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1. INTRODUCTION

Robot manipulators have become necessary equipment in production lines, medical fields, and trans-
portation [1]. Therefore, the issue of robot manipulator control research is always an attractive topic for the
research community [2], [3]. The robot manipulator control problem can be divided into two types: The first
is the construction of a moving trajectory, and the second is the trajectory tracking control. The robot manipu-
lator’s motion trajectory must be accurate, flexible, and intelligent. A typical trajectory construction algorithm
is the rapidly-exploring random tree (RRT) algorithm [4]-[6]]. In [6], the RRT algorithm was improved to help
the robot manipulator operate in complex environments, especially the ability to avoid collisions during work.
The second problem is the control of tracking the established trajectory. The second problem is trajectory
tracking control, which is a challenging problem because the robot manipulator is a complex nonlinear system
to load fluctuations and external disturbances. Typical control methods are gravity-compensated proportional
derivative (PD), direct torque controller, sliding controller, and backstepping controller [7]. Sliding controllers
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have been developed in many different versions, such as terminal sliding controllers, nonsingular sliding mode
controllers, and fast terminal sliding mode controllers [8]]. The disadvantage of the traditional sliding control
method is the requirement for precise dynamics. The problem of determining the exact dynamic model of
the robot manipulator is complex because the model parameters change during the working process. In [9],
an adaptive integral sliding controller was proposed to improve the tracking error and reduce the influence of
noise. In [10], an adaptive sliding controller was developed based on the backstepping technique to reduce
the dependence on the robot manipulator’s mathematical model. In [11]], an adaptive sliding controller with
linearized feedback was proposed for robot manipulators. In another approach, sliding controllers combined
with fuzzy controllers or neural networks (NNs) to deal with unknown dynamics[12]. In [13]], a robust adaptive
controller was introduced based on the combination of integral sliding control, adaptive fuzzy, and disturbance
observer. A decentralized adaptive fuzzy sliding controller was proposed for robot manipulators [[14]. On the
other hand, in [15], [L6], an NN-based adaptive sliding controller was proposed for robot manipulators with
model parameter uncertainty and disturbances. In addition, a robust adaptive controller based on a fuzzy-neural
model was introduced in [17]-[19]]. However, the above-proposed controllers only consider the local error of
each joint. For robot manipulators, the error of the motion trajectory is affected by the position error of the
joints. Therefore, the position error of the joints needs to be controlled synchronously to increase the accuracy
of the robot manipulator’s motion trajectory [20]], [21]. On the other hand, because of the switching compo-
nent of the sliding controller, the controller causes chattering around the sliding surface. This problem has a
significant impact on the actuator. In [22]], an adaptive sliding mode controller using a time delay estimation
technique was proposed, where the adaptive law considers an arbitrarily small neighborhood of the sliding sur-
face, which gives the ability to adapt quickly and reduce chattering. In [23]], an adaptive synchronous sliding
controller for parallel robots was proposed, in which the uncertainty components and switching components of
the controller are approximated by fuzzy logic. The adaptive sliding controller combines low-pass filtering and
super-convolutional algorithms used in [24]] to eliminate chattering, but the algorithm only applies to a class of
nonlinear systems.

From the above analysis, we propose an adaptive synchronous sliding controller (ASSC) for a robot
manipulator based on NN and fuzzy logic, in which NN is used to approximate the unknown nonlinear func-
tion, and fuzzy logic is used to eliminate the chattering phenomenon. The main contributions of the article
are summarized as follows: i) different from [13]-[18], [21], the proposed controller considers synchronous
error to increase the accuracy of the robot’s motion trajectory and make the robot operate more smoothly.
The proposed controller ensures that the positions of the joints track the desired trajectory and synchronize
the errors and ii) instead of using NNs as in [15]], [L6], [21] to approximate the function, we only use one
NN, in which NN is the radial basic function (RBF). This reduces the complexity of NN, making the calcu-
lation process more efficient. Unlike [23], the proposed controller uses an NN network to approximate the
completely unknown nonlinear component instead of only approximating the uncertain components. Further-
more, the proposed controller uses fuzzy logic to reduce chattering significantly compared to the controllers
in [[15], [16], [211], [23].

2. METHOD
2.1. Dynamic model of robot manipulator

Consider a model of an n-link robot manipulator with joint variables ¢ € R™*! and the dynamic
equations are described by [3I], [[7], [25]], [26]:

M(9)d+C(6,0)¢ + G(¢) + F() = 7 — 74, (1)

where M(¢) € R™ ", C(p, ) € R, G(¢) € R™*1, F(¢) € R™*1, 75 e R™ ! and 7 = [1y, 7o, ..., 7|7 €
R™*! are the symmetric and positive definite inertia matrix, the Coriolis-centripetal matrix, gravity vector, the
static friction vector, the disturbances vector, and the control inputs vector, respectively.

Property 1 The matrices M(¢), C(¢, $), G((¢)) are limited by min < [M(@)]| < Mmaxs IC(&, )| < bes
1G (o)) < ba, where Mimin, Mmax, be» ga are positive constants.

Property 2 M(¢) — 2C(¢, ¢) is skew symmetric, i.e., 27 (M(¢) —2C(¢, ¢)) x = 0 for all vectors x .
Property 3 74 are limited by ||74]| < bg, where by is positive constant.
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2.2. Synchronous tracking error dynamics

The controller design aims to control joint positions ¢(¢) to track desired trajectories ¢4(t), i.e.,
26lim (¢a(t) — #(t)) — 0, and simultaneously synchronize joint errors. First, define the position tracking errors
— 00

of the joints as e(t) = ¢q4(t) — ¢(t). To build a synchronous sliding controller, we define the synchronous

error as € = [e; — €2,€3 — €3, ..., €5 — el]T. By determining the synchronization error, the control objective

is not only to ensure tlim e(t) — 0 but also to ensure tlim é(t) — 0. To ensure position tracking error and
— 00 — 00

synchronization tracking error, we determine the cross synchronization error as (2):
z=-e+ A€, 2)

where A; is a positive definite matrix to balance position and synchronization tracking errors. The sliding
surface is given as (3):

s=¢é+ N>z, 3)

where Ay = Al > 0. Taking the derivative of both sides of (3)) and performing some transformations, we get

“:
Ms:M(é+A2z‘):M(¢d7¢;+AQZ-)
:M@d“\?i)—CS+C(¢5d+A2z)+Q+f+rd—T @)
=—Cs =7+ +7,

where ¢ = M (éd + Agé) +C (gf)d + AQZ) +G-+F. Since v is unknown, we use an RBFNN with one hidden
layer to approximate the function. Radial basis function neural network (RBFNN) is generally described as

5):
() = Whe(x) +e, (5)

where z = [T, 27, ¢, 47, #F]7 is input vector, o (x) is the activation function chosen as (6),

oy =exp (Jlz —cill /83). ©

where ¢ = 1,2,...,n, j = 1,2,...,m, m is the number of hidden layer neurons, c; is the coordinate value of
center point, b; is the width value, ¢ is the approximation error, W = (W1, Wa, ..., W] is the ideal weight
vector, satisfying ||W ||, < W,,, ||.|| is the Frobenius norm. Since the weights are unknown, the function
approximation is given as (7):

h(x) = We(), (7)

where T is the approximate weight. From (3)) and (7), we have

P(z) —h(z) = WTo(x) +e, (8)
where W = W — W.

2.3. Design of an adaptive synchronous sliding controller
For the control objective of system (2.1J), the proposed control law is as (9):

T =1+ Ks+ Bsgn(s), 2

where K is a positive definite symmetric matrix, 5 = &, + bq,
the tracking error dynamics becomes (10),

el € em. ||7all < bg. Substituting (9) into (@),

Ms = (—K+C)5+W<p+(€+Td—ﬁsgn(s)). (10)
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The parameter adjustment law of RBFNN is designed as (11),

W = FosT — kF ||s|| W, (1)

where ' = FT > 0, k > 0. In the control law (TT)), the parameter 3 significantly affects the chattering phe-
nomenon. If this parameter is small, the response time is slow, the chattering phenomenon is reduced, and vice
versa. Therefore, this paper uses a fuzzy controller to create a change law for parameter 8 according to ||s]|.
The fuzzy controller has a one-input and one-output structure, as shown in Figure|l} in which the coefficients
K7 and K5 are preprocessing and postprocessing. The membership function of input and the membership
function of output are illustrated in Figures[2]and[3] Fuzzy rules are described in Table[I} the inference method
is max-min, and the defuzzification method is the central.

Is| 1/
—P K1 _) —> K2 —>

Figure 1. Fuzzy controller structure

AO BO co EO FO DO GO

s A Bl cl El FI DI Gl 5
B ks
S E
a 2
: :
38 3
£ £
[0} [}
= =
Input variable: norm(s) Output variable: g
Figure 2. The membership function of input Figure 3. The membership function of output

Table 1. Fuzzy control law
Fuzzy rule  ||s]| B8

1 Al AO
2 BI BO
3 CI Cco
4 DI DO
5 EI EO
6 FI FO
7 GI GO

2.4. Analyze stability and convergence
To prove the stability of the system, we choose the Lyapunov function as (12):

L= %STMS + %tr(VT/TF’lﬁ/). (12)
Differentiating £, we get the result as (13),

L£=s"Ms+ %STMS +ir(WTF-1W). (13)
Substituting (T0) and (TT)) into (T3), we get (14),

L=—s"Ks+k|s|tr(WF (Wa — War)) + (e + 74 — Bsgn(s)). (14)

Since tr (WT(W - W)) = (W,W)F - HWH? < HWHFHWHF - HWH? we have results in (15),
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£< A (O + ksl W] (W = W] )
(15)
= sl Ounin(E) sl + k(||| = Win/2)? = kW2, /4),
where Apin(.) is the smallest eigenvalue of the matrix. Therefore, £ < 0if and only if,
kp W2
m_ 1
”8”>74Amm(K) M, (16)
[, > W = (17)

From (T6) and (I7), we can see that if ||s|| or HVNVH exceeds the stable region, presented as the compact set 7
F

or 1, then £ < 0, the synchronous tracking errors or the approximation errors are pulled into the stable region.
Thus, the synchronization errors and approximation errors are ultimately uniformly bounded (UUB). .

3. RESULTS AND DISCUSSION

This section verifies the performance of ASSC through comparative simulation and experiment. We
compare with the adaptive sliding controller (ASC) in [12]]. Consider a Scorbot-ER robot manipulator
shown in Figures @ and[5} where a; = 0.35m, a. = 0.025m, as = 0.222m, az = 0.222m.

Figure 4. The scheme of Scorbot-ER Figure 5. Scorbot-ER

The matrices of the dynamic equations are,

M1 0 0
M(qb) = 0 K6 lg:‘ig COS(¢3 — (]52)
0 loka cos(p3 — ¢2) k7
_ X102 + X203 X101 X201 . kg1 + K11sgn(¢n) (18)
Clo,¢) = | —xad1 0 —xs¢3 |, F(9) = | koo + ri2sgn(d2)
—X2¢1 X3¢2 0 K10¢3 + K13 5gn(P3)

G(@)=[0 rigcosds ragcosds |,

where M1y = Mi11 + Miig + Miiz + Miig, Miin = 2k1le cos g2, Mi12 = 2k2(le + [2 cos ¢2) cos ¢,
Mi13 = 0.5k3 cos(2¢2), M114 = 0.5k4 cos(2¢3)+ks5, X1 = —(K1le Sin Pa+rals sin ¢ cos P340.5k3 sin(2¢2)),
X2 = —(ka(le + l2cosgz)sin gz + 0.5k48In(2¢3)), X3 = lakasin(ds — ¢2), k1 = kg = Ky = 0.006,
Ko = 0002, K3 = K5 — Kg — 0011, R — Kg = Ki0 — 052, K11 = 0.019, K12 = K13 — 0018,
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$(0) = [0.01,0.01,0.01]", $(0) = [0,0,0]". The desired trajectory is given as (19),

zp, 0.36 + 0.05 sin(0.047)
Pi=1| yp, | = 0.05 cos(0.04) . (19)
Zp, 0.4

The position trajectories of the joints are obtained by the inverse kinematic equation.

3.1. Simulation
The parameters of ASSC are chosen as A1 = diag[1,1, 1], Ay = diag[5, 5, 5], K = diag|[25, 25, 25],

k=001, K; =1, Ky = 05, ¢, = [-1.5,-1.0,-0.5,0,0.5,1.0,1.5], b; = 10, the number of hidden
layer neurons is 7, corresponding to the weight for three joints is 21, the initial weights are zeros, external
disturbances 74 = [—0.5,0.5] Nm. The parameters of ASC are chosen similarly to ASSC. Perform simulation

for 50s, with sampling time 0.01s. At the 30th second, change the load to double the initial load. The
weight update results of ASSC are illustrated in Figure[6] and the function approximation results are shown in
Figure indicating that the weights converge quickly and the approximation error reaches 10~°.

Figures 8] and 0] show the tracking errors of the controllers, showing that the tracking performance of
ASSC is better than ASC. The trajectory tracking results in the workspace of the entire simulation process are
illustrated as Figure[T0]and after the algorithm converges as Figure[T1] The control torque of the controllers is
presented in Figures[T2)and [T3] At the time of load change, the weight values change as shown in Figure [6]so
that the control torque changes large enough as shown in Figure[I2]to ensure ASSC tracking error performance.
On the other hand, ASSC converges to the overall system error faster than ASC.

0.8 ' ‘ 0

T ]
06 0.1
0.6 o, —-0.5
02 = = .
04| Lk . S j 102
<§ ! 0.1 — | 17
0.2 0 2 4 28 30 32 /2.2\ ’ 0
————— 5 -1.5]
0 =S —————— 2 p
5 0 0.5 1 10 20 30
0.2 s ‘ . ‘ . ‘ .
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
Figure 6. Convergence of weights Figure 7. Function approximation error
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Figure 8. Tracking errors of ASSC Figure 9. Tracking errors of ASC
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In addition, the results in Figures[I2]and[T3]show that ASSC has significantly eliminated the chattering
phenomenon. For ASC, the tracking error and torque fluctuate enormously. Through simulation results, the
effectiveness of ASSC has been verified.

] —Py -~ - ASSC -~~ASC]| 1
E = 0
T T e g
0.05 -1 —P4----ASSC ---‘ASC
0.05 000
: 0.4
0 T 032 03— 0.5 0 0.35
0.4 -0.05 0.3
y(m) 005 03 x(m) y(m) x(m)
Figure 10. Trajectory tracking in the workspace Figure 11. Trajectory tracking in the workspace after
(the entire simulation process) the algorithms converge
1,
| ]
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Figure 13. Control inputs of ASC

3.2. Experiment

We build an experiment on Scorbot-ER, illustrated in Figure [5] where the joints use a direct current
(DC) motor with a gearbox attached with a gear ratio of 127.7:1 and an encoder. We use the STM32F407
microcontroller to implement the controllers and drive L.298 to communicate between the microcontroller and
motor. Data from the microcontroller is sent to the computer via universal asynchronous receiver/transmitter
(UART) protocol.

To make the network training process fast, we use the convergence weights in the simulation for
the experiment. Experimental results of the tracking error of the controllers are shown in Figure [T4] and
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Figure [T3] indicating that ASSC has a smaller tracking error than ASC. Specifically, ASSC’s tracking error
does not exceed 5.10~2 rad for the first joint, 5.103 rad for the second joint, and 0.02 rad for the third joint.
Figure [I6]is the result of tracking the trajectory of the controllers in the workspace after the algorithms con-
verge. Experimental results have shown the effectiveness of ASSC. Thus, simulation and experimental results
show that the proposed controller is effective with small synchronous tracking errors, and the chattering phe-
nomenon is significantly reduced.

| [—— 21 (ASSC) - - e,2(ASSC) e.a(ASSC) : —(ASC) - = c2(ASC) - ca(ASC)! |

0.02}
Wh m. ﬁ

%1072

-0.025 02
owv )
5L - IETH] L -0.01

€y (rad)
ey (rad)

50 100 50 100 50 100
-0.04
0 50 100 150 200
Time (s)
Figure 14. The tracking errors of ASSC in the Figure 15. The tracking errors of ASC in the
experiment experiment

1

Eo :

N e—
PR |—Fy4---ASSC ~——ASC

0.05 -

0 e 0.4
y(m) T 0.35

Figure 16. Experimental results: trajectory tracking in the workspace after the algorithms converge

4. CONCLUSION

The article proposed an adaptive synchronous sliding controller for a robot manipulator. The proposed
algorithm ensures tracking errors for the robot manipulator, eliminating chattering. The unknown dynamics are
approximated online by NN, and the chattering phenomenon is eliminated by fuzzy logic. According to the
extended Lyapunov technique, the synchronization tracking and approximation errors of NN are UUB stable.
The effectiveness of the proposed algorithm has been shown through comparative simulation and experimental
results. Simulation and experimental results show that the proposed controller is effective with small syn-
chronous tracking errors, and the chattering phenomenon is significantly reduced. Our subsequent work is to
develop the algorithm in the workspace.
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