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Abstract: This paper addresses the end-effector position and orientation tracking problem of a 6-degrees of freedom
(DOF) rigid link electrically driven (RLED) revolute joint serial robot manipulator with uncertain parameters and external
disturbances. System uncertainties and external disturbances are bounded but their upper limits are unknown. The
input matrix, which is always invertible and not necessarily a diagonal matrix, is also assumed to be uncertain with a
certain bound. An adaptive sliding mode control (ASMC) is designed to solve the tracking problem given these
uncertainties. Note that the designed control method can be applied to any RLED serial robot manipulator. No
regression matrices are required and the uncertainty upper limits are not necessarily known. Furthermore, the
controller computation time can be reduced by considering some parts of the system dynamics and the nth time-
derivative reference signals of nth order system, in this case desired joint jerk signals, as unknown bounded
uncertainties. The desired trajectory is defined in operational space while the designed ASMC works in joint space. The
methods to convert the end-effector pose, velocity, acceleration, and jerk from operational space to joint space are
also explained. The Lyapunov stability criterion is applied to prove the convergence of the adaptive gain of ASMC, the
sliding surface, and system stability. Finally, simulation results verified ASMC performance.
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inertia [10]. Serial robot manipulators have a larger range
of motion than parallel robot manipulators, giving them

Introduction more freedom to position and orient the end effector.
Robot manipulators have been widely used in In most cases, the end effector must be able to
various areas, including medical [1], aerospace [2][3], and assume arbitrary positions and orientations in 3-
military applications [4], but they are mostly used in dimensional (3D) space. To achieve such freedom of
industrial automation to do tasks such as welding [5], movement, a serial robot manipulator needs at least 6
painting [6], assembly process [7], and material handling degrees of freedom (DOF), three of which are provided by
[8]. They can replace human workers in performing three revolute joints for orienting, while the remaining
dangerous tasks such as bomb disposal and radioactive three are used for positioning. Each joint is usually
material handling [9]. They can also perform very precise equipped with an actuator. Electric motors are used for
motions in tasks such as arc welding and surgery. In most actuators, because they are compact and easy to
addition, robot manipulators have been widely deployed control.
to replace human labor in manufacturing to achieve Various motion control methods have been
improved efficiency. developed for rigid robot manipulators. Most are
There are two well-known types of robot designed at the torque input level, and actuator dynamics
manipulators, parallel and serial. Parallel robot are ignored. However, Tarn et al. [11] showed that
manipulators have advantages in terms of high actuator dynamics play an important part in the overall
load/weight ratio, velocity, stiffness, precision, and low robot manipulator dynamics, especially in the
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performance of high velocity motions, and disregarding
actuator dynamics may reduce overall system
performance or stability [12].

The proposed scheme uses electric DC motors as
actuators in the first order system, while the rigid robot
manipulator is the second order system. Combining both
systems yields a third order system which is called a rigid
link electrically driven (RLED) robot manipulator.

Complete knowledge of the dynamics of such a
system is difficult to obtain, resulting in modeling
inaccuracy. Terms such as friction and external
disturbances are usually not modeled. The controllers are
expected to follow the reference signals under these
uncertainties. Problems raised by joint position tracking
for a RLED robot manipulator with uncertain parameters
are typically addressed using adaptive control
[13][14][15][16][17] and robust control [18][19][20],
including sliding mode control (SMC) [21]. Because the
dynamics of an RLED robot manipulator have a strict-
feedback form, some are designed using a backstepping
strategy [21].

However, some of those control methods need to
calculate regression matrices [13] - [16], [19] - [21], which
are very complex for RLED robot manipulators with many
joints, or to have knowledge of the uncertainty upper
limits [18][19]. In addition, [17] proposed a function
approximation technique (FAT) adaptive controller for
RLED robot manipulators which do not require regression
matrices but still need to define upper limits of function
approximation errors.

In this paper, the adaptive sliding mode control
(ASMC) is designed to solve the RLED serial robot
manipulator joint position tracking problem with
unknown but bounded system uncertainties and external
disturbances. Because uncertain parameters are
considered, the input matrix is assumed to be uncertain
under some conditions. Using ASMC, no regression
matrices and uncertainty upper limits are needed. Note
that the designed control method is general, not specific
for a 6-DOF RLED revolute joint serial robot manipulator,
thus it can be applied to any RLED serial robot manipulator.
This control method is inspired by Huang et al. [22] who
addressed a general affine nonlinear system with
unknown but bounded uncertainties and external
disturbances with single inputs.

In this paper, the trajectory planning of the end-
effector is designed in operational space but the motion
control works in joint space. Inverse kinematics is used to
convert the desired pose of the end-effector
operational space to the desired joint angles in joint space.
The Jacobian matrix, along with the 1%t and 2™ time-
derivative of the Jacobian matrix are used to convert the
desired translational and rotational velocity, acceleration,

in
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and jerk of the end-effector in operational space to the
desired joint velocities, accelerations, and jerks in joint
space. Using this method, the end-effector pose tracking
problem becomes a joint angle tracking problem.

Kinematics and Dynamics Models
Inverse Kinematics of the Robot Manipulator

The Denavit-Hartenberg (DH) convention is used to
define the Cartesian coordinate frames of a robot
manipulator. The DH matrix of a coordinate frame can
be expressed in the following form:

(1)

where Z; represents the pose of the coordinate frame i
with respect to the coordinate frame j, it; represents the
position of the coordinate frame i with respect to the
coordinate frame j, /x;, /y;, and/z; are x, y, and z axes of the
coordinate frame i with respect to coordinate frame j.

The robot manipulator in this paper is a serial robot
manipulator, as shown in Fig. 1. There are a total of six
joints, all revolute. The DH parameters of the proposed
robot manipulator are given in Table | where g;is the joint
angular position or the angle from x:.; to x; with rotation
about z;.1, aj is the offset distance from zi; to z; along the
common normal line on the direction of x;, d; is the
distance from the origin of the coordinate frame i-1 to the
common normal line on the direction of z.;, and a; is the
offset angle from z;; to z; with rotation about x;.

Figure 1. Configuration of the robot manipulator when gq=[0 0.5t 00 0
or".

Inverse kinematics is used to convert the desired
end-effector pose in operational space to the desired joint
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angles. Two methods to are commonly used to solve
inverse kinematics: algebraic and geometrical methods.
Computation using the geometrical method mostly
depends on the geometric structure of the robot
manipulator. The solution of the inverse kinematics is
obtained from equations derived from the geometrical
structure of the robot manipulator. This paper uses the
geometrical method to solve the inverse kinematics of the
robot manipulator.

Figure 2 shows the block diagram describing the
relationship between solutions for the robot manipulator
with DH parameters as listed in Table 1. The possible
number of inverse kinematics solution are 0, infinite, 4 or
8. The number of solutions is zero if the pose of the end-
effector cannot be reached. The number of solutions is
infinite if gs is 0° or 180°, or if the origin of coordinate
frames 4 or 5 is on the z axis of coordinate frame 0. The
number of solutions is 4 if the pose of the end-effector can
only be reached by gi(+) or gi(-) solutions. The number of
solutions is 8 if the pose of the end-effector can be
reached by gi(+) and gi(-) solutions.
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Figure 2. Block diagram of inverse kinematics solutions.

Joint or j o d; a; a;
1 g d; a; 90°
2 q; 0 a, 0°
3 93 a3 90°
4 s da 0 -90°
5 gs 0 0 90°
6 s ds 0 o°

Table 1. Denavit-hartenberg parameters of the robot manipulator.

First, the desired pose of the robot manipulator end-
effector is defined as E = %Zs. The origin of coordinate
frames 4 and 5 always shares the same position for all
solutions. Based on the geometrical structure of the robot
manipulator, we can obtain the position using %04 = %05 =
Ots - de’26, where 't; = ‘0; = [0jx '0j, 0,]" is the position of the
origin of coordinate frame j with respect to coordinate
frame /.

The DH parameters of the robot manipulator, az, d3,
az, az, and ds always share the same two-dimensional
frame. Thus a two-dimensional coordinate frame is
defined as coordinate frame ij, where its origin is the same

D
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as the origin of coordinate frame 0, j axis is the same as zq,
and i axis is defined by % = [%04/((°04x)? + (C04y)?)°>
904y/((°04x)? + (°04,)?)°>]". The origin of coordinate frames
4 or 5 can be rewritten with respect to coordinate frame ij
as Y04 = [((°04x)? + (°04y)?)%° %04,]". The distance between
the origins of coordinate frame 2 and 4 or 5 is always the
same. We define it as ¢ = ((d4)2 + (a3)?)%°

There are two possible solutions for the angle of
joint 1, defined as qi(+) and qi(-). There is a 180°
difference between them and they respectively result in
coordinate frames 1(+) and 1(-), as shown in Fig. 3.

Before trying to determine solutions, it is necessary
to find out whether the solutions of the end-effector
desired pose exist or not. We define two vectors, e(+) =
o4 - To4(+) and Te(-) = 04 - Yo4(-), where To1(+) = [a; d1]"
and Yoy(-) = [-a:1 di]".

0,

Yo q,(-)

Figure 3. Coordinate frames 1(+) and 1(-).

Based on the geometrical structure of the robot
manipulator, gi(+) exists if and only if |c - az| < | |7e(+)] |
|c + az| and qi(-) exists if and only if |c- az| < | |7e(-)] |
|c + az]|. If these conditions are met, the solutions of
joint 1 are the following equations:

qu(+) = atan2(°0ay, °0ax) (2)

01(-) = qu(+) + (3)

Note that if the origin of coordinate frames 4 or 5 is
on the z axis of the coordinate frame 0, there are infinite
solutions.

There are two sets of solutions for joints 2 and 3 for
each joint 1 solution. They are gx(++) & g3(++), g2(+) &
qs(+-), gz(-+) & gs(-+), and qgz(-) & gs(--). qi(+) has
connections to the first two solution sets and gi(-) has
connections to the last two solution sets.

The values of the angles inside Fig. 4 are explained
by the following equations: b; = atan(ds/as) where 0 < b;
<1/2, by(+) = atan2(ej(+), ei(+)), bo(+) = acos((c?+ (a2)? -
[ |7e(+)] |2)/(2caz)) where 0 < ba(+) < m, and  bs(+) =
acos((| |"e(+)| |*+ (a2)* - ¢®)/(2| |"e(+) | | a2)) where 0 < bs(+)
< 1. The solutions of ga(++), g3(++), gz2(+-), and gs(+-) are
expressed as follows,

<
< <
<
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Figure 4. Joint 2 and 3 solutions for q1(+): (a) g2(++) and q3(++); (b) g2(+-)
and q3(+-).

Q2(++) = ba(+) + ba(+) (4)
Qa(++) = m + by + by(+) (5)
02(+-) = ba(+) - bs(+) (6)
Qa(+-) =7 + by - ba(+) (7)

The values of the angles inside Fig. 5 are explained
by the following equations: bas(-) = atan2(iej(-), -Tei(-)),
ba(-) = acos((c?+ (a2)? - | |Ye(-)| |?)/(2¢caz)) where 0 <  ba(-)
<m,and  bs(-) =acos((||"e(-)| |*+(a2)*- c*)/(2] |"e(-) | | a2))
where 0 < b3(-) < 1. The solutions of gz(-+), gs(-+), g2(--),
and gs3(--) are expressed as follows,

x5(++)
*
z:(+9) » fg(‘H‘)
S N N FC
0y i N T b
by(+) a
POV g0 4/

(@)
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Figure 5. Joint 2 and joint 3 solutions for q1(-): (a) g2(-+) and q3(-+) ; (b)
a2(--) and g3(--).

q2(-+) = b3(-) + b4(-) (8)
q3(-+) = 1 + bl + b2(-) 9)
q2(--) = b4(-) - b3(-) (10)
q3(-) =+ bl - b2(-) (11)

There are two solution sets for joints 4, 5, and 6 for
each set of solutions of joints 2 and 3. We can write that a
set of solutions of g2(**) & gs3(**) is connected to a set of
qa(**+), gs(**+), & gs(**+) and a set of ga4(**-), gs(**-), &
gs(**-) where * can be + or -. Up to this point, four sets of
solutions of joints 1, 2, and 3 have been obtained. Using
forward kinematics, the pose of coordinate frame 3 can be
computed.

Based on the geometrical structure of the robot
manipulator as shown in Fig. 1, we can write the following
equations: %s = %z, Oy4(**) = -923(**), and %y4(**)e (-%25)
= Oxy(***)e0xs(***), Then, the solution of joint 5 can be
written as, where 0 < q5(**+) < 1.

q5(**+) = acos(0y4(**)+(-0z5))
45(+*-) = -5(**+) (13)

Based on the geometrical structure of the robot
manipulator as shown in Fig. 1, we can write the following
equations:

O24(**+) = (Oya(**) x (%23))/ | |%a(**) x (%z3) ||,

%24(**-) = Oz4(**+) = ((-%s) x %ya(**))/| (-

025) X 0y4(**)| |' Ox3(**).0x4(***) = 0y3(**).024(***)' and
Oys(**)eO0xy(***) = -Ox3(**)e%24(***). Then, the solution of
joint 4 can be written as,

() = atan2((xs(*#)-"24(***),

(Oy3(**)=0z4(***))) (14)

Based on the geometrical structure of the robot

manipulator as shown in Fig. 1, we can write the following

equations: Oxs(***)e%xs = Oz4(***)e%s and Oys(***)eOxs =

0z4(***)e%s. Then, the solution of joint 6 can be written
as,

(12)

g6(***) = atan2((0z4(***)+0x6),

(0z4(***)-0y6)) (15)
aUSMT Vol. 6 No. 1 (2016)
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Note that this paper avoids joint positions in which
a singularity occurs.

Jacobian Matrix and Its Time-Derivative Matrices

In addition to the desired joint angles, the controller
in this paper also needs the desired joint velocities,
accelerations, and jerks. To convert desired end-effector
velocity, acceleration, and jerk from operational space to
joint velocities, accelerations, and jerks, a Jacobian matrix
is used along with its first and second time-derivative
matrixes. The relationship of velocity, acceleration, and
jerk in operational space and joint space can be described
by following equations:

0.
{OPE}JE(q)q (16)
e
o" H . .
[OgjﬂE(q)qHE(q)q (17)
0.
{ozﬂ=JE(q)q+2JE(q)q+JE(q)a (18)
E

where ODE is translational velocity of the end-effector,
%9 is rotational velocity of the end-effector, Je(@ is a
Jacobian matrix of the end-effector, 0 is the angular

the pEréEleléEl'ﬁElé.Eeys
Je(@.J(@).Je (@ eR®", and 9,6.6.GeR". In this paper, n
equals six.

The Jacobian matrix of the end-effector can be
expanded as follows,

position of joints,

(19)

J
‘JE(q)=|: Ev(q):|

Jeo (@)

where Je(@ s the translational velocity of the end-
effector, Je»(@ is the rotational velocity of the end-

effector, and Jg,(0).Jg, (@) €R>". Both can be described as

Jg, (@)= [Ozox(otn—oto) Ozlx(otn—otl)

(20)

Ozn—lx Otn_otn—l ]
JE(U(Q)=[020 °z, ... Ozn—ll (21)

jE(q) and jE(q) can be described as,
] _ \ a‘]E(q) 5 22
JE(q)—;[aqi q.] (22)
a[aJE(mJ

P o ). | 8.,

JE(q)—gé 2, G =5 4
(23)

Note that this paper avoids joint positions in which
a singularity occurs. Thus, Je is always invertible.

D
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Dynamics of the RLED Robot Manipulator

The dynamics of the robot manipulator and DC

motor can be expressed as follows:
K =7=M(@)i+C@aaa+9@)+Da+wy  (24)
V=R,i+Li+K,g+w, (25)

where Kt isatorque constant matrix, i isthe armature

current vector, T is the torque vector, M(@) s the
inertia matrix of the robot manipulator, €(@.9) is the
centrifugal and Coriolis forces matrix, 9(@ s the

gravitational forces vector, D is the viscous friction

coefficient matrix, WR is the robot manipulator

external disturbance vector, V is the applied armature
voltage vector, R, is the armature resistance matrix,

L is the armature inductance matrix, K, is the back

electromotive force constant matrix, Wa is the DC

motor external disturbance matrix, and i,,T,V,Wg,W,,0(0)
eR", K,M(9),C(,4),D,R, LK, eR™.

M(a) is a positive definite matrix. KD,Ra LK,
are diagonal matrices with positive elements.

The result of substituting (24) into (25) can be
rearranged to yield

G ="f; +wy+Bgv (26)
where,
fy =M M-+ G+ Ci +§ + D + K K, L g
+RaL‘1(Mq'+CQ+g+Dq)) 27
wy =-M g + R, Wg + K LUw,)  (28)
B;=MK.L" (29)
(26) is the dynamics model of the RLED robot

manipulators. Define f; asthe known model of fs, Bs
as the known model of Bs, Afs as the uncertainty of

fa, AB; as the uncertainty of Bs, fy=f;+Af;, and

By =B;+AB;. Because M.K,L are always invertible,
Bs is also always invertible. By assuming that M,kt,f-

are invertible, B; isalso always invertible. Rewriting (26)
results in

'q"=(f3 +Af3)+w3 +(I§:3 +AB3)\/ (30)

Several assumptions regarding the uncertainties
and external disturbances are made:

|afs]. <&
s, <¢

HAB3|§3‘1

<0<l
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Control System
Sliding Mode Control

The sliding surface function is defined as follows:

m-1
S= (i + ﬂj e
dt (31)
e=0-0q (32)
where m is the system order, which is 3 in this case, 3

is a positive constant, 9d¢ is a vector of the desired angle

of joints, and 0y eR". Note that it is possible to have
different values of A; for each s;, where s; is element j of s.
Rewriting (25) with M=3 yields

s=6+24e+ A% (33)
Let the control input be
V= és‘l(— fy 4Gy — 226 - 2% - ﬁsgn(s)) (34)
0 ifs =0
sgn(s;)=<-1if s, <0
1 ifs >0 (35)

where f is a positive scalar, which is defined later, and

sgn(s) = [sgn(so) sgn(s) ** sgn(sn)]".
Taking the time derivative of (33) results in

§=¢+ 218+ A%
= Ay +W, +A83I§3‘1(—f3 +8 —Zﬂé—/lzé)
—(I +ABSE§3’1)ﬂsgn(s) (36)
The Lyapunov stability criterion is used to prove

stability. We define a well-known Lyapunov function for
system with SMC as follows,

==s's
(37)
Taking the time derivative of (37) yields,
V=s"3
<|s"[[Afy|+[s" || +]s" HAB3B;1H(—Q + 0, — 246 — zze]
—s' (I - ‘AB3B3’1‘)/3’sgn(s) (38)
For simplicity, b; is defined as element i-j of matrix

ABsésfl and the last term of (38) is analyzed separately.
—s' (l —‘AB3I§3’1‘)ﬁsgn(s)

oo =l o oy
N _‘?21‘ 1_‘:b22‘ _“:)Zn‘ ,b’sgn(s)
_‘bnl‘ _‘bnz‘ l_‘bnn‘

@ www.ausmt.or

(1_ ‘bll‘)sgn(sl) - ‘blz‘sgn(sz) - ‘bln‘sgn(sn)
_ 7| Tlpalson) + (o Jsgns;) = ~[ou[sants,) |

- ‘bnl‘sgn(sl) - ‘bnz‘sgn(sz) -t (1_ ‘bnn ‘)sgn(sn)
< —[(1—\*311\}51\ —\blesl\ - '_‘blanl‘
~[bauls.| + (1_ ‘bZZHSZ‘ = o= [byo s |
4o
_‘banSn‘ _‘anHSn‘ -t (1_‘bnnusnuﬁ
<-[@-68)s,|+@-5)s,| +---+1-5)s,[]8

- _(1_5)18“5“1 (39)

Let define ﬂ as follows:

¢+ &+ |-, +t, — 228 2%
B =

+n

1-5 (40)
where is a positive constant. By substituting (39) and
(40) into (38), we can obtain,

v =s7s <1ls], <l

:—77\/5\/0'5<0,f0r8¢0 (41)

Using the Lyapunov stability criterion, (37) and (41)
prove that sliding surface s converges to zero in finite time
[23] despite the presence of system uncertainties
including an uncertain input matrix and external
disturbances. Thus, after condition s =0is reached in finite
time, e is guaranteed to converge to zero asymptotically.

The major drawback of SMC is the chattering in the
control signals caused by the discontinuous term sgn(s) of
the controller. To overcome this problem, a well-known
method is to smooth out the controller discontinuity in a
thin boundary layer neighboring the sliding surface [24].
Thus sgn(s) is replaced with sat(s/®), where @ is the
boundary layer width. This function can be expressed as
follows,

sgn(s; ) if [s;| > ®

sat(s; /D) ={Si/® if \Si\ <®

(42)

where sat(s/®) = [sat(s1/D) sat(s2/D) ... sat(s,/D)].

When sit) = @, the controller works using
discontinuous function sgn(s;). Thus, |si(t)| reaches © in
finite time t.oi. The smoothing function is used when si(t)
< @ and the stability is undetermined. The controller with
smoothing only guarantees |si(t)| < ® for t > t.¢i. Because
all |s{t)] < @® for t 2 tromex and S=&+22&+ A%e, the
smoothing guarantees that the bounds HeHw gq)/)f )

HéHw S2‘13//1, and HeHx <4 are obtained asymptotically
[24], where tromax is the maximum value of all tyoi.

aUSMT Vol. 6 No. 1 (2016)
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Adaptive Sliding Mode Control

The SMC developed in the previous section can
achieve stability and robustness for multiple-
input/multiple-output nonlinear systems with bounded
uncertainties and  external  disturbances. The
disadvantage of the previously designed SMC is that the
controller needs information about upper bounds of the
uncertainties and the external disturbances, which are
difficult to obtain. In this section, ASMC is designed to
overcome this problem. ASMC is developed based on SMC
which is presented in the previous section. It is basically
the same as SMC with £ tuned adaptively and without
knowledge of the bounds of the uncertainties and the
external disturbances.

By rewriting the time derivative of sliding surface,
we can obtain,

=f, +B,v—{j, +248+ A6 +h (43)
(44)

The controller in this section is basically a modified
version of (34). It is defined as follows,

V= 83’1(—f3 +, — 228 2% —,l@sgn(s))
B

h=Af; +w; + AB3v

(45)
where is adaptively an adjusted gain positive
constant.

Assume there exists a positive constant 84 and a

positive constant h  that satlsfy w0>84> h 2||h|]|w.

Adaptation error is defined as ﬂZﬂd —,3.

The Lyapunov stability criterion is used to prove the
stability, convergence of the adaptive gain, and reaching
of the sliding surface.

V=V, +V,
1 1 =
==s's+—p?
where V; and V; are respectively the first and second
terms of the right hand side of (46) and vy is a positive
constant and also acts as adaptation rate, which is
explained later. Taking the time derivative of (46) yields.

V =V, +V,
—sTe4 s ma ﬂﬂ+sM—E(ﬁ)
(47)
We define the adaptive law as follows,
B=7sl, (48)
Substituting (48) to (47), we can obtain,
V =s"h-4d,
<—(, -,
< _(ﬂd - h)‘st
=B, -hN2v <0 (49)
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(46) and (49) prove that V converges to a limit, thus
sand ﬁ are bounded. s must converge to zero, because
B =7,

some constant because ﬂ is bounded and ,B <0.

and ﬂ is bounded. ﬂ must converge to

Substituting the controller (45) into time-derivative
of 5 (43)resultsin §=—fsgn(sy+h . The worst uncertainty
condition for s is N=hsgn(s) when s # 0 and h=-h or
h=+h when s = 0. Substituting the worst uncertainty
condition h when s # 0 into $ yields é:(—ﬁ+ﬁ)§gn(s).
The resulting equation shows that the uncertainty causes
the absolute value of s to increase when ﬁ <h.

If the worst uncertainty condition always occurs, s(t)
=0, and ,B(tl)<ﬁ then the condition |s(tz)| > 0 will
occur soon after that, where o= > t; > t; > 0. Note that
|s(t)| always increases as long as ﬁ(t)<ﬁ because
S=(—,5'+ ﬁ)sgn(s) and A(t) always increases as long as
| Is(t)] |1 %0 because A(t) = »|s®)],.

If the worst uncertainty condition always occurs,
|s(t:)| >0, and ﬁ(tl) <h then the condition ,é(tz) >h
will be reached in finite time with the rate  A(t) > 7[st)|,
fort:>t>t;.

If the worst uncertainty condition always occurs, s(t1)

=0, and ﬂ(’[ )>h thens(t)and ,B(t) is always zero for
t2t;.

If the worst uncertainty condition always occurs,
Is(t1)| >0,and A(t;)>h then s(t) will converge to zero
and ﬂ(t) will converge to some positive constant in finite
time. Note that ﬁ(t)Zﬁ(tl) for t > t;, then the finite
time convergence of s(t) and ﬁ() when t > t; and
ﬂ(t )>h s proven by the following equation.

V —S $
=5 (—,Bsgn(s)+h)
<—{p-hs,
<-{p-n)d,
S_(ﬁ_ﬁ)\/ivlo.s

After ,é converges to some constant and s
converges to zero in finite time, e is guaranteed to
converge to zero asymptotically.

Smoothing using sat(s/®) can also be applied to
ASMC. However, the update law needs to be modified
because the smoothing is only guaranteed to be bounded
by ||s||~ £ @ in finite time, instead of s = 0. The
modification can prevent the value of ,3 from increasing
to infinity. The controller and the update law are then

AUSMT Vol. 6 No. 1 (2016)

Copyright © 2016 International Journal of Automation and Smart Technology


http://www.ausmt.org/

[ol[IN/\W:N N[ Adaptive Sliding Mode Control of a 6-DOF RLED Robot Manipulator with Uncertain Parameters and External Disturbances

modified to
v=B, [ f, +4, 2282 frate/o)) (g,
j- gsl it]e], >
it 5| <o
” (52)

By assuming that s is bounded, h (44) and
controller (45) can be redefined as,
h = Af; + w; + AB3v — Gy (53)

V:B3’l(—f3 —Z/Ié—/lzé—ﬁs,gn(s)) (54)

Note that unlike (45), (54) does not have ;. The
update law is the same as for (48). By applying smoothing
to the controller, the controller can be written as,

v=B,"(-f, ~226— 2%¢— fat(s/®)) 55)

with the same update law as for (52).

Simulations

Performance was evaluated by simulation models.
Figure 6 shows the structure of the overall system. We can
see that the plant consists of a robot manipulator
dynamics and its actuators dynamics, which are electric
DC motors. The inputs of the plant are voltage signals v(t)
and the outputs are joint position signals d() , joint
velocity signals 9(t), and joint acceleration signals d().
This paper seeks to design a controller so that the end-
effector pose of the robot manipulator %Z¢(t) follows the
desired end-effector pose %Zc.desired(t).

Table 2 summarizes the parameters of the RLED
robot manipulator for simulation. My; is moment of
inertia of DC motor at joint i.

The central of mass of the link is assumed to be
located in the middle of each link. Their positions can be
expressed as follows: pc; = [-0.5a7 0 0]7, ?pcz = [-0.5a2 0
O]T, 3pc3 = [-0.503 00 T, 4pc4 = [0 0.5d4 O]T, Spcs = [O 0 O]T,

EEJM,
15t t-d of EEIM,

I ON FHON MG 21 t-d of EEJM

0,,(.0,,().0,,(1)

04, (1,8, (1,4, ()

and ®pcs=[00-0.5d6]".

The mass density of the links is assumed to be
uniform and the form of the links is assumed to be a solid
cylinder with a radius r and height h. It is assumed that the
r values corresponding to links 1 to 6 are 0.07, 0.06, 0.04,
0.04, 0, and 0.04. Then the inertia tensor of each link can

be written as

m(ar2+d2)i2 0 0
, = 0 m,r,>/2 0
0 0 m,r?+d? )2 56)
m,r,” /2 0 0
21,=| 0 m2(3r22 +a22)12 0
0 0 m, (3r,? +a,? )12 (57)
‘m,r,2/2 0 0 1
=l 0 myfarieal)i2 0
0 0 m, (3r,” +a,7 )12 s8)
‘m,Br2 +d,2 )12 0 0 l
“a, = 0 m,r,” /2 0
0 0 m,3r+d,’)A2 59)
000
I, ={0 0 0
000 (€0}
m, (3r,7 +d,2 )12 0 0
I, = 0 m,(ar,? +d2 )12 0
2
0 0 mgr,” /2 (61)

This simulation uses controller (55) with update law
(52). The controller parameters are setas A =10 and ® =
0.01. The adaptation rate is set as y = 10000. Using
controller (55), Ysa need not be defined, and thus there
is no need to define end-effector translational jerk Peq

Plant

P -~

A\
End-Effef:tor _Inversg Adaptive Sliding Motor Manipuljo\tor .Forwar.d End-Effector
Desired Trajectory —> Kinematics Mode Control V(1) Dynamics () Dynamics q(n) Kinematics Trajectory

"Ly e 1) () T 1 : "Z,0)
i 1G] !
\ q(1),4(1) J

Note :
EEJM = end-effector Jacobian matrix
t-d = time-derivative

. -

Figure 6. Block diagram of the overall RLED robot manipulator.
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d; a; Q; m; My Ri L; Kii Kyi
i Max. Voltage (v)
(m) (m) (degree) (kg) (kg/m?) (Q) (mH) (N.m/A)  (v/rpm)
1 0.201 0 90° 4 1.7 2 1.5 33 3.8 100
2 0 0.293 Q° 4 1.7 2 1.5 33 3.8 100
3 0 0.085 90° 3 0.2 1.4 1.8 15 1.7 100
4 0.463 0 -90° 2 0.2 0.07 0.06 2.9 0.34 24
5 0 0 90° 0 0.2 0.07 0.06 2.9 0.34 24
6 0.293 0 Q° 1.5 0.2 0.07 0.06 2.9 0.34 24

Table 2. Parameters of the rled robot manipulator.

and rotational jerk égd or to compute the end-effector

second time-derivative of the Jacobian matrix jE. This
greatly reduces the computation time for the controller
and for generating the controller reference signals. In
addition, the controller’s saturation function can prevent
the chattering effect in the control signals.

In this simulation, the following conditions hold:
The modeled dynamics are f,=-M"'K,K L™ and
B, = B,(L+0.4sin(L0t)).

The joint friction matrix is unknown and is set as,

N.m
rad/s

P O O O O O

O O O O o N
O O O O NN O
O O O B O O
O O kB O O O
O B O O O O

L 4in (62)
e The external disturbances are unknown and they are
set as,

We=[1 1111 1 si(t0t) j, N-m (3

w,=[1 1111 1 -sin(5t) in volt

e Initial value of the robust gain ,5’(0) is set at 0.

e The initial joint velocities are ¢@) =[00000 o],
and the initial motor currents are i(0)=[000000]".
The initial joint positions are obtained from inverse
kinematics solution 2 (see Fig. 2) of the following
end-effector pose.

(64)

1 0 0 02
0 -1 0 O
EO="Z,@=|y o _, 4
0 0 0 1

(65)

e  Only solution 2 of the inverse kinematics is used for
converting the desired end-effector position and
orientation from operational space to joint space.

e The motion law of the desired end-effector
trajectory makes use of the fifth-order polynomial
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D

21

function. The initial and final values of the desired

velocity and acceleration of the end-effector are

zero.

Simulation results show that the RLED robot
manipulator can follow the desired trajectory, despite
large initial errors (see Figs. 7-9). This is because the value

of the robust gain B is still not large enough to
encounter the uncertainties. Figure 7 shows that the joint
position errors move towards the guaranteed bound of
||e] ]~ < ®/A? =0.0001 rad. Figure 8 shows that the end-
effector position errors move towards some guaranteed
bound that from the graph it is about 0.01 mm. To present
the end-effector orientation error, the norm-2 of x, y, and
z axis errors is used. For example, at time t the orientation
error is presented by | |%e(t)-%%eq(t) | |2, | | Oye(t)-Oyed(t) | |2,
and | |%e(t)-%eq(t)| |2. Figure 9 shows that the end-
effector orientation errors move towards some
guaranteed bound that from the graph it is about 0.0004.

Figure 10 shows that around t = 1 the sliding
function signals reached the guaranteed bound | |s]| |- <
® = 0.01 and the values are always inside the boundary

thereafter. At the same time, the robust gain ﬂA also
converges to some positive constant as shown in Fig. 11.

Figure 12 shows that there is no chattering in the
control signal because the controller uses the saturation
function instead of the sign function.

Figure 13 shows the motion of the RLED robot
manipulator in operational space. First, the end-effector
position moves in a straight line and simultaneously
changes its orientation. Second, the end-effector position
moves in a circle and simultaneously changes its
orientation. Third, the end-effector position moves in a
straight line and simultaneously changes its orientation
with a different trajectory when compared to the first
trajectory.

Conclusion and Future Works

This paper proposes ASMC for solving end-effector
position and orientation tracking problems of a 6 DOF
RLED revolute joint serial robot manipulator with
uncertain parameters and external disturbances. The end-
effector position and orientation tracking problem is
converted to a joint positions tracking problem, because
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ASMC works in joint space. The desired end-effector
position and orientation, which are the outputs of points
in operational space, is converted to the desired joint
positions using inverse kinematics. The desired end-
effector  translational and rotational velocities,
accelerations, and jerks are converted to joint velocities,
accelerations, and jerks using a Jacobian matrix and its 1%
and 2"¢ time-derivatives because they are also required in
ASMC. Theoretical analysis using the Lyapunov stability
criterion shows that ASMC can solve the joint position
tracking problem without regression matrices, knowledge
of the uncertainty upper limits, or defining desired jerk
signals. Simulation results verify the performance of the
inverse kinematics and the ASMC. Note that the uncertain
parameters in this paper are not kinematic parameters. If
the kinematic parameters are uncertain, the end-effector
pose tracking problem and joint position tracking problem
conversion, which is used in this paper, cannot be applied.
In the future, uncertainties from external disturbances will
use random noises to reflect practical situations.
Meanwhile, the proposed approaches will be used to
control a real 6 degrees of freedom manipulator to verify
its practical effectiveness and performance.

joint angular position errors
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Figure 7. Joint angular position errors.
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Figure 8. End-effector position errors.
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Figure 13. Motion of the RLED robot manipulator at t=0, t=5, t=10, t=14, t=17, and t=20.
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