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ARTICLE INFO ABSTRACT

This paper presents a dual closed-loop sliding mode control strategy for a wheeled mobile manipulator with
three-wheeled mobile platform (WMP) and three-link manipulator. The Euler-Lagrange method combined
partially with the Newtonian method is applied to obtain full dynamic model and decoupled model is con-
structed in order to provide simple dynamic model for controller's structure to be simplified. Instead of the
conventional velocity command trajectory based kinematic backstepping control method, a dual closed-loop
control system is designed. A virtual velocity command based on sliding mode surface is generated in outer loop
and the gap between a generated virtual command velocity and real velocity is compensated by an inner loop
sliding mode controller. Outer loop helps to faster posture trajectory generation for locomotion of the WMP.
Next, a finite-time sliding mode controller with an assumed feedforward dynamic gain method is designed for
joint trajectory tracking for three-link manipulator by adding finite-time control terms in the designed con-
trollers to obtain faster settling time and stronger robustness. The designed controllers were implemented into
microprocessor connected to DC and dynamixel motor systems equipped in mobile platform and manipulator,
respectively. Comparative simulation and experiment with a conventional sliding mode control show the ef-
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fectiveness of the proposed dual closed-loop finite time sliding mode control scheme.

1. Introduction

Over the past decades, there have been many studies on wheeled
mobile manipulators [1-7], which have become increasingly ubiqui-
tous and are applied to several fields, including hazardous exploration,
search and rescue, health-care, manufacturing, and entertainment. A
wheeled mobile manipulator is comprised of wheeled mobility config-
uration and one or more robotic arms mounted on the mobile platform.
The combination of platform mobility and arm manipulability increases
the ability to perform dexterous robotic works that require both loco-
motion and manipulation compared to fixed manipulators. However,
the configuration of kinematic and dynamic model is complex due to
the coupling motion between the wheeled mobile platform (WMP) and
manipulator. For kinematic posture control of the WMP, in many cases,
the backstepping method [8-12] based on the reference velocity
tracking viewpoint has been adopted with consideration of non-
holonomic constraint condition. Thus, a desired position command is
indirectly generated from the velocity command. This makes intuitive
posture generation to be difficult except simple motion case. Depending

on this velocity tracking method, when various motion configurations
are required, it is difficult to obtain position command directly. If a
direct and intuitive posture control command is adopted in the WMP
control scheme, the generation of position trajectory can be con-
veniently and easily generated.

Recently, the dual closed-loop control method combined with
sliding mode control (SMC) [13-17] has been developed in the aero
vehicle control and servo systems [17] [18], where the kinematic and
kinetic control loop were separated as the outer and inner loops, re-
spectively and two loop controllers for each loop were constructed. By
borrowing this concept, we apply this dual closed-loop SMC to posture
control of the WMP system. As an outer loop control system, a kine-
matic control system is constructed such that a position reference
command is directly chosen and virtual velocity command is designed
to generate the target velocity of the dynamic controller of the WMP.
Next, an inner loop controller is built such that coupling effect trans-
ferred from manipulator motion as well as the dynamic effect of mobile
platform are compensated by a designed sliding mode controller. This
control can provide more intuitive position tracking target and is more
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conveniently used in the WMP motion control than the conventional
velocity command based backstepping posture control method [8-12].

Dynamics of the whole system including both three-wheeled WMP
and three-link manipulator are modeled using Euler-Lagrange equation
with consideration of kinematic and kinetic relations of each compo-
nent. Next, decoupled dynamic equations are built to avoid heavy
controller structure and make controller to be designed easily. The
sliding mode controllers for each loop are designed and a feedforward
model obtained from iterative parameter assuming process is con-
sidered in the controller to bypass complex parameters identification of
the mobile manipulator system. For comparing with the proposed dual
closed-loop finite-time SMC system, the conventional first-order sliding
mode controller with dual closed-loop is designed. Moreover, by
adopting robust SMC scheme with additional finite-time control terms,
which guarantee faster settling time and stronger robustness in the
mobile manipulator system, more robust control performance against
uncertainty of coupling effect between mobile platform navigation and
variation of manipulator working condition can be obtained. The sta-
bility analysis for the closed-loop system with these control terms is
conducted and finite-time is induced by the finite-time control theorem
[19,20]. Furthermore, unlike the conventional terminal SMC [21], a
proposed finite-time control can void the singularity problem of the
conventional terminal SMC without introducing the terminal sliding
mode surface.

Next, the designed control systems were implemented into the de-
signed ARM microprocessor control board combined with the mobile
robot DC motor drive system and dynamixel motor system [22] in the
manipulator to execute experimental performance verification.

The main contributions of this study are summarized as follows: 1)
the full dynamic model of the wheeled mobile manipulator is con-
structed and its model is decoupled as two parts. 2) By generating
virtual velocity command, an outer loop SMC is designed to provide
more intuitive posture tracking trajectory of the WMP than the con-
ventional velocity tracking method. 3) An inner loop robust sliding
mode controller is designed to guarantee finite-time convergence with
an assumed dynamic parameter method that can give fast controller
design without depending on tedious parameter identification. 4) Faster
convergence time and stronger robustness are obtained by only con-
sidering finite-time control terms in the designed sliding mode con-
trollers.

Application examples of simulation and experiment were presented
for verification of the proposed method with comparison of the con-
ventional sliding mode control.
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2. Problem formulation
2.1. Dynamic model of three-wheeled mobile manipulators

We made a three-wheeled mobile manipulator system as shown in
Fig. 1. The mobile robot has three wheels with two driving wheel in left
and right sides and passive wheel in the front part. The manipulator has
three links and 3° of freedom, where each rotation axis is equipped with
dynamixel motor. The dynamic equations of a three-wheeled mobile
manipulator system are derived using the Euler-Lagrange equation ac-
cording to the kinematics and force relations of Fig. 1. The derived
dynamics are modified from the relationship of forces acting on the
body and links, and constraints between the wheel and contact surface
without considering the Lagrange multiplier method, which is used to
solve the nonholonomic constraint problems of mobile robots. The
variable of three-wheeled mobile manipulator are defined as follows: z,,
7, 4, B, and i are the torque acting on two wheels, joint 1, 2, and 2,
respectively, 6,andf,are the rotation angle of the left and right wheel of
the mobile platform; R and ¢ are the forward traveled position and the
rotation angle of the mobile platform; vandware the forward traveled
velocity and the rotation velocity of the mobile platform; 6,, 6,, and 6
are the rotation angles of links 1, 2, and 3 with respect toz,, 7, and
Z,axes; mp, M, My, m,, nare the mass of the mobile platform, wheel,
link 1, and link 2; I, and IL,, are the moment of inertia of the mobile
platform and wheel with respect to z, axis; d is the distance between
point P and wheels; ris the radius of the wheels; L, L,and Lare the
lengths of link 1, link 2, and link 3; andr,and r;are the distance between
joints and the center of mass of the links.

Forces and torques acting on the body and each link are described in
Fig. 2 and the tire dynamic relations are illustrated in Fig. 3 where
FandFare the force interacting between the left and right wheels;
T,andT;are the torque generated in the left and right wheels; Fj,andFyare
the friction force interacting between the wheels and the contact sur-
face. The position of C, the center of mass of the mobile platform are
given as x and y. The position of the center of mass for two wheels are
given by

X, =X+ d sin ¢,
y=y—dcosg,
Xy =x—dsing,

y=y+dcosg, (€))

Fig. 1. Photograph and schematic description of the designed mobile manipulator.
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Fig. 3. Force and torque acting on the wheel.

Letr, nr, and rsdenote the distance between joints and the center of
mass of links. The coordinates of the center of mass of link1, link2, and
link3 can be given as

X =X,
h=Jy
X =X + 1, sin 6, cos(p + 6y),
¥, =y + rsin 6, sin(p + 6y),
X3 =X + L sin 6, cos(p + 6;) + 13 sin(6, + 63)cos(p + 6y),
¥; =y + L sin 6, sin(p + 6;) + 5 sin(6, + 63)sin(p + 6y). 2)
The kinematic energy is expressed as follows:
T=Imy( + %) + 51,67 + 2Lo(9 + 61)°
+omy[x — 16ys6,¢(p + 61) — (¢ + O)crs(p + )T
+3my[y — 162s0,5(p + 6) + 1a($ + 61)cbac(p + )T
+ %Izl[(qb +6)° + 6]
. [x — b8ysOre(p + 6)) — L% + 6)cOrs(p + el)]z

+ . .
—130238023¢ (@ + 01) — 13(@ + 61)cO35(p + O1)

. . 2
o m [y' — b,6,50,5(p + 6)) + L(p + B)cOre (e + el)]
E 3

—136,350,35 (@ + 6)) + 13(p + 61)cBasc(@ + 6))

+ 1,0 + 607 + 63], 3)
where m, = m, + my, s6 =sin 0, c0 = cos 6, andf; = 6; + 6. The po-
tential energy is obtained as follows:

V = mygrs6; + mszg (Ls6; + 13563). 4)

By defining Lagrangian L = T — Vand using the Euler-Lagrange
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% 3—;) - % =Q, the system dynamics subject to non-

holonomic constraint is formulated as

equation

M(q)§ + C(q, 94 + G(q) + a=Br — A A, 5)

whereq =[xy ¢ 6, 6, 65]"is a generalized coordinate; M (q)is a sym-
metric and positive definite inertia matrix; C(q, ¢)is a matrix of velo-
city-dependent centripetal and Coriolis forces; G(q)is a gravitational
vector; 74is a bounded unknown disturbance including unmodelled
dynamics and exogenous disturbance; Bis the input transformation
matrix; Tis an input torque vector; AT = [AT 0]" Ais a vector related to
nonholonomic condition of WMP defined in (17); andAZis the Lagrange
multiplier.
The tire dynamics from Fig. 3 are given as.

m.X, = —F + Fy,

mix% = —F + Fp, (6)
Iwé, =17 — rkg,

L6 =1 — 1y, @)

where m, = m; = m,,, FandFare traction force, andFsandFyare friction
force. Then, based on (6) and (7), we obtain

L
E=E_ wer _mwxrs
r r
T Iwél o
F=——— —myX,
Ty r wH ®

The relationship between8, = %./randé, = %/rare provided if a slip
does not occur between tire and contact surface. Using the force and
torque relationships of Fig. 3, (8) can be expressed as the following
forces and torques:

I
E = E _(_w + mw)xr:

r r?
C (b )
F = p (rz + mw)x,. ©)
T, = dF,
T = dF. (10)

Under the assumption of no sideslip, the relationship be-

Wiepy = s, ¢ = (6 — )= 37, andg = L6 - 6)

= ¥~ Xcan be obtained. These relationships with considering (9) and
(10) yield

tweenx =

r

(B + F)ep = " lep — (1% + m,, )& + %)ep
T+ 1]

= e — (% + m, )%, an

(5 + F)sp = “0sp — (%5 4+ m,, )G + )5

T+ Tl Iy o
=g = 275 + ma)y, 12)
T,=T,—T= =) _ d(I—V; + mw)()'c', )
r r
=4

=La-n- 2d2(1—w + mw)(b'-
r2

r (13)

Considering the above relationships, the dynamic matrices and
vectors given in (5) can be expressed as the following decoupled form:

M, My || 4 Co Com|| 9 0 Tdv

s i b S E R B

_{B O f|n]_[AT2

SO B[ of a4)
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Reference v, o,
Velocity
Command
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Reference O Tre Kinematic | ¢ Dynamic Mobile | Vv 4y
Posture T » y > > >
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Command 4
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[xr>yr>¢r]
Y
2
(a) The conventional posture control system for the WMP
Ref q % v
clerence @ Outer-Loop ¢ Inner-Loop Mobile Vo qy =
Posture > > >
— Controller + Controller Robot
Command A
+ —
[x..7,.0.] .
Y
P
(b) The proposed dual closed-loop posture control system
Fig. 4. Block diagram of the posture control system for the WMP.
where _Melel 0 0 0 0 Cy
M, = 0 Mgy0, Meyss |, Co=| 0 0 CW s Com
M@=| 2 Mlcqap=|S Smlew=|2 | | 0 Moo, Moo Cox 0 Cop
va Mm Cmv Cm Gm - -
Cxel Cxez Cx61
=] Gea GCe, G |,
cp/r cp/r 0 0 0 Coor Coo, Coss
sp/r sp/r 0 0 O
p=|dir —d/rooof=|B Ovaf ] ]
0 0 100 02x3 Bm Coix Coy Corp Cooy Coro, Coyos
0 0 010 Cow=1]Conx 0 Coy|,Cn=]Coo Cos Cow;|,By
0 0 001 | Corx 0 Cog | Cos, Coze, Cosos
[co/r colr 100
sz[fdx Ty Tdp Td1 Td2 Td3]T=[Tdv Tdm]T,T:[Tr T 00 T3]T = ng/r S(P/r ,Bn,=]01 0],
=[n w]’. | d/r —d/r 001
-M)oc 0 Mx@ My, Mo, Mg, Ty = [Tax Tdy Tdo], Tym = [Tar Ta2 Ta3], 7, = [T TI]T, and 7,
M, = 0 MYY MY?’ s Mym = M}’G] M,V62 M}’GS s My =[a n ‘L'3]T,
»ch Mgy Mg, Mpo, Mgs, Mg,
Meoyx Meyy Meyy Property 1. The inertia matricesMare symmetric, positive definite, and
= | Ma,x Ms,y, Ma,y |, bounded. The norms of C(q, ¢)are also bounded.
Mesx Mosy Mo Property 2. The matricesM (q) — 2C(q, d)are skew-symmetric because

of the suitable definition of the corresponding inertia and Coriolis
matrix.
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Fig. 5. The generated motion command of the WMP system. (a) Linear and rotary command motion. (b). Command motions in x and y directions. (c) Command

angle.

3. Design the dual closed-loop sliding mode controller of three-
link mobile manipulator and stability analysis

3.1. Kinematics of the mobile platform

The WMP system has three degrees of freedom asg, =[x ¥ ¢] .
The velocity relation of the WMP is given as

:
w
wherev,(t) € Rdenotes the linear velocity of the point C of the WMP,
w(t) € Rdenotes the angular velocity of the point C of the WMP, and
J,(@)is a transformation matrix which transforms velocities v in mobile
coordinates to velocities ¢,in Cartesian coordinates. The nonholonomic
velocity constraint declares that driving wheels purely roll and do not
slip. In the other words, the WMP can only move in a direction, which is
normal to the axis of the driving wheels,

cosp O
sing 0
0 1

X
qv = y :l = Jv((O)V-
@

(15)

ycosp —xsing =0, (16)

A(g,)4, =0, a7

whereA” (g,) = [-sing cosg 0] .

3.2. Design of the kinematic baskstepping controller for the WMP

Traditionally, the kinematic backstepping control has been fre-
quently applied to posture control for the WMP system. We illustrate
briefly this method. A reference of the WMP that generates a trajectory
for the actual one to follow:

G, = L (@IVr, (18)

whereg, = [x, ), ¢,]7 € R’denotes the desired time-varying position
and orientation trajectory, andv, = [v, «,]" € R? denotes the reference
time-varying linear and angular velocity. In real application, v.and its
derivative are known and bounded. It is necessary to find the appro-
priate velocity control lawv, = [v,. w.]”, such thatq, — g,.ast - co. The
trajectory tracking problem is to track a reference mobile robot with a
postureq,,. Therefore, we define tracking error between the actual and
desired posture:

X — X,
d=q,—q9.=|Y "N
=% 19

The posture tracking error is then obtained as follows:
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Fig. 6. The generated command motion for the manipulator. (a) The motions of the end-effector and each joint. (b) Joint motions.

e, cosp sing Of|[x—x 3.3. Design outer closed-loop kinematic sliding mode controller for the WMP
qve=[ev2]= —sing cosg Of| Y~
€v3 0 o 1|/l % (20) We define tracking error between the actual and desired posture:
From the relations of (15), (18), and (20), we h T
rom the relations o R , an , we have _
Qe =Gy = Qe = Y= X |
P - (24)
€1 1 (%) — Vi COS €y3
Go=]6é2|=w|0|+w|—eu|+]| v,sine; | The sliding surface of the outer loop of the mobile platform is de-
éy3 0 -1 @r 21 fined as
t
The target or command velocity using backstepping method is given Sv0 = Qe T Kuoe _/0' 9,4t (25)

as
where ko, = diag (kvoex, Kvoeys kvoep) > 0is a gain matrix. Taking the

. Vi Ky1€, + Vi COS €3 virtual velocity commanduv,.as the virtual control of the velocityv,of the
(4 wy — k B

w X mobile platform instead of the command velocity in (22), we have
¢ v2Virevy — kysvye sin eys (22)

qu = (@)vvc- (26)
wherek,;, k,,andk,;are positive constants and v, > 0. This is called the

kinematic control. If the perfect velocity tracking is achieved as To satisfy the stability condition, which will be given in Section 3,

we define
s
_ Vel _ || _ S0 = —Kuo1Sv0 — Kyor ———2— — kyo3Sig (Sy0) "0,
Ve = [wc] = I:w:I =, 23) vo volSvo vo2 50| + €00 103518 (Sv0) 27)
wherek,,; = diag (kyox, kvoyy» kvgjp) > 0, j = 1,2,3,are gain matrices,
then the kinematic model is asymptotically stable with respect to the €0 > 0and0 < ¥, < lare constants, and sig(Sy)%o = ISy, sign (s,0). We
reference trajectory: g, = [en ey, eu]” — 0 ast — co. then obtain the following result:



LS. Seo, S.I. Han

35
— -=command

---- SMC
——PFSMC

3.0
2.5

2.0

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

0.05 +

1

£
-0.05 o o e--SMC
——PFSMC
-0.10 o
-0.15 T T T T T T
0 10 20 30 40 50 60 70

t (sec)

©

ISA Transactions xxx (XxxX) XXX—XXX

0.10

0.05

H
1S .
H
-0.05 —---SMC
——PFSMC
-0.10
-0.15 T T T T T T
0 10 20 30 40 50 60 70
t (sec)
(b)
20
?
10
1t :
o P\ 8 o "
L L4 |
iy
v
10 4 ----SMC
> ——PFSMC
o
-20
-30
-40
-50 T T T = T d T T T
0 10 20 30 40 50 60 70
t (sec)

(d)

Fig. 7. Simulation results of the WMP for the linear and rotational motion command input of the SMC and. PFSMC systems: (a) Position tracking output. (b) X-

direction tracking error. (c) Y-direction tracking error. (d) Angular tracking error.

Syo = qve + kvoeqve
= qv - qvc + kVDL’qve

= Jv(qo)vvc - qvc + kvneqve = _kvolsvo - kv02lsvﬂ“§+g‘m - kv03Sig(Svo)y"0~
28)
A finite time outer loop controller is obtained from (28) as follows:
— g+ : Svo ; Y
Vye = Jv ((P) q,. — kvoeq\;e - kvolsvo - kvozm - kvoSSlg(sva) vo |,
Vo Vo
29)

wherel} (@) = (7 ()], (@) J7 (@)is the pseudo inverse ofJ, ().

Remark 1. In the outer loop controller given in (29), it is well known
that the controller term of the sigmoid functions,,/(|sy,| + €y0), is related
to the disturbance rejection performance. Ife,, — 0, this term becomes
the sign function, which leads to more rigorous disturbance rejection
performance but more chattering appears in control input. The
controller term— ky,3sig(s,,)%0, guarantees fast settling time and
provides more improved disturbance rejection performance indirectly
like the terminal sliding scheme [21]. This property will be proved in
the Lyapunov stability theorem.

3.4. Design of the inner loop dynamic sliding mode controller for the WMP

In (14), the mobile dynamics is separated as follows:
M,q, + Cvq, + Fy = By, — ATA (30)

whereFy, = M,.4,, + Cynd,, + Ta. From (18), we haveq, = J,v, + Jv,.
Therefore, (30) can be written as

M,J, v, + (MyJ, + C,J)v, + Fy, = By, — ATA. 31

Because ofJ! (g,)A (g,) = 0, multiplyingJ] (q,)into the left side of
(31) gives

M.V, + C,v, + Fy, = B.73, (32)

whereM, = JT (¢, )M,J;, Cy = JT (MyJ, + CJ,), Fy, = JT Ey, andB, = JI'B,

| 1/r 1/r
“lamr —dir|
Next, a finite-time sliding mode controller is designed with assumed

model feedforwarding technique.

Assumption 1. There are positive real numbers, K, K.,, andKy,that
satisfy the following conditions:

IMyIl < Koy
IC Il < Koy

IFg | < Kav (33)

whereK,,, € R?? andK,, € R**? are positive finite diagonal matrices
andKy, € R? is a positive vector, which are determined through trial
and error method.

Assumption 2. There are positive real numbers, A, A, andA,, that
satisfy the following conditions:
1Ky = My (@) < Ay
IKey = Cy(@yr 41| < Aeys
IKay = Fall < Agy (34)

whereA,,, A, andAginclude the assumed error and off-diagonal
coupled dynamics of each parameter.

The auxiliary tracking error and command error are defined as
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Fig. 8. Simulation results for manipulator of the SMC and PFSMC systems for the change of mass in link 3. (a) Joint 1 angle tracking result. (b) Joint 2 tracking result.

(c) Joint 3 tracking result.

follows:

€yi = Vy — Ve, (35)
t

i = Vye — Avi_/oI evidT’ (36)

wheree, = [e,, €]V = [Vo, Veo]? is the desired trajectory,

Ay = diag (Ayy,A,,) > 0is a constant matrix. The filtered second-order
error surface is chosen as

Syi = Vy — hy, (37)
The dynamic equation (32) with (37) can be written as
M8y = Myb, — My,
= — M,#, — C,v, — Fy, + B,7,
= — Mv'i’v - C,;rU - Fl;v + Bv'r‘, - C‘;s‘,. (38)

We select the dynamic control lawr,to satisfy the stability condi-
tion, which is given in Section 3, as

Svi

-1 =T
T = B, [_kvilsvi +E, ¢, — kvizm
vi Vi

— koiasio (s, )i
kv13Slg (Sw) ‘”:l B (39)
wherek,;; = diag (kyy, ki) > Ois a constant matrix, k,,andk,;;are the
diagonal constant matrices, 2, = [Km» Ko Ko7,
¢v = [”fviva’ ”rvlvw”’ 1a1]T ”i‘vivw” = [”fviv”s H’;'viw”]y ”rviva = [”rviv”’ ”rviv”]:
g > 0 and 0 < ¥, < 1 are constants, and sig (s,)"i = |s; | sign(s,;). The
block diagram of the conventional posture and the proposed dual
closed-loop posture control system for WMP is described in Fig. 4,
where it can be seen that the structure of the proposed posture control
system is simpler and easier to be implemented into real experimental
system than the conventional posture control system for WMP.

3.5. Design of sliding mode controller of the manipulator

In this section, a sliding mode controller for three-link manipulator
shown in Fig. 1 is designed. The separated dynamics of the manipulator
from (14) can be expressed as follows:

Mng, + Cn(q, Q)qm + G + Fim = BT, (40)

whereFy, = MuywG, + Cowd, + Tam-

Assumption 3. There are positive real numbersK,;, K,,, andK,sthat
satisfy the following conditions:

1M |l < Kipm
ICnll < Kem
Gl < Kgm °

lEam |l < Kam (41)

whereK,,, € R®** andK,,, € R>*® are positive finite diagonal matrices,
Kgn € R® andKy, € R® is a positive vector, which are determined
through trial and error method.

Assumption 4. There are positive real numbers, A,,,, A,
Agnand4y,that satisfy the following conditions:

”Kcm - Cm” S Acm

”Kgm - Gm” < Agm ’

IKam — Fimll < Agim (42)

whereA,,; Ao, AgmandAgpare the upper bounds of the norm for the off-
diagonal coupled term and diagonal estimation error. The joint tracking
error, command error, and its derivative are defined as

em = Gy — Gpa> (43)



LS. Seo, S.I. Han

T = qmd - Amem’ (44)

whereq,,; = [Quo, Quo, aesl" IS the desired trajectory,
em = [ea, €s, eq5]”, and A, = diag(Am1, Ama, Apmz) > 0is a constant
matrix. The filtered error surface is chosen as

Sm = qm = Tm- (45)

The dynamic equation (45) can be written as
My$m = Mmqm — Myl
= - Cm(qm’ qm)qm - Gm(qm) — Fim + BuTn — MiFm
= - Mmi'm - Cm(qm’ qm)rm — Fym — Cm(qm’ qm)sm + By T (46)

We select the control lawr,to satisfy the stability condition, which is
given in Section 3, as

Tm = Brzl(fmeq + Tr + Tmf)- 47)

where

Tineq = _kmlsm + Erz':(ﬁm’ (48)
N

Tr = —kpy ——2—,

" sl + 49

Tf = _km3Sig(sm)yms (50)

ki = diag (kpi1, kmizs Kmiz) > Okpy = diag (kmot, K2z, kmzs) > 0,
ks = diag (ki1 km3a, kimzs) > Oare constant matrices, respectively,
Em = [Knms Kems Kgmy Kinldyy = [lim I, 1151, LL,1LLL1T,
Wil = U ll, (2]l Fnsll] s 1l = (a1l M2 lls hsll]s Em 2
0and0 < y,, < lare constants, andsig(sy)"m = |s,[sign(s,). The con-
troller termt,, leads to more rapid response like the WMP controller by
selecting proper gains.

Remark 2. In the conventional terminal sliding mode control, the
terminal sliding surface is generally defined as
Sm = €y + ApSig(ep,)m[21]. Next, the time derivative of the terminal
sliding surface is$y = &, + ¥,Am lem|"1é,. Then, the singularity
problem appears becausey, Ay le,['m1¢,,g0es to infinity due
to— 1 <y, — 1 < Owhen e, = 0andé,, = 0. However, this singularity
problem does not exist in the proposed finite time sliding mode
control becauses,, = ¢, + Apsig(e,)nis not used. The finite control
term is considered only in the final controller (47). For this controller,
the finite time convergence is proved in the next section.

3.6. Stability analysis of the closed-loop control systems for the WMP and
manipulator systems

Lemma 1. [19], [20]. For system (14), the origin of the system is finite
time stable if and only if there is a continuous differentiable positive
definite time functionVand real numbersc > Oandy € (0,1), in
whichV + ¢V” < 0. The upper bound of settling timeT;satisfies the
condition

T, < # 1=y,
cd-v) (51)

Furthermore, an extended Lyapunov description of finite time sta-
bility can be given with the form as

V4+cV+ceV<o, (52)

where ¢; > Oandc, > Oare real numbers, and the settling time can be
given by

< 1 C1 Vl v+ C

Tal-y) ) (53

ISA Transactions xxx (XxxX) XXX—XXX

Lemma 2. [22]. Suppose a;, a, .., a, and0 < p < 2are all real
numbers. The following inequality holds:

@ + aj++a)P? < lalP + P + --+lanlP. (54)

Define the Lyapunov function as follows:

V= Vo + Vot + Vi (55)
where

Vio = %sfosvo, (56)
Vo= 355 M s 7)
Vi = %S,EMmsm. (58)

The time derivative of (55) based on (28), (38), and (46) is given as

. . ’, 1 o ! . 1 .
V= s]LSvo + SvTMvSv + ES\:TMvsv + syEMm(qm)Sm + Engm (qm)sm

Vo2
Isvol + €vo

=5, []v(@)J:((P)((q\;c = kuoeGye) = KuoeGye = kvorSvo — k Yw)

= Koz Suo [0 5igN (810) — Gye + Kvoe Gyl
+ 55 [=M,F, — Cyr, — Fyy + Byg] + SsE[M, — 2C,]sy
+ Sp[=Mynfin = Coulin = G = Eim + BTl + 353 [Myy = 2Cpr] .
(59)
Based on the controllers in (29), (39), (47) and property 2, (59) can
be expressed as
Sy05w0

y T
V< _kvolsvosvo - kvoz
|SV0| + EVCI

1 T
— ko3 [Syo [0t — kvirSy; Svi

T
Svi Svi

vi2T k\}i3 |S\1i |}’|)1+1
Isvil + &y

SE s

m27 . _
ISm| + &m

+ 85 Kol — My + Koo llhill = Cohi + (Kay — F)]

T +1
- kmlsmsm -k - km3 |Sm |}’m

+ Srz': [Kmm”rm” - Mmfm + Kcerm” - Cmrm + (Kgm - Gm) + (Kdm - Eim)]

< —k 2 k |Svo|2 k Voot k 2 k Isvi |2
= T Myol |Svo| - Rvo2 — Rvo3 |Svo| vo - Ml |Svi| - Ry
|Svo| + € |Svi| + &
- kvi3 |Svi |y‘)i+1
k 2 k |SWl|2 k Ymt+1
= ki IS l* = ko ———— = K3 S [
S| + €m
+ I8uil 1K — Myl + 11Kew = CHIMIRill + 11Kay — Fyyll]
+ |Sm|[HKmm - Mm””rm” + HKcm - le”lrm” + ”Kgm - Gm”
+ ”Kdm - de“]
2 |Sv0 |2 Yoot1 2 |Svi |2
= _kval |Sva| - kvoz - kvo3 |svo| vo - kvil |Svi| - kvizi
|svo| + € |svi| + &y
- kvi3 |Svi |y‘)i+1
k SR K —
= ki IsmlP — kma—————— — Kz IS
S| + €m

+ I8l [Apllfill + Agllrill + Ag]
+ 15m  [Amm I | + Aemlltnll + Agn + Adi]

= —kyo1 1800 > = ko3 1Suo 0t — keyiy I8y P — Keyis ISy 9iHE — Koy 1S 2

- km3 |Sm |)/m+1
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Table 1
Parameters of the WMP and manipulator systems.

Symbol Parameter Value

mp, My, my, ny, m3 mass of body, wheel, link1, 2, 5kg,0.58kg, 0.5kg0.5kg0.5kg

3
L, b, L length of link1, 2, 3 110mm, 255nm, 120mm
d the distance between the 0.145m

point P and wheel
r radius of wheel 0.075m

_ |S _|(kvi2minlsvi| _
vi
Isvil + €

Pm_) _ |Sm|(km2minlsm| _

[Sm| + &m (60)

o)
wherek i min = Amin (Kvi2)km2min = Amin (Kim2),
pvi = Amvllrmll + Acv”rvi” + Adv Pm = Amm”rm” + Acm”rm” + Agm + Adm~
IfkviZmin and kamin are selected such thatkviZmin |s|vi > Pui(lsvil + Evi)

ISA Transactions xxx (XxxX) XXX—XXX

Based on Lemma 2, (61) can be rewritten as

y 2 2\t 1)/2 2 2 +1)/2 2
V < —kyons2 — Kuoa (s2)70 " — ks — ks (2P — ks

— ki (s2) V2, (62)

From the definition of (57) and (58) with the fact that|s|| < |s|, it
follows that

1 ' 1 , 1 ’ 1 .
Vi = 5S£Mvsvi < E/lmax(Mv)vai‘Svi = Elmax (Mv)”svi‘lz < Elmax(Mv) [Svi |2’

1 1 1
Vi = =S; MySi < S Am (M) S Sm = S Amax (M) lisi P

<

Aoma (M) s P (63)

N |- N

Based on Lemma 2, Based on Lemma 2, (61), (62), and (63), the
following expression can be obtained:

andk,z min ISl > g, (ISm| + &n)are guaranteed, it follows that Vio < =1 Voo — &, V4, (64)
V=Vo+Vi+V ;
vo vi vm Vi £ —c3Vy — C4V£2, (65)
2 1 2 i+1 2 g
< —kyor Isvo P = kvos Isyo ot — Ky Isyi P — Kz [sy W — ke Iy | Vin < —¢5Vp — 66V£3, (66)
= ko3 [y Pt (61) .
. it 200+ D/ 2
withe; = 2kypp, ¢ = 200t D2k cr = vi cy = i
1 vols €2 vo3t3 Amax (M) 4 Amax (M'y)
I Battery !
: 12V !
1 1| Power source
1 Voltage 1
1 regulator | O S S U VU SO
= r 2
1 1
1 1
Controller RS-485 Dynamixel [~ Dynamixel [~ Dynamixel 1
STM32F407 Comm. | 1
— e i (TN, (o (—(— = 1
’ PWM A -
: : Manipulator
QEI H-Bridge H-Bridge QEI |
1 Motor driver Motor driver 1
1 1
1 l l 1
1 1
1 2 -2 I
1 < el ]
1 o DC-Motor DC-Motor o 1
1 2 2 1
A e B -7

Power source

Dynamixel

Mobile platform

Main controller

(a)

(b)

H-bridge motor driver

A

Fig. 9. Hardware system of the mobile manipulator. (a) Diagram of the main control board and sensor system.
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Fig. 10. Experimental results for the linear and rotational motion command input of the SMC and PFSMC systems: (a) Position tracking output. (b) X-direction

tracking error. (¢) Y-direction tracking error. (d) Angular tracking error.

Table 2
RMS values for the tracking error of the WMP.

System X-direction (m) Y-direction (m) ¢-direction (rad)

0.017 (100%)
0.012 (71%)

0.007 (100%)
0.004 (57%)

0.036 (100%)
0.018 (50%)

SMC (100%)
FSMC (60%)

— 2km1 _ 20m+ D/ 2k, _ —
€ = T 6= i M1 = (o + D24 = (i + D2,
andy; = (¥, + 1)/2. Then, using Lemma 1, the finite convergence times

in the WMP and manipulator systems are given respectively as

1
T, < 1 In cV 1+cz,
al — ) C2 67)
) 1 In C3 V‘}i_ﬂz + c4
s —= ’
cs(1 = uy) C4 (68)
)
T;m < 1 In Cs Vm + ¢Cg )
es(1 = u3) Cs (69)

The final finite convergence time of the whole system is determined
as
Ty = max(Tyo, Tyvis Tom) (70)
i.e., the final convergence time is the longest time among each con-

vergence time.

Remark 3. The finite time sliding mode controllers designed in (29),
(39), and (47) become the normal sliding mode controllers if the finite
time control terms, — ky,38ig (Syo)vo— kyi38ig (sy)%i, and— ky,38ig (S,)"m,
are removed from each controller. In this case, the final reaching
time can be obtained asmax(T., T.,), wherel, <|s,(0)|/K,,
T < 18w (O)/Kpm,  Sp =[Sy Swl’, K,andK,are constants defined
properly from WMR and manipulator control systems.

>

4. Simulation and experimental application

In this section, simulation and experiment results for posture control
of the WMP and joint position control of manipulator. The dynamic
parameters of mobile manipulator are listed in Table 1. The command
input of the WMP system is generated as the linear and rotary motion
shown in Fig. 5, where Fig. 5 (a) is decomposed into Fig. 5 (b) and (c).

Next, to generate the link motions, the inverse kinematics for the
end-effector need to be obtained. Thus, based on the kinematic con-
figuration of three links in Fig. 1 (b), the following relations can be

derived:
X, = (L, sin 6, + L3 sin(6, + 63))cos 6,

¥ = (L sin 6, + L sin(6, + 6;))sin 6,

Ze =1k + L, cos 6, + L5 cos(6, + 65), 71)

where(x,, ), Z.)is the coordinate of the end-effector with respect to
robot frame point C. The inverse kinematics for the 3-DOF manipulator

11
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can be obtained as follows:

6, = min(6,, 6,),

— L —LcosH
0, = acos(w -6,
L (72)
, . —h2+xF 2 B+ 12 o
wheref, = asin W% — atan2 1‘27’12 R
2xZ + 32 +@e—h)? X +Y;
, [x2+y2 ,
6, = 2attan2(‘exi‘2 — 6,,andx, # 0.

In this paper, the end-effector motion is generated as the
following Fig. 6 (a). Fig. 6 (b) indicates the joint angles of each joint
based on (82), where x,=400mmy, = —195mm + 19.5tmm,
andz, = —1205sin(0.016(y, + 195))mm + 130mm.

To show the comparative control performance of the proposed
control scheme, two controllers are designed: the proposed dual closed-
loop finite-time sliding mode controller (PFSMC) and the dual closed-
loop sliding mode controller (SMC). The selected control gains between
two controllers were same except the gains of the finite-time control
term. In the simulation, the following control parameters were selected:
kyoe = diag (0.5, 0.5 , 0.5)ky01 = diag(2,2,2)k,,, = diag(10,10,5)k,y3 =
diag (4,4,4)k,;; = diag (1,1)k,;, = diag (2.5, 2.5)k,;3 = diag (2,2)k,,,; = 0.2
kma = 0.75kp3 = 0.9A,; = diag (0.5, 0.5)A,, = diag(3,3,1)e,; = 0.1¢,, = 0.1

&y = 0.1g, = 0.1y,, = 0.5y, = 0.5%,, = 0.5K,,, = diag(8.16, 0.33)

210
200 |
190
— - —command
--=-=-SMC

180
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K., = diag(1, 0)Ky, = diag(0.15, 0.01)K,,, = diag(0.5, 0.5, 0.5)

Kem = diag(0,0.063, 0.075)Kyy = diag(0,5.53, 4.91),

K}y, = diag(0.057, 0.56, 0.125).kyg1kye1, andk,; relate the convergence
speed from any initial state point to the sliding surface. kokyinki
i, &, andg,relate staying in sliding surface of each state and de-
termine robustness of the controller. ky,3kyiz, Km3¥,,¥,»andy, determine
the convergence speed to zero steady-state error. In this paper, the
controller gains were selected by these routes and can be varied ac-
cording to the change of the required specification. Some parameters
among these control parameters were a little changed in experiment.

4.1. Simulation application

Simulation for the mobile manipulator system as shown in Fig. 1
was executed to demonstrate the performance of the proposed dual
closed-loop finite time sliding mode controller. In simulation, all con-
trol gains were tuned for the nominal masses of each link given in
Table 1. To check robustness to uncertainty of the proposed control
system, the mass of the link 3, which corresponds to the end-effector of
the manipulator, increased as four times of its nominal value (0.5kg).

In Fig. 7 (a), the tracking results of the WMP for the linear and
rotary posture command inputs are presented in the SMC and the
PFSMC systems. Fig. 7 (b)-(c) show the motion tracking errors, where
comparing with the results of both systems in Fig. 7, it is seen that the
proposed control system has reasonable tracking performance. In Fig. 8,
simulation results for manipulator system of the SMC and PFSMC sys-
tems are presented, where the PFSMC control system shows more ro-

bust control performance than those of the SMC system for the inertia

140

130 +

120

2 ——PFSMC o
S 3
170 4 — - —command
| 10 ----SMC
160 ——PFSMC
100 |
150 |
140 T ¥ T T 90 T T T
0 5 10 15 0 5 10 15 20
t (sec) t (sec)
(a) (b)
150 5
— - —command ----SMC
-===SMC ——PFSMC
——PFSMC i
140 | o
o mewﬁ
{ 0 g by v =
1
2 1304 =3 :
3 k) h
'
'
s4|
120 :
h
J
]
[}
/
o
110 T T T T T T -10 T T T
0 5 10 15 20 0 5 10 15 20
t (sec) t (sec)

©

(d)

Fig. 11. Experimental results for manipulator system of the SMC and PFSMS systems. (a) Tracking result of link 1. (b) Tracking result of link 2. (c) Tracking result of
link 3. (d) Tracking error of link 1. (e) Tracking error of link 2. (f) Tracking error of link 3. (g) Control input of joint 1. (h) Control input of joint 2. (i) Control input of

joint 3.
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change of link 3 due to adding extra mass to end-effector. In the re-
sponse in link 3 shown in Fig. 8 (c), the steady-state error of the PFSMC
system is smaller than that of the SMS system.

4.2. Experimental application

In this section, experiment results for mobile manipulator of the
SMC system and PFSMC systems are presented for comparison of con-
trol performance. The hardware equipment of the proposed mobile
manipulator system is illustrated in Fig. 9, where the STM32F407 ARM
microprocessor was adopted as the main controller, DC motor system is
used in the mobile wheel drive system, and dynamixel motor system
[23] is built for manipulator control. Data acquisitions were carried out
through the wireless ZigBee communication method. The data of x and

20
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20

(continued)
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y axes were obtained from 9-DOF Razor IMU sensor. 9-DOF IMU sensor
consists of gyroscope, accelerometer, and magnetometer. The odometry
information is used to estimate the mobile robot's position relative to its
origin. The odometry data of x and y axes were calculated by combining
the data of gyroscope, accelerometer, and encoder. The data of6,6,,
and 6;were obtained from dynamixel encoder.

Experimental results of the WMP for the linear and rotary posture
command are presented in Fig. 10. The tracking results are shown in
Fig. 10 (a) and Fig. 10 (b), (c), and (d) show the tracking errors in each
axis, where it can be seen that the convergence time of the PFSMC
system is shorter than those of the SMC system. As shown in Table 2,
the values of the root mean square (RMS) error in the PFSMC system are
averagely 60% smaller over the SMC system.

Experimental results of manipulator for the link motion command
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Table 3
RMS values for the tracking error of manipulator.

System Link1 (deg) Link2 (deg) Link3 (deg)

SMC (100%)
FSMC (52%)

2.042 (100%)
1.026 (50%)

0.313 (100%)
0.146 (47%)

1.147 (100%)
0.680 (59%)

given in Fig. 6 are presented in Fig. 11. Fig. 11 (a), (b), and (c) show the
tracking results of each link and the tracking errors are presented in
Fig. 11 (d), (e), and (f), where the convergence time of the PFSMC
system is also shorter than those of the SMC system. In addition, the
steady-state error of the PFSMC system in link 3 is smaller than that of
the SMC system. Thus, the PFSMC system is more robust over the SMC
system for uncertainty as well as having faster response. As shown in
Table 3, the values of the root mean square (RMS) error in the PFSMC
system are averagely 52% smaller over the SMC system. The control
torques in the joints are presented in Fig. 11 (g), (h), and (i).

5. Conclusion

In this paper, a dual closed-loop finite-time SMC system for the
three-wheeled and three-link mobile manipulator compared to the
conventional sliding mode control were proposed. The first achieve-
ment of this paper is to obtain fast and intuitive posture trajectory
generation of the WMP and robust joint tracking performance of ma-
nipulator. For this achievement, a sliding mode surface based virtual
velocity command in outer loop was generated instead of the perfect
velocity control of backstepping control. The second one is to derive
simpler decoupled dynamics between mobile platforms and manip-
ulators than full-coupled model based ones by considering the Euler-
Lagrange equation and partial Newtonian method. Next, as the third
achievement, two dynamic finite-time sliding mode controller in inner
loop of the WMP and manipulator systems were design to compensated
velocity gaps between the virtual velocity command and real velocity
and joint position tracking errors and finite-time control terms were
considered to obtain faster convergence time and stronger robustness.
Comparative simulation and experimental results with other control
systems supported the effectiveness of the proposed control method.
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