating an n-DOF mobile manipulator,
assuming no energy losses, a relationship between the ith joint velocity ¢; and the motor shaft
velocity w; can be presented as gi = w;/gi = 7i/ T With the gear ratio of the ith joint g, the
ith motor shaft torque 7,;, and the ith joint torque 7;. The motor shaft torque is proportional
to the motor current 7, = KnI. The back EMF is proportional to the angular velocity of the
motor shaft; then we can obtain

LQ% +R,I + K,w =10. (3.1)

In the actuator dynamics (3.1), the relationship between w and ¢ is dependent on the type of
mechanical system and can be generally expressed as

w = G,T¢. (3.2)

The structure of T depends on the mechanical systems to be controlled. For instance, in the
simulation example, a two-wheel differential drive 2-DOF mobile manipulator is used to
illustrate the control design. From [47], we have

_ (10 +76,)
YT
. (r0, —76))
0="—"—, (3.3)
o1 =0,

02 = 0y,
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Figure 1: The 2-DOF mobile manipulator.

where 6; and 0, are the angular velocities of the two wheels, respectively, and v is the linear
velocity of the mobile platform, as shown in Figure 1. Since iy = v cos 6, we have

[6, 6, 6, 6] =T[y 6 6, 6],

-1 I S
rcos@ r 0
1 (3.4)
T = —1 0 0f,
rcosf r
0 0 10
| O 0 0 1]
where r and [ are shown in Figure 1.
Eliminating w from the actuator dynamics (3.1) by substituting (3.2), one obtains
L"B'G,KnI = Mp(8)¢+Cr (¢, )¢+ Gr +di(t), (3.5)
A= 2@)(Cab + G + da(t) - B'G,KNI), (3.6)
v = Lag +R,I + K,G,T¢. (3.7)

dt

Until now we have brought the kinematics (2.3), dynamics (3.5), (3.6) and actuator
dynamics (3.7) of the considered nonholonomic system from the generalized coordinate

system g € R" to feasible independent generalized velocities { € R"™* without violating
the nonholonomic constraint (2.3).
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4. Problem Statement

Since the system is subjected to the nonholonomic constraint (2.3) and holonomic constraint
(2.2), the states go, g1, 3 are not independent. By a proper partition of g,, > is uniquely
determined by ¢ = [7, q}l]T. Therefore, it is not necessary to consider the control of ¢>.

Given a desired motion trajectory ¢ (t) = [qdq}ld]T and a desired constraint force f;(t),
or, equivalently, a desired multiplier A;(t), the trajectory and force tracking control is to
determine a control law such that for any (£(0),{(0)) € Q, ¢, ¢, A asymptotically converge
to a manifold Qg specified as Q where

Qd:{(glél"lh) Iézéd/é:éd/)‘:/ld}- (4:1)

The controller design will consist of two stages: (i) a virtual adaptive control input 14
is designed so that the subsystems (3.5) and (3.6) converge to the desired values, and (ii) the
actual control input v is designed in such a way that I — I“. In turn, this allows ¢ - {* and
X = A% to be stabilized to the origin.

Assumption 4.1. The desired reference trajectory ¢%(t) is assumed to be bounded and uni-
formly continuous and has bounded and uniformly continuous derivatives up to the second
order. The desired Lagrangian multiplier A,(t) is also bounded and uniformly continuous.

5. Robust Control Design
5.1. Kinematic and Dynamic Subsystems

Lete; = (- ¢%, & = ¢4 —keeg, 7 = é; + keeg with kg > 0, eg = A — A4 A decoupled control
scheme is introduced to control generalized position and constraint force separatively.
Consider the virtual control input I is designed as

I=KIG'B" 'z, (5.1)

Let the control u be as the form
u=L"us— "y,
Ug = BlGrKNaIa/ (52)
up = B'G,Knplp,

where u,, I, € R"* and uy, I, € RF and L*T = (LTL)™'L”. Then, (2.13) and (2.14) can be
changed to

Mp(g)¢+Cr (g, ¢)¢+ G +di(t) = B'G Knala, (5.3)

Z(2) (cl (¢, O+ GH+dl(t) - L*TBlc,KNaIa) +B'G,KnpIp = Ap. (5.4)
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Consider the following control laws:

B'G,K I"’——Kr—[(frdt—L (5.5)
e T oy (e + 6 /
o=C"Y, (5.6)
XZ

B'G,Knplf = 1T + M - Krey, (5.7)

dr,

— +T| || &£ |54
x = el z@ e 5 1| (5:8)

where C = [c1 ¢z ¢3 ca s [; ¥ = [I@/an[&AN G NG 1E0 11]7; Ky, Ki Ky are
positive definite. y(||r||) can be defined as follows: if ||r|| < p, y(|I7]l) = p, else y(|I7|]) = |I7|l, p
is a small value, 6(t) is a time-varying positive function converging to zero as t — oo, such
that fé 6(w)dw = a < oo. There are many choices for 6(t) that satisfies the condition.

5.2. Control Design at the Actuator Level

Tillnow, we have designed a virtual controller I and ¢ for kinematic and dynamic subsystems.
¢ tending to ¢4 can be guaranteed, if the actual input control signal of the dynamic system I
be of the form I¢ which can be realized from the actuator dynamics by the design of the actual
control input v. On the basis of the above statements we can conclude that if v is designed in
such a way that I tends to I4, then ({ - ¢) — Oand (A -A9) — 0.

Defining I = e; + I4 and substituting I and ¢ of (3.7) one gets

Laér + Reep + KoG,Té; = —~L,1% = R,1? - K.G, T + . (5.9)

The actuator parameters Ky, L,, R;, and K, are considered unknown for control
design; however, there exist Ly, Ry, and Ko, such that

ILa = Lol a1, [[Ra=Roll <az,  [[Ke = Keol| < a. (5.10)

Consider the robust control law

=y - S — 1 _K 11
v = Z||el||yi+6 der, (5.11)

i=1



10 Journal of Applied Mathematics
where

vo = LoI% + RoI? + K»G, T,

o)

0(2||Id

p=a

—

(5.12)

Ho

7

es ()

5.3. Stability Analysis for the System

Theorem 5.1. Consider the mechanical system described by (2.1), (2.3), and (2.2); using the control
law (5.5) and (5.7), the following hold for any (g(0),4(0)) € Q, N Qy:

(i) r and er converge to a set containing the origin with the convergence rate ast — oo;
(i) eq and é, asymptotically converge to 0 ast — oo;

(iii) ey and T are bounded for all t > 0.

Proof. (i) By combing (3.5) with (5.5), the closed-loop system dynamics can be rewritten as

M7 = BlchNaIZl + BlchNaEI - (MLé'r + CLér + GL + dL) - CLT'.

(5.13)
Substituting (5.5) into (5.13), the closed-loop dynamic equation is obtained:
Mr——Kr—K-frdt— rO 4 B'G Kne (5.14)
Lr = p i ‘DY(llrll)+5 H L rfNNa€l, .
where y = My, + Cré, + G +di.
Consider the function
V= V1 + Vz,
Vi = S Mpr+ 2 ([ rar TK dt + el k;Kn.K
1= ET LY + E r i|lr +€€ (K NaKply, (515)
1r
Vz = 561 KNaLueI.

Then, differentiating V; with respect to time, we have

. 1.
Vi = . <ML1'” + EMLr + K; I rdt) + ZegkgKNaKpéé. (5.16)
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From Property 1, we have (1 /2) Anin(Mp)rTr <V < (1/2) Anax (M) 7T 7. By using Property 2,

the time derivative of V along the trajectory of (5.14) is

. ||7’||2 @ T ; T pl
Vi=-r"Kyr—r" —+ZekKNKe+rBGKNeI
K Dy (rlly + 6 NS N
<-r'K T—M+HT”(D+2€ kgKN Kyé; +r TB'G,Kn.e;
= a a
Pooy(Irl) + 6 ¢
2402 2
T r]I"®" =y (|7 D7||r|| - [|7||DPE T . Tpl
<-r K,r - Oy (jrl) + 6 Zeg k:KnaKpé; + 1" B'G Knqer,

when ||7|| > p; therefore,
Vi < —rTKyr + 6 +2e ke KnaKar - 2¢] kiKnaKpkee + 7" B'G,Knaer.
Differentiating V;(t) with respect to time, using (3.7), one has
Vo = —eT Ko |La? + RoI% + K,G,TE + Ruer + K. G, Teég — v
Substituting v in (5.19) by the control law (5.11), one has
Vo= — el Kna(Ka+ Ra)er — el KnoKoG,Té; — el Kna(La — Lo) I

- E{KNa(Ra - RO)Id - efKNa(Ke - KeO)GrTéd KNaZ ”e ”# s
i

< —efKna(Ka+ Rp)er — el KnaK.G,Té; + a1 Knaller|| ||jd||
ler||*?
+ a3 KnaG Tle |64 - K z ferfja 2.5
1
3
< — e Kna(Kg + Ro)er — €] KnaKo G Té; + Kng Y i

i=1

3
—e] Kna(Ka + Ra)er — ef KNK.G, Tr + e] KnaKoG, Thyey + Knad D a.
i=1

Integrating (5.18) and (5.20), V can be expressed as

V< —rTKyr +6 +2e ke KnaKpr = 2e[ keKnaKyke + 17 B' G Knger

3
- e] Kna(Ky + Ro)er — €] KnaKeG, Tt + e] KnaK G Theey + Knab D .
i=1

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)
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We can obtain

KNa 0 0 r
V<-[rT e; el]Q] 0 Kna 0 |]|e], (5.22)
0 0 KNa er
where
1 1
K, -Kpk; EG,(KJ - BY)
Q= ~k;K, 2k;K, Tk, —%Kec;eré : (5.23)

%Gr(KeT - BY) —%KeGerg (Kg+ Ry)

The term Q on the right-hand side (5.22) can always be negative definite by choosing suitable
K, and Kj. Since [K},,] is positive definite, we only need to choose K, and K such that Q is
positive definite. Therefore, K; and K, can always be chosen to satisfy

] . (5.24)

k-1 ] %Gr(KeT—Bl)
- ~K.G,T
5KeG/Tk,

1 1 21
(Kg+R) > Kp EGT (KET - Bl) —zKeGerg] I:kgl kng_lkgl

If ||7|| < p, itis easy to obtain V < 0.7, e;, and e converge to a set containing the origin
with t — oo.

(ii) V is bounded, which implies that r € L’>*. From r = ¢; + ke, it can be obtained
thate;, é; € L’f“jk . As we have established e;, é; € Ly, from Assumption 4.1, we conclude that
&), 4, & (0, () e Lk and g e L1,

Therefore, all the signals on the right hand side of (5.14) are bounded, and we can
conclude that # and therefore ¢ are bounded. Thus, r — 0 ast — oo can be obtained.
Consequently, we have e; — 0,é; — O0ast — co. It follows thate;,é;, — Oast — oo.

(iii) Substituting the control (5.5) and (5.7) into the reduced order dynamic system
model (5.4) yields

(1+Kf)ey = Z() (c1 (& OE+G +d\(t) - L*TGrKNa1a> +B'G,KnpI¢ + B'G, Knper

2

_ +T by X 1
=-Z({L" Mr({)(g) + 1 +6 +B G, Knper.
(5.25)
Since { = 0 when I € R¥, (3.7) could be changed as
La% + R Iy = vp. (5.26)

dt
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Figure 2: The positions of the joints.
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Figure 3: The velocities of the joints.
Therefore, r = 0 and e; = 0 in the force space; (5.20) could be changed as

3
V, = —e?KNb(Kd + R)er + KNbSZai. (5.27)
i=1

Since Knp is bounded, V < 0, we can obtain e; — 0 asf — oo. The proof is completed by
noticing that ¢, Z(g), Ky and ey are bounded. Moreover, { — ¢4, and —Z()L* My () (£7) +
x2/(x+6) <6,er — 0, the right-hand side terms of (5.25), tend uniformly asymptotically to
zero; then it follows that ey — 0, then f(t) — fa(t).

Sincer, ¢, ¢, &, Cry &y, €1 and ey are all bounded, it is easy to conclude that 7 is bounded
from (5.2). O

6. Simulations

To verify the effectiveness of the proposed control algorithm, let us consider a 2-DOF mani-
pulator mounted on two-wheels-driven mobile base [23] shown in Figure 1. The mobile man-
ipulator is subjected to the following constraints: xcos6 + ysinf = 0. Using Lagrangian
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approach, we can obtain the standard form with g, = [x,y, 017, da = [01, 6,17, q= [qv,qa]T,
and A, = [cos6,sin 6, O]T:

2I,sin’0  2I.

M1y + ——— ——2w sin@cos® —mypdsin 6
r r 20
= 21 21
M, ——;’ sinfcosf my; + LSS m1od cos 0
r r
—typd sin 6 m1od cos 0 M;,
2
M%l = Ip + I + m12d2 + ZIH;L , M, = diag[Iu, Iz],
r
0.0 0.0
M, =10.0 00},
I, 0.0
r sin O _sm@ 0.0 0'0‘
r r
_cos@ cos O 0.0 0.0
r r
B = ,
—£ £ 0.0 0.0
r r
0.0 00 1.0 0.0 (6.1)
| 0.0 0.0 0.0 1.0]

21, . 21, - .
—2w6 sin 6 cos 0 —ZwG sin?@  —mypdOcosO 0.0
r r

Co = —r—29c0529 7951n9c059 mipdBcos® 0.0’

0.0 0.0 0.0 0.0
Coa=00, C,=00, G,=[00,00,00]", G,=[00,myghsin6,]",

—tan® 0.0 0.0 0.0
1.0 0.0 0.0 0.0
H = 0.0 1.0 0.0 0.0},
0.0 0.0 1.0 0.0
0.0 0.0 0.0 1.0

T = [1,7,]", 7, = [1, ],

Mp12 = My + M1, My = my + My, Ip=1hL+1.

Let the desired trajectory qq = [x4, V4,064,014, 92d]T and the end effector be subject to
the geometric constraint @ = I; + L, sin(6,) = 0, and y; = 1.5sin(t), 64 = 1.0sin(t), 614 =
a/4(1 - cos(t)), Ay = 10.0N.

The trajectory and force tracking control problem is to design control law 7 such that
(4.1) holds and all internal signals are bounded.



Journal of Applied Mathematics 15

T

Torques (Nm)
L
S

Time (s)
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Figure 5: Tracking the desired currents.

In the simulation, we assume the parameter m, = m; = my = 1.0, I, = I, = 1.0, 2I;
I, =10,1=05d=L=R-=1024 =10, 2, = 0.6, q(0) = [0,2.0,0.6,0.5]7, q(0) =
[0.0,0.0,0.0,0.0]7, Kn = diag[0.01], G, = diag[100], L, = [0.005, 0.005,0.005,0.005]", R,
[2.5,25,25,25]7, and K, = [0.02,0.02,0.02,0.02]". The disturbance on the mobile base
is set 0.1sin(t) and 0.1cos(t). By Theorem 5.1, the control gains are selected as K, =
diag[1.0,1.0,1.0], k; = diag[1.0,1.0,1.0], K; = 0.0 and Ky = 0.995, C = [8.0,8.0,8.0,8.0, 8.0]7,
Ky = 0.1, K4 = diag[10,10,10,10], a; = 0.008, a, = 4.0, a3 = 0.03. The disturbance on the
mobile base is set 0.1 sin(¢) and 0.1 cos(t). The simulation results for motion/force are shown
in Figures 2, 3, 4, 5, 6, 7, 8, and 9. The desired currents tracking and input voltages on the
motors are shown in Figures 5, 6, 8, and 9. The simulation results show that the trajectory
and force tracking errors asymptotically tend to zero, which validate the effectiveness of the
control law in Theorem 5.1.

7. Conclusion

In this paper, effective robust control strategies have been presented systematically to con-
trol the holonomic constrained nonholonomic mobile manipulator in the presence of uncer-
tainties and disturbances, and actuator dynamics is considered in the robust control. All con-
trol strategies have been designed to drive the system motion converge to the desired
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Figure 8: Tracking the desired current of the joint 2.

manifold and at the same time guarantee the boundedness of the constrained force. The
proposed controls are nonregressor based and require no information on the system dynam-
ics. Simulation studies have verified the effectiveness of the proposed controller.
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