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Abstract. This research presents an improved control method for the robot manipulator system based on
the proportional-derivative technique and neural networks. In the proposed strategy, the proportional-
derivative controller based on the filtered tracking error technique has been modified such that the
proportional-derivative gain parameters are adaptively updated. Similar to the conventional intelligent
control methods, the neural networks approximator is applied to relax the unknown dynamics of the robot
control system. In addition, the compensator-typed robust controller is also considered to eliminate
inevitable approximating errors and unknown disturbances of the control system. By using the Lyapunov
stability theorem for the proposed control design procedure, the tracking control and stability are
guaranteed. The comparative simulation results will provide clearly the evident to prove effectiveness of
the proposed approach.
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1 INTRODUCTION

In fact, the robot manipulator (RM) control still always attracts attention from researchers to more improve
tracking position control performance for industrial applications. In recent years, there are many intelligent
control methods that have been explored to guarantee the RM control systems can be able to gain more
effectiveness in stability, adaptation/flexibility and robustness features [1 — 16]. The authors in [3] provided
the intelligent control methods for the RM system based on the adaptive neural networks (NN) to solve the
uncertain RM dynamics and constraint on the joint positions in the requirement of well tracking errors
performance. And also, by applying the NN, Zhou et al. [ 7] presented the control strategy for the RM system
with dead zone, in which, the proportional-derivative (PD) controller based on the filtered tracking error
technique and backstepping method were combined. However, the uncertain problems of the RM control
system [7] have not addressed carefully yet. In the other hand, the authors in [9, 16] considered the non-
singular terminal sliding mode control schemes for the RM that achieved good performances in fast
transient response and finite-time convergence. In general, the intelligent control methods in [1 — 16] have
a well-known property about the controller structure that can be review for improving the RM tracking
position control. That is, in the structure of controllers [1 — 16], the proportional — integral — derivative
(PID) technique (by using the proportional (P) part, or PD, or the proportional — integral (PI) parts, or PID
parts) always plays an important role in forcing the position tracking errors to zero. Therefore, when
considering to the filtered tracking errors methods typed PD controller [1 — 16] we can easy realize the
fixed PD gain problem that is a drawback. The tracking errors will decrease with increasing the PD gains.
However, by adjusting to increase the PD gains for the desired tracking errors, the transient performance
and stability of controlled system will be seriously affected if we cannot gain the optimal PD gains.

In order to solve the fixed PD gains problem to improve the tracking errors and stability performances, this
study will propose a novel approach for the RM control as follows. The first, the PD controller based on
the filtered tracking error technique will apply for the RM position control. The drawbacks of fixed PD
gains will be relaxed by adaptive self-updating PD gain parameter in considering of the stability of the
controlled system. The second, as similar to the intelligent control methods [1 — 16], the unknown dynamics
of the RM control system will be approximated by the adaptive NN approximator. The third, the tracking
errors and robustness effectiveness will be more improved by the compensator-typed robust controller. This
robust controller is designed to eliminate the NN approximating errors, the disturbances and uncertainties
from the RM control system. In addition, the online learning/updating algorithms of control parameters in
the proposed controller are designed based on the Lyapunov stability theorem such that the stability is
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guaranteed and the tracking errors will converge to zero as time tends to infinity.

This paper structure is arranged as follows. The part 2 reviews the dynamics, problem formulation and the
applied NN model. The adaptive PD control algorithms are designed, analyzed and proved in the part 3. In
the part 4, the comparative simulation results for RM are demonstrated to prove the effectiveness of the
proposed method. Finally, conclusions are drawn in the part 5.

2 PRELIMINARIES
2.1 Problem formulation
The dynamics of » -links robot manipulator system can be considered by the following Lagrange function

form [1]:

M(q)q+C(q.9)q+G(q)+F(g)+d =7 (D
where the ¢,¢ and § are the joint position vector, velocity vector and acceleration vector, respectively.
The M(q) e R™" is the inertia matrix, the C(g,¢)¢ € R™"' is the vector of the centripetal and Coriolis forces.
The G(q) e R™, F(4)eR™, r, e R™! and r e R™" are the gravity vector, friction vector, the unknown

disturbances vector and the torque inputs vector, respectively. The following properties of the RM system
are considered as [1]:
Property 1. The M(q) is a positive definite symmetric matrix and it is uniformly bounded as:

2 2 nx
m, ||x|| < xTM(q)x <m,, ||x|| ,Vx e R™! (2)
where m,, m,, are the positive constants.
Property 2. Skew symmetric matrix, S,(g,4) is a skew symmetric matrix:
S,=M-2C 3)
In this study, our purpose is to improve the traditional PD tracking control effectiveness for RM. So, based
on the model of RM (1), we firstly define the tracking errors e(¢) and filtered-tracking errors r(¢) as the
following forms [1, 17]:
H=q,—
e(?) q.d q &)
r@t)=e+K,e
where ¢,(r) is the smooth desired trajectory and it has derivative up to second order. K, =diag(K,,,...,
,K,,) 1s positive constant matrix. The conventional control input can be applied as [1, 17]:
T*=f+d+Kprr 5)
where the function f is defined as f/=M(q, +K,é) +C(¢, +K,e)+G+F . The K, = diag(K ..., K ) is
the positive constant matrix. By the assumption that the dynamics of RM control system is known, the
control input in (2) can guarantee the stability of the controlled system and the exponential convergence of
the filtered-tracking errors [17]. However, the performance of tracking errors depends heavily on the
selection of PD gains, K, and K, . In order to guarantee the requirement of filtered-tracking errors, the

K, and K, mustbe increased. We can see that if the proportional gains are too high, the controlled system

can become unstable. In addition, with PD typed-filtered error, we difficult to adjust the proportional gain

K, and derivative gain K, , separately. Therefore, this control input is not easy to apply in real control

application. These problems will be addressed clearly in the next Sections.
2.2 The NN approximator
In this research, an adaptive NN approximator based on radial basic function neural networks (RBFNN)
will be used to deal with the problem of unknown knowledge of the RM dynamics. The NN structure
includes an input layer, a hidden layer and an output layer. The NN output layer can be described as
following form [17]:

f) =W g (6)
where f=[f,f.....[,, ;meN is the number of NN outputs. W' =[w,,w,,...,w, |e R”"is the weight
matrix between the hidden layer and the output layer. »n,2e N are the number of inputs, hidden nodes,
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respectively. u =[u1,u2,...,un]T is the NN input. ¢(.) =[¢1,¢2,...,¢h]Tis chosen as the Gaussian function,
which is presented as the following form:

7(H”_ﬂij )2

2
#=e )
with i=1,....n, j=L...h, =[y,l,y[2,...,y[h]T and 7, =[77“,771.2,...,77,,1T are the center point and width

of the Gaussian function. Based on the universal approximation capability of the NN [17], there exists an
ideal NN structure as:
f=Wgu)+e) (®)
where W" are the unknown optimal parameter, £(x) is the NN approximating error vector. Considering the
approximation output of NN as:
f=W g ©)
where W is the approximation of the W". Here, the inevitable error in the approximating process can be
shown as follows:
F=f=F=WT =W +eu)=W' g+ (10)
In order to guarantee the control performance, the inevitable errors of the NN approximating process will
be considered to eliminate. In addition, the NN weight parameter will also be adaptive updated to improve
the adaptive feature of the control system.
4

. Updated algorithms Robust-term
3 T A
K, =o' r-éo, HrHK

o 7= H%H Pa By tansig(r)

W=, — o, || W | 3

bu=a, b

A

NN approxi\mator
Pl F = W gt

—ﬁr \\ “\\
Desired Trajetories |94 :9a e.¢[p iltered-tracking errors PD gain
9a>9ad>9a rn=¢é+Ke Kpr
2.9 |

Figure 1: The proposed control system

3 ADAPTIVE CONTROL ALORITHM
Our goal is to design an adaptive PD control law to guarantee the position tracking control for the RM
system, g(¢#) — g, (#) as time tends to infinity. The structure of the proposed controllers is drawn on the Fig.

2. In order to guarantee the design procedures, we will consider the following assumptions as:
Assumption 1: ||W*|| <b,,|e| <b,, where b,,,b, are positive real values.

Assumption 2: "Kpr <by,|d| <b, , where b b, are positive real values.

3.1 Adaptive controller design
From the aforementioned analysis, in order to solve the drawbacks in the traditional PD-filtered error
controller (5), the proposed control input is considered as the following form:

r=f+K,r+t, (11)
where f is the NN approximation function for the unknown dynamics of the RM control system, f in the
Equation (5). K 18 the self-updated parameter of for the PD gain. 7, is proposed as the robust term that

is used for relaxing the approximating errors and uncertain disturbances in the control process.
By applying the proposed control law (11) into the RM system (1), the RM closed-loop control system may
be considered as:

Mi==Cr+ f+d—f K ,r—%, ==Cr+ ] =K, r+d —7, (12)
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Based on the results in (10) and (12), the RM closed-loop control system can be rewritten as:
Mi=-Cr+W'g+K ,r+e-K,r+d-1, (13)

where K, =K, -K, , K, is considered as the optimal values of the PD gains. According to the

Assumptions 1 and 2, by analyzing (13), the following inequality can be obtained as:

b2 b2
"8+d"+§TW+§TkSpd (14)

. . . . b b . .
where & is a positive constant, p, is the uncertain bound of |& +d||+& 7W +& 7" . From this result, if the

robust-term 7, can eliminate the uncertain part (¢+d) then the tracking performance of the proposed

controller may be improved. Therefore, with the result in (14), the robust-term is proposed as the following
form:

Z =ﬁﬁd +4 tansig(r) (15)

where p, is an online estimated value of the p,, B, is a positive constant. The tansig(r) is the hyperbolic
tangent sigmoid function, as shown in the Fig. 3, that is defined as the following form:

. 2
tansig(r) = ———-1 (16)
(I+e™")

1 T T T T T T ——T
0.5F 1
» 0F 4
05F .

B | L = 1 1 1 | L 1

-5 -4 3 2 -1 0 1 2 3 4 5

r
Figure 3: The shape of tansig function
In this research, we will design the adaptive online learning algorithms for the PD gains, the NN parameters
and the robust-term parameter. By using the Lyapunov stability theorem [18], the adaptive online learning
algorithms for the proposed controller are designed as follows:

I%p, =0, r-éo, ||r||1€p,

W=, o, || W (17)
’éd =0, ||r||

3.2 Stability analysis

Theorem: By considering the RM dynamics in (1), all the Assumptions hold. If the control laws for the
position tracking control and the robust-term are designed as (11) and (15), and the updating algorithms for
the RM control system based on the NN are designed as (17), then, the parameters of the NN approximator
are bounded, the filtered tracking errors converge to zero, and the stability of the proposed control system
is guaranteed.

Proof:

Consider the Lyapunov candidate function as the following form:

o1 1 oer o b oop s 1
V(). W,K . py) = ErTMr +§tr(WTO'W1W )+5zr(1<,f,ak 'K, *5 PaC Py (18)

where p, = p, — p, . By differentiating (18) with respect to time, we have:
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. . 1 . ~ RIS ~ 1A - R

V=" Mi+ ErTMr —tr(W' oW ) -tr(K],0;'K )~ ps0, oy (19)
By substituting (13) into (19), based on the Properties 1 and 2, the following result can be achieved as
follows:

V= —rTKprr +rTWlg+ erprr +rl(e+d)—r"2, —tr(W oy W ) —tr([%?rof[%pr )= P4 ||r|| (20)
If the adaptive online updating laws for the proposed controller are chosen as (17), then (20) is described
as:
V= —rTKprr+rTV~VT¢+r71€p,,r+rT (e+d)-r"t,

~-tr(W' oy (o,¢r" o, “r” W) — tr(k;rG;I (o, r'r-éo, “r” kpr N— Py ||r|| 21
= —rTKprr +rl(e+d)- rde + §||r||tr(\7VTW) + f”r”tr([%lrlep,)— P "r"
According to the following results [1]as #(W/ W) <b,, “VVH —“W“2 ,tr(l?lf,.lep,,) <b, nf(pr —“f(p, ’ , from (21),
we may obtain the following inequality as:
. o - o2 - L2
V< —rTKprr +rT (e+d) —rTrd — P4 ||r|| + §||r”(bw “W“ —“W“ )+ §||r||(bk “Kpr —HKW ) (22)
By substituting (14) into (22), yields:
> e T _TA = B by Il _ i_~ 2
V<" Kpyr == by |+l pa = I C=[W? - g G [R o 23)
< —rTKp,r -T2, - By I+ 17 2
By applying the robust-term (15) into (23), it is concluded that:
V< —rTKprr - ("—:" Patp tansig(r)) — p, ||r” + ||r||pd
<K, —r" B sansie() | 2 -7l + 08

<—"K,r—r" B tansig(r)

<K I
From the result in (24), the V(r(),W,K sPq)is @ negative semi-definite function, thus,
V), W.K . p,) <V(r(0),W,K .. 5,) . If 7(t),W,K .5, are bounded at initial time (¢=0), they will stay
this bounded state for (¢ >0) . And also, W, K > Py are bounded for (z>0) . Defining that T1= —TK ol > WE

have IT< -V . By integrating T1(s) with respect to time, yields:

j T(5)ds <V (r(0), W, K ., 5) =V (r (1), W, K .. ;) (25)
0

With 7(0) is a bounded function, and the ¥ (¢) is a non-increasing and bounded function, the following
result can be obtained as:

lim [1(6)d) <o (26)
0

t
So, by applying the Barbalat’s Lemma [18] with IT(r) is bounded, it shows that lim _[ M(¢)ds)=0 and the
t—o0
0

filtered-tracking errors will converge r(¢) to zero as time tends to infinity. Here, based on this result, we

can see that the control input is bounded from (11). Therefore, we can conclude that the stability and
robustness of the proposed control system are guaranteed. In addition, when the filtered — tracking errors
converge to zero lead to the tracking errors will converge to zero as time tends to infinity.
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4 NUMERICAL SIMULATION RESULTS
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Figure 4: The RM 3 — DOF model
In this research, the RM 3 — DOF model, as shown in the Fig. 4, will be used in the simulation process to
prove the effectiveness of the proposed control method. The model of RM is constructed in the Lagrange
equations form, with its dynamics is given as in [1]. In order to exhibit the superior control performance of
the proposed control scheme (APDNN), the traditional PD controller, the conventional PDNN strategy in
[1] will be examined. The PD controller input is considered as follows: 7 =K e(r)+K,é(). For the

comparison of control results are favorable, the PDNN schemes in [1] are modified according to the
proposed controller form. The control parameters of the PD-NN and proposed controller in this simulation
work can be summarized in the Table 1.

We note that, all the aforementioned control constant parameters are chosen to achieve the best transient
control performance in the numerical simulation process by considering the requirement of the stability and
the possible operating conditions. For recording the respective control performances, the mean square error

T
(MSE) of the position tracking response is defined as: MSE =%Z[q(k)—qa,(k)]2 , where T is the total
k=1
sampling instants. Based on this definition, the normalized MSE (NMSE) value of the position tracking
response by using a per-unit value with 1 rad is used to examine the control performance.

Table 1: Control parameters

Control Control methods
parameters The pr(()icl))s]e)(ll\]%))n troller The PDNN controller [1] PD controller
K, diag(10) diag(10) K, = diag(100,90,50),
K, updated diag(100,70,50) K, = diag(1500,1000,800)
o, diag(20000) - -
o, diag(10000) diag(10000) -
o, diag(50) diag(50) -
& diag(0.001) diag(0.001) -

The desired joint positions of the RM are defined as g, =[0.5sin(1.5¢),0.5sin(2¢),0.1sin(1.5)|(rad) , the
F() =[0.1g, +0.2sign(d,);0.24, +0.2sign(g, );0.1¢; +0.2sign(¢;)], the

disturbance term is 7, =[0.2sin(2¢);0.2sin(2¢);0.2sin(2¢)]. The simulation process is carried out using the

friction term 1is considered as:

Matlab software with sample time is 0.001 s. The simulation process is implemented as follows. When
simulation time is 2.5 s, 7, =20[sin(15¢);sin(20¢);sin(15¢)], the tip loads will add to the links 2 and 3 of the

RM system (2 kg and 1.5 kg on links 1 and 2). At simulation time is 5 s, the friction term will change to
F(q) =[¢ +8sign(q,); 4, +6sign(q,); ¢; +4sign(gs)] -
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Figure 5: The tracking positions and errors performance.
Table 2: Simulation performance comparisons
NMSE (x10 rad) Linkl Link2 Link3
Adaptive PDNN 3.014 1.802 1.979
PDNN 3.871 2.275 2.546
PD 4281 2.430 3.375
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Figure 6: The updated parameters of the PD gains and NN outputs.
The Fig. 5 a — f show the simulation results of the tracking positions and errors performance. From the
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simulation results in the Fig 5. a, ¢ and e, we can see the positions of the RM, for the proposed control
method, the PDNN method and PD method, are well track to the desired position. By observing the tracking
errors performance in the Fig. 5 b, d and f, we can easily realize that, the proposed control scheme achieve
better tracking error - performances than those of the PDNN [1] and PD controllers. This is also confirming
in the NMSE comparison values in the Table 2. The Fig. 6 a and b provide the simulation results of the
updated parameters of the PD gains and NN outputs. These results first show the effectiveness of the
updating algorithms in guaranteeing the adaptation and robustness (boundedness) of control signals off the
adaptive PD controller and NN approximator. In the other hand, the PD gain parameters have self-adapted
when the control environment conditions changed dramatically. Therefore, the tracking performance of the
proposed control method is considered to be better. In the simulation process, the PDNN and PD controllers
can obtain the good performances caused by selecting the PD parameters. The choosing procedures for the
PD gain parameters are not easy to implement. In this simulation process, by observing the results about
adaptive PD parameters of the proposed controller, we have convenient methods to obtain the acceptable
optimal PD parameters for the PDNN and PD controllers.

100 100
APDNN \ PD-NN
] 6 \
Z Z N : : R
P AAAANALNNTN M g %WWWL
g | g wl : . .
= =
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©
Figure 7: The control inputs.

Based the simulation results in the Fig. 7 ¢, we can see the effectiveness of the robust-term controllers. This
controller has provided the compensating values for the main controller and it has guaranteed the
boundedness in the control process. And also, follow to the results in the Fig. 7 a, b and d, the control inputs
of the proposed controller, the PDNN controller and the PD controller are good. However, the PD control
created the higher control inputs at initial time. This can be a drawback in the real-time practical
applications. With the aforementioned analysis, when compare the simulation results of the proposed
adaptive PDNN, PDNN and PD controllers, we can conclude that the proposed control strategy has not
only prove the effectiveness in the adaptation and flexibility, but also guarantee the good performance in
tracking position control.

5 CONCLUSIONS

In this paper, the novel proposed control system using the adaptive PD technique has been successfully
applied for the RM control system. The proposed adaptive PD control scheme, with the highly adaptive
self-turning PD gains and uncertainties elimination abilities, has improved the tracking position control,
flexibility and robustness for the RM control system. In addition, all the adaptive updating/learning
algorithms for the proposed control parameters are online implemented, which are obtained by using the
Lyapunov stability theorem. Thus, the stability and adaptability of the proposed control system are
guaranteed without considering uncertain parts occupation. The proposed control system can be considered
to apply as a good alternative in the existing RM control system.
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MOT PHUONG PHAP PIEU KHIEN VI PHAN-TY LE THiCH NGHI CHO HE
ROBOT TAY MAY

Tém tit. Nghién curu nay trinh bay mot phuong phap dicu khlen cai tién cho hé robot tay may dua trén ky
thuét vi phan-ty 1¢ va mang no ron. O chién luot duoc dé xuat nay, b diéu khién vi phén ty 1& dua trén k§
thuét sai s6 bam dugc loc da duge hiéu chinh dé cac tham sé do 1oi vi phan-ty 18 duoc cap nhat thich nghi.
Tuong tu voi cac phuong phap didu khién thong minh truyén thdng, bd xép xi no ron duge ing dung dé
giai phong céc dic tinh dong chua biét ctia hé dicu khién robot. Hon nita bo diéu khién bén viing dang bo
bu cling dugc xem xét d€ loai trir céc 18i xap xi va céc nhidu chua biét khong thé tranh khéi cia hé thong
diéu khién. Bang viée sir dung dinh 1y 6 6n dinh Lyapunov trong qua trinh thiét ke bd diéu khién dé xuét,
viéc diéu khién bam va sy 6n dinh dugc dam bao. Cac két qua md phong s& cung cip cac ching ctr 1 rang
dé chung to sy hiéu qua ciia dé xuat.

Tir khoa. Robot tay may, diéu khién PD/PID, diéu khién thich nghi, diéu khién thong minh.
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