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Abstract

A mobile manipulator with three wheels and three DOF links is modeled by using Euler-Lagrange method and
vector orientated constraint conditions. In this modeling process, the conventional complex nonholonomic
constraint transformation need not be considered in mobile robot system and then much simpler dynamic model can
be obtained. Next, the super-twisting sliding mode control is combined with nonlinear backstepping control to
obtain the systematic nonlinear controller design, fast response speed, and improved robustness to uncertainty due
to dynamic coupling and disturbance. Simulation and experiment were carried out to prove the effectiveness of the

proposed control methodology.
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1. Introduction

In recent years, there has been a great interest for
researches of multi-agent systems, whose applications
include spacecraft, mobile robots, sensor networks, etc.
Interesting research directions are containment control,
consensus, formation, and flocking control [1]. These
problems focus on two cases, namely, the case that
there does not exist a leader and the case where there
exists a leader. The coordinate tracking problems to
track a single leader have been investigate for followers
with  single-integrator,  double-integrator,high-order
dynamics, nonlinear or Euler-Lagrange dynamics [2-5].
Linear control theory and variable structure control
methods in most researches are used. On the other hand,
there are few examples that use the backstepping
control technique [6] for nonlinear or Euler-Lagrange
multi-agent system. In this method, the problem of
unmatched uncertainty and neglecting the efficient

nonlinearities is overcome via adopting step-by-step
recursive process.

However, although a controller designed using this
theorem guarantees the infinite-time stability of a
closed-loop system, it has drawbacks such as a slow
convergence rate and reduced robustness to uncertainty.
On the other hand, systems with finite-time settling-
time design possess attractive features such as
improved robustness and  disturbance rejection
properties [7], In this paper, terminal backstepping
control based multi-agent consensus control for Euler-
Lagrange system with one-leader and multi-followers is
developed.

2. Background and Preliminaries
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2.1. Description of the Mobile-Manipulator

Fig. 1 Schematic diagram of the two-link and two-
wheeled mobile manipulator.

The following variables are selected to describe the
two-link and two-wheeled mobile manipulator shown
in Fig. 1: 7,,7;, and r, are the torques of two wheels
and the joint2; 6, and 6, are the rotation angles of the

right and left wheels of the mobile platform,
respectively; x and ¢ are the forward distance and the

rotation angle of the  mobile platform,
respectively; 6, and 6, are the rotation angle of the links
m,, = 0.58kg,

m, = 2kg,and m, = 0.5kg are the masses of the mobile
platform, wheel, link 1, and link 2, respectively;
I,, 1y, and 1,are the moment of inertia of the mobile

1 and 2, respectively; m, =5kg,

platform, link 1, and link 2 with respect to y axis,
respectively; lg.14, , and 1, are the moment of inertia
of link 1, link 2, and each wheel with respect to
the z and z; axis, respectively; d =0.145m is the
distance between point P and the wheels; R=0.08m is
the radius of the wheels; |, =0.25m and I, =0.2mare
the lengths of link 1 and link 2;  and randr,are the

distances between the joints and the center of mass of
the links.
The generalized coordinated is selected as

q=[x @, 6, 6,, 6,6,]" . The total kinematic energy
is given as,

T :%(mp +ml+m2+2mw)>'<2+%(|p 1y + 1+ 15)¢?
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+E(mlrlz + |91)912 +E M, [1267 + 17 (6, +6,)°
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where 1; = %ml(llstﬁ'l)2 and I, = %mz(llsé'1 +1,50,)% .

The potential energy is obtained as follows:

V =mgrct, +m,g(heé +1,c6;,) . (2)
The dynamics are obtained using the Euler-Lagrangian
method. From the tire dynamics, we obtain

w8 =7, (3)
|wbr =17, (4)
with  the kinematic relations x=(x, +x)/2 ,
K= +%)12, 0.=x IR, §=xIR, 6 =%IR,
andd, =%, /R, which is obtained from the assumption

that a slip does not occur between tire and contact
surface. Therefore, we obtain

T| I .
T | .
Fr:é—($+Mrjxr. (6)

Under the assumption of no sideslip, the relationships
of M, =M, =M, , X=(% +%)/2, p=R(6,-6.)/2d =
(% —%)/2d, and $=R(f —6,)/2d =(% —%)/2d
give

T | e o
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R R (RZ Wj ()
T | o
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Finally, the reduced generalized coordinate is given
asq, =[x, @, 6, QZ]T . The derived dynamic equation is
written as

M (qr)qr +C(qerr)Qr +G(qr) = B(qr)r, (9)
Where,

my; 0 my my
my, O 0

M) My 0 My my |
My 0 my my,
00 0 0
C(Qr’qr) = 00 qul. quz. )
0 0 -mynr,6,s6, -mynr,6,s6,
0 0 -mnnds6, 0

1/R d/R 0 0]
B(q,)= |1/R —d/R 0 0| ,and 7=[r,7, 7,]".
0 0 01
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By denoting v and m as suffixes of the mobile
platform and manipulator, respectively, the coordinates

g, can be decomposed as q =[q\qum]T , oy =[x o,

61 , and g, =6, . Thus, (51) can be written as
follows:

M mv M m qm Cmv Cm qm Gm
B, O
Tdm 0 Bm Tm
The state space model of the mobile platform of (10)
can be expressed as follows:

Xl = X2 y

. -1 -1

% =—M; " (C,X, +G, + Fy, )+ M, Bu,

Yv =X, (11)

where X =0y, X =0, Ry =Myl +Conlm +7qy
and u, =7, . The state space model of the manipulator
from (10) can be expressed as follows:

X3 = X4,
Xy = =M1 (Crm + Gy + Fym ) +M 1B
Yim = X, (12)

where, X, =6, , X, =6, ,  Fy, = M6, +Cp,G, +
Tgm» and U, =7, . The state variables of the mobile

manipulator system are selected as X =[X1,11X2,1-X3,1]T

=[Xv§0v‘91]T v X :[X1,2’X2,2vX3,2]T . =[x, él]T ;
X3=X1 =60, , and X,=X,,=6, . The control
objective is that the outputs track the desired command
in finite-time, and the tilting angle, 4, , should be
maintained stably in the vertical position.

3. Design of Finite-Time Controller Design and
Stability Analysis

3.1 Design of a STA backstepping controller for a
mobile platform

The auxiliary tracking error and new states are defined
as

2, =0~ Oy (13)
Sua =Kazy +|Zv1|l/2 sign(zy) , (14)
G2 = —ﬁvl,zj;[kxlzlzvl +(3/2)ky |Zvl|1/2 sign(z,;)
+74510n(z,4)]d7 . (15)
4 1 =S (X2 —8yg) (16)
é; w2 = ~SuP28vi 7

1 . .
|7v . Define the virtual error

where &, =k, +7, |21
surface and new states as

Modeling of Mobile Manipulator

Zyp = X2~y s (18)
Cuan =Ki2Zyo +|Zv2|1/2 sign(z,) . (19)
Sv22 = *ﬂvz,zﬁ (k2,5 +(3/ Dk, |2, sign(z,)
+728ign(z,,)1d7 (20)
If we select the virtual control as follows:
g =—Puaduis +Ga +Su2 (21)
(21) can be expressed as
é;vl,l =—fuidnbui tSulu2 +Sulyz - (22)
é./vl = [é;vl,l é;vl,2]T
=SnA1gu +SuBa, (23)
where A, = [:ﬁ;’ii ﬂ and B,; = {262} . Defining the
Lyapunov function candidate V,; = (1/2)¢ 1P,
Vig € =Ea6hQulu +Evabula » (24)

where y,; = (C1 +461)1 — 26182 s Py IS a positive
definite matrix defined with constants ¢, >0,¢, >0,
B, - [Cvl +4el  -2¢,
—2&y 1
algebraic Lypunov equation (ALE)
AP, +P,A; =—2Q, , and a positive definite
symmetric matrix Q,; is defined as
:{ ﬁv1,1(cv1+45v21)—4ﬂv1,25v1 (Cvl+4551)_2£v1ﬁv1,1+ﬂv1,2]
' (Cn+ 45v21)—25v1ﬂv1,1 + B2 4ey l
Defining the state vector as ¢, =[{p; §V2'2]T and
one can then obtain that

é;vz,l = é:vz[_M;lCVQV — by +gva) - dvl] ’ (25)
Cva2 = ~EaP2abuan (26)

If we select the control law 7, as

} and is a solution of an

= g\j— _ﬂv2,1§v2,1 + M\/_1quv + /3v _m Zv2 +dv1 ’ (27)
§V2V/V2§V2

Defining the following Lyapunov function candidate as

Vip =Vig + U1 2)$5Ro8 02 + U1 27,) Py By (28)
where 7, >0is constant. The time derivative ofV,, is
written as

T ~T ~
Via =V +&oRalvo +— 2y Ay
v

2
T
< _Z ‘):Zvi é’vi Qvi é/vi + gvll//vlzvz _%Zvll//leVZ
i=1

~ 1
+pJ (5\/2‘//\/25\/2 _n_pvj ' (29)

v

where v, = (C, +4(9V22)§V211 —28,6y2 - If we select
an adaptive law as
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:bv =1y (§v2Wv24v2 _n\;ﬁv) ) (30)
where 777, > 0 are constants, (50) can be written as:

2
Vv2 < _Z gvi é’\-/r| Qvi é/vi +77\;/3\T /3v
i=1
2 r ~T ~ ’ T
MovPy Py MNPy P
S_Zévié/\-ll}Qvié’vi_ = 2V — 2V :
i=1
3.2. Design of a STA backstepping controller for a
mobile platform

The auxiliary tracking error and new states are
defined as:

. (31)

Zm1 = Om —Omd » 32)
Zm2 = Xm2 ~ Cm1 s (33)
Cn = i Zo + |2 SION(Z0a) (34)
Cmi2 = _ﬂml,Zj;[krﬁlZml +(3/2)kpy |Zm1|1/2 sign(zyy;)
+7mSIgN(Zy)1d 7, (35)
Cm21 = KmaZmz +|Zm2|ll2 sign(zpz) (36)
Cnoe =Pz [ (K22 Zma + (31 Dkinz 2ol sigN(z)
+Ym2Sign(zy,p)1d 7 . @37

We select the virtual control, the control law, and
adaptive law as follows:

Oy = _:Bml,lgml,l + c1md + §m1,2 )

(38)
Tm = gr;l |:M r?]l(cmqm + Gm) - ﬂm2,1§m2,1
_ gmll//mlé,ml 2> +ﬁm +dm1 , (39)
§m2‘//m2§m2
Pm = T om (gvmezng _U;)m/ém ) ' (69)

4. Simulation Example

To validate the proposed control scheme, the following
group of one leader indexed by 0 and four followers
indexed by 1, 2, 3, and 4, respectively as shown in Fig.
1. The strict feedback state equations of each agent are
expressed as:

— = command
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Fig. 2. Simulation result for proposed algorithm. (a) Mobile
platforms tracking performance, (b) Pitch control of mobile
platform, (c) Yaw control of mobile platform (d)
Manipulator’s position control(Sinusoidal input).

Above figure 2 illustrates simulation result for vehicle’s
tracking performance, pitch and yaw control, and
manipulator’s sinusoidal postion control.

5. Conclusion

A terminal backstepping control scheme to guarantee
the fast error convergence and small tracking error
performance for a multi-agent Euler-Lagrange system
is developed in this paper. A virtual finite-time error
surface is defined to design a virtual control. The finite-
time convergence is proved by the finite-time stability
analysis of Lyapunov function. Simulation for one-link
manipulator agents confirms the theoretical proposal.
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