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Abstract: Real time application of a 6-DOF robotic manipulator is very challenging and
requires new robust control algorithms. When the unknown parameters of a robotic
manipulator being changed, it is difficult to ensure the stability of the robotic manipulator
system. Due to this phenomenon, an optimal adaptive algorithm is proposed for an existing
6-DOF robotic manipulator. This algorithm is based on the design of sliding mode surface to
reduce the system position error, adding adaptive algorithm to compensate the instability of
the system. The comparative simulation results prove that this algorithm has a good tracking
performance, which can effectively eliminate the position steady-state error.

1. Introduction

The robotic manipulator technology is a comprehensive frontier discipline. Along with the
progress of technology, the development of robotic manipulator has achieved fruitful results, and its
application has contributed in many aspects. The traditional method of controlling the robotic
manipulator is mainly PID control, which has the advantage that the control law is simple, easy to
operate and does not require the model on the manipulator. However, due to the structure of the
robotic manipulator is becoming more and more complex, and it has the characteristics such as strong
coupling, nonlinearity and parameters changing, the conventional single control algorithm PID
control algorithm cannot obtain satisfactory results.

For the above situation, domestic and foreign experts have put forward many solutions ™. In [5],
based on the expected compensation adaptive robust control algorithm, the integral parameter
estimation of adaptive robust control is adjusted to the proportional integral parameter estimation and
the accurate identification parameters are obtained by using the method of maximum likelihood
parameter estimation. The simulation results show that the algorithm has significantly improved the
stability and control-ability of the system. However, the trajectory tracking error of this algorithm is
larger. In [6], it provides an adaptive control system for neural network error and the switching
control gain of sliding mode control is adjusted by neural network. The simulation results show that

Published by CSP © 2018 the Authors 83
DOI: 10.23977/msmee.2018.72116



this algorithm performs the automatic tracking with modeling error and uncertain interference, and
improves the stability of the system. However, the algorithm has high accuracy in measuring position
and velocity. In [7], it combines the PD control algorithm with the feed forward control algorithm and
the simulation results show that this algorithm successfully reduces the average absolute error of the
robotic manipulator. However, the algorithm lacks the stability analysis of the parameters of the
controller. In [8], it combines the terminal sliding mode control with a boundary layer and the
adaptive approach and the simulation results show that the algorithm can estimate this bound online
and can assure a good performance. However, in the first 2 seconds, the torque of the mechanical arm
fluctuates greatly.

In this paper, we will present different solutions to control an existing 6-DOF series robotic
manipulator for research purpose. We first analyze the structure of the robotic manipulator, and use
D-H method to construct the transformation matrix between each joint of the robotic manipulator,
and deduce the positive kinematics model of the robotic manipulator.

Then, based on the traditional PD algorithm, we combine with the adaptive algorithm and sliding
mode control algorithm. We design the sliding mode surface to eliminate the position error of the
robotic manipulator, and add the adaptive controller to compensate the instability of the system. The
simulation results show that the algorithm reduces the position error of the system and improves the
estimated accuracy of unknown parameters and the position tracking performance of the robotic
manipulator.

2. Kinematics Model

The 6-DOF series robotic manipulator mainly consists of a pedestal, a waist, an arm, a small arm,
a wrist and a hand claw. Each part is connected by revolute joint and one joint formed one rotational
degree of freedom. The mechanical manipulator is shown in Fig.1.

Fig.1 6-DOF robotic manipulator architecture model

1-waist, 2-arm , 3-small arm, 4-hand claw, 5-wrist , 6-pedestal

The motion analysis of the series robotic manipulator is to solve the position and posture of the
hand claw knowing the motion parameters of each joint. In order to describe the movement of the
robotic manipulator of the link, we usually use D-H (Denavit-Hartenberg) method to establish the
coordinate system ¥,

Fig.2 The coordinate system of links
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In Fig.2, we set up the coordinate system of links {i} (i=1, 2,..., 6), let "'T, as the transformation
of links of coordinate system {i } relative to { i —1}.The transformation of links "'T. can be regarded

as the coordinate system {i } is obtained though the following four transformation:
1) revolved angle (¢, ,) around the axis (x, ,);

2) moved length (&, ;) along the axis (X, ;);
3) revolved angle(é,) around the axis (z;);
4) moved length (d,) along the axis (z;).

Then:
"'T. = Rot(x,«,_,) Trans(x, a,_,)Rot(z,8,) Trans(z,d,) (1)
Where
1 0 0 0 100 a,
0 ca;, s, O 010 O
Rot(x, e ,) = Fia T , Trans(x,q, ,) =
s, ;, Ca,, O 0 01
0 O 0 1 0 0O
ch -s6 0 0 100 0
s c6 0 O 0100
Rot(z,6)=| ' , Trans(z,d;) =
0 0 10 001 d
0 0 01 0 00 1
Then:
co, —s0, 0 a_,
T _ sOca;, cOca;, —soy —d;so @)
' |sOsa, COsa, ca_, dCa,
0 0 0 1

Where sé. =siné,, c6. =coséd,, sa, , =sina, ,, Ca, , =COSq, ;.
The parameters of links and joints are calculated in Table 1.
Table 1 The parameters of links and joints

Link Length Value Joint Angle Value

1 l, 6.5cm 1 B, 240°
2 , 9.5cm 2 B, 180°
3 l, 8cm 3 B, 180°
4 l, 6cm 4 B, 180°
5 | 3cm 5 B, 180°

6 B, 90°

According to the D-H method, the transformation of links of coordinate system {6} relative to {0}
is:
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Where m :[mn m,, msl]T N :[n12 Ny, nsz]T ,r= [|13 |23 |33]T ' ﬁ:[px py pz]T .

Equation (3) is the forward kinematics model of this 6-DOF robotic manipulator, where the
vectors (M, f, r) represent the direction vectors of the three axes ( x;, Y, Z;) Of the coordinate system
{6} in the coordinate system {0}. The vector P represents the position of the origin of coordinates

(H) of the coordinate system {6} in the coordinate system {0}. We can figure out the position
coordinates of the hand claw relative to the base when we substitute the parameters of links and joints
into these equations.

o
o ol
o -

3. Methodology

3.1 System Description

Considering a robotic manipulator of N-joint, its dynamic performance can be described by a
second order nonlinear differential equation "%

H@4Gg+C(q.9)q9+GQ) +cwo=7 (4)

Where g € R" is the vector of joint angular positions, H(q) € R™"is the positive definite inertia
matrix, C(q,q) € R" is the vector of centrifugal and Coriolis torque, G(q) € R" is the vector of

gravitational torque, and z € R" is the vector of control torque, @ is the bounded external disturbance.
The Kinetic characteristics of the robot system are as follows:
1) Property 1: H(q)-2C(q,q) is a skew symmetric matrix *;
2) Property 2: The dynamic equation (4) can be rewritten as *2:

H@q, +C(g,9)q, +G(q) =P(q,q9,q9,,9,)0 ®)

Where ®(q,q,q,,q,) is the regressor matrix of known joints variable functions, g, e R", 8 € R"

consists of the unknown parameters.
According to [9], make the following assumptions: the norm of external disturbance w is
satisfied:

leof| = dy +d [[e]| +d [|&]] (6)

Where d,,d,,d, are respectively the positive constant, e=q—q,, € =d—d, are respectively the
tracking error and the derivative of tracking error, g, € R" is the desired trajectory.

3.2 The Design of Controller

Defining the virtual “reference trajectories”:

A, —qAa, — Ae ,d, — &g, — ANe ()
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Where A =diag(4,,4,,....4,), 4 >0,1=12,..,n.
Defining the sliding mode function:

s — e +— A Ne (8)

When the external disturbance is bounded, the control law is:

z = H @4, +C@, DG, +G@ +u—Kgs

9)
u=Ju,,u,,..., un]T
Where K, =diag(K,,, Kg,,...Kg) » Kg >0, U, =—(d, +d, |le|+d,||e|]psan(s)) .
i=12,..,n.
The Lyapunov function is designed that:
V(t):%STHs—F%éTFé (10)

Where I' =diag(y,,7,,--»7,), 7: >0, 1=12,...,n, 6 is the estimation of @, which is a constant

vector, =60-60,50 6=6.
Then:

V —sTHS +LsTHs+ 8T &
>
— sT(H§ — qu)+%sT Hs + 01T &

— s (zr —Cqg—G — Hq, —@)+%ST Hs + 0T O
Introducing (9) into the above equation:
V =s" (H¢g, +Cq, +G — de—Cs+u—a))+%sTHs+§TF§
Where H = H —H , C© —C —C G =G —G.
According to the linear characteristics of robot dynamics equation:
Hg, +Cq, +G — P(q.9,.9,,.4,)08 (1)
Then
\V st((Dé—de—Cs+u—a))+%sTHs+9~TF§

=s"(®O - K, s)+s" (u—a))+%sT(l—'l _2C)s+ 0T

=0 d's—s"K,s+s" (u — W)+ O TO
V =0T (D@ s+TO)—s" Kys+s'(U—w)
The adaptive control law is as follows:
O=—T""®"(q,q9,4,,d,)s (12)
Then
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V =—-s"K,s+s" (U—w)
And—s'K,s<0,s0V <s' (U-w).

sTu="1"s[—(d, +d, e+ d,|[&]psan(s,)]
=2 [ —(dy +d; e[+ dsled]s] ]

=3 Jlellls b

—sTew < ||ST ||-||a)||

s+ ||sT

Where ||sT || = Zn:|si |, thens™ (u-w) < i (| ||=0, therefore:
i=1 i=1

N = O (13)

So the position error of robotic manipulator system converge to the sliding mode surface under the
effect of control law (9) and (12), then s =€+ Ae when t — o0 ,e — 0, so this algorithm ensures that
the steady-state error of joint position is zero and the system is stable.

4. Simulation

In order to verify the adaptive algorithm optimized in this paper, we conduct a simulation
experiment on a two-link robotic manipulator, and we introduce the traditional PD control algorithm
for comparison. The control law of this algorithm is as follows:

z=H(@d, +C(q, g, +G@) — K, e— K,e
é = —I T (q1q1qd » g e

Considering a rigid two-link robotic manipulator, the dynamic equation of the robotic manipulator
model is given as:

(14)

H (q) — P, + P, +2p;COSd, P, + Ps cosqz}
| P>+ PsCOsSQ, P,
C(q,d) _ [ — psfjlz ?incb _ps(q1+q2)5in S P (15)
P4, Sin q, O
G(q) — [ p,g, cosq, + pP;g, cos(q, + qz)J
i P29, cos(q, +Qq,)

Where 6 = [ P, P, p3]T denote the unknown parameters, g, =g /1, g is the gravity acceleration,

|, and 1, are the length of link 1 and link 2, g =9.8m/s”.
The desired position trajectories are:

7T
Ay, = Qg = cos(27zt _'_E)

The initial states are:
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4,(0)=05, 4, (0) = O, ,(0)=05, ¢, (0) = O
The external disturbance is:
d=1,d,=2,d,=3, w=d,; +d,||e|]|+d,]| €|
The related parameters of the robotic manipulator are:
l,=1m, I, =0.8m, m =0.5kg, m, =0.5kg
The control parameters are respectively:
K, =diag(150,150) , K, = diag(500,500) , K, = diag(150,150) , A = diag(5,5) ,I" = diag(5,5,5)

The expression formula of @ is detailed in [10].

Simulation results are shown in the Fig.3 and Fig.4. Fig.3 show the simulation results of the
traditional PD algorithm. Fig.4 show the simulation results of the proposed algorithm.

From the Fig.3 and Fig.4, it can be seen that the new controller can make the position error
converge to zero quickly and can compensate the uncertainties caused by the unknown parameters
and external disturbances. This algorithm guarantees that the robotic manipulator can track the
desired trajectory quickly and effectively. Nevertheless, this algorithm cannot guarantee that the
estimated parameters are converge to the true values.

The position tracking of link 1 The position tracking of link 2

— — the desired position
the aclual position

— — the desired position
the actual position

(rad)
(rad)

o 05 1 15 2 25 3 35 4 45 o 05 1 15 2 25 3 35 4 45

time(s) time(s)
o The velocity tracking of link 1 . The velocity tracking of link 2
— — the desired velocil — — the desired velocil
. 5 the actual velnciryty . 5
B B O
T s ) T s
10 10
0 0.5 1 15 2 25 3 35 4 45 0 0.5 1 15 2 25 3 35 4 45
time(s) time(s)
(a) Position tracking and velocity tracking of link 1 (b) Position tracking and velocity tracking of link
2
5 The position error of link 1
[~ the estimate value — — the true value | 0.6 _
z =
0 goe ] -
0 0.5 1 15 2 25 3 35 4 45 = .
time(s) 02
2 | 0
| o o [T hecstimatevalue — — the e value 0 as 1 15 2 25 3 35 4 45
Ao \/r_\‘\__f"ﬁ‘x—/ T time(s)
2 The position error of link 2
0 0.5 1 15 2 25 3 35 4 45
time(s) 08 —
? \\ ‘ the estimate value — — the true value g 0.4 ) S
2o TN T L L T = 0z -
720 05 1 15 2 25 3 35 4 45 0
time(s) 0 0.5 1 15 2 25 3 35 4 45
time(s)
(c) Approximate results of & (d) Position error of link 1 and link 2

Fig.3 Simulation results of the PD control algorithm
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The position tracking of link 1 The position tracking of link 2
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2
5 The position error of link 1
= _. 04 \\
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o 05 1 15 2 25 3 35 4 48 = 02N
time(s) 0 —
4 i 0.2
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(c) Approximate results of & (d) Position error of link 1 and link 2

Fig.4 Simulation results of the proposed algorithm

5. Conclusion

In this paper, we have used D-H method to construct the transformation matrix between each joint
of the robotic manipulator, and deduced the positive kinematics model of the robotic manipulator. In
view of the poor tracking performance of the 6-DOF series manipulator and the limitations of the
conventional adaptive control algorithm, based on the conventional PD control algorithm, we added
adaptive algorithm to improve the control performance and trajectory tracking accuracy of the robotic
manipulator and designed the sliding mode surface to reduce the system position error. The
simulation results showed that this algorithm was effective and feasible. However, this algorithm
cannot guarantee that the estimated parameters were converge to the true value. So we will extend our
research in this field.
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