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ABSTRACT Trajectory tracking control for robot manipulators is an attractive topic in the research
community. This is a challenging problem because robot manipulators are complex nonlinear systems.
Furthermore, the tracking control performance for robot manipulators is greatly affected by input constraints
and external disturbances. This paper proposes a novel H, optimal controller for robot manipulators with
asymmetric input constraints and external disturbances based on adaptive dynamic programming (ADP).
Firstly, a strict feedback nonlinear system is used to represent the robot manipulator dynamics, and then
a feedforward controller is designed to construct the tracking error dynamics. Secondly, a value function
is introduced, and the Hamilton-Jacobi-Isaacs equation is made and approximated online by the principle
of adaptive dynamic programming. Thirdly, the optimal control law and disturbance compensation law
are determined. The stability and convergence of the proposed algorithm are analyzed by the Lyapunov
technique. Finally, the controller performance is verified through simulation and experimental results with
STM32F407 of STMicroelectronics.

INDEX TERMS Robot manipulators, asymmetric input constraints, adaptive dynamic programming, Ho,
optimal control.

I. INTRODUCTION presented. Additionally, neural adaptive sliding controllers

Tracking control for robot manipulators is a complex problem
because robot manipulators are nonlinear systems with
unknown and uncertain parameters [1], [2]. Furthermore,
the manipulators are often affected by external disturbances
and constrained inputs. For many decades, such a problem
has attracted much attention from researchers. In [3],
a neural adaptive PID control scheme was applied to robot
manipulators with uncertain parameters without measuring
velocity and acceleration. A self-tuning fuzzy controller
was introduced in [4] for robots with uncertain param-
eters. A robust mode predictive controller was proposed
in [5] for robots with disturbances. In [6], an adaptive
fuzzy sliding controller and disturbance observer were
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were proposed in [7] and [8], in which radial basis function
neural networks (RBFNN5s) are applied to estimate unknown
nonlinear functions. Overall, using neural networks [7], [9]
or fuzzy models [6], the adaptive sliding controller has
effectively handled the tracking control problem for robots
with disturbances, but they cannot handle input saturation,
leading to poor or even unstable control performance [10],
[11].

He et al. [12] proposed an adaptive controller based on
RBFNN to eliminate the effect of the input saturation. In [13],
an adaptive fuzzy dynamic surface controller was introduced
for robot manipulators, in which the input saturation was
considered using a smooth function along with the mean
value theorem. On the other hand, the backend systems were
designed in [14], [15], and [16] to solve the input saturation.
More generally, in [17], an asymmetric saturation model
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based on a Gaussian error function was applied to handle
the influence of asymmetric input saturation. An adaptive
neural controller and a hyperbolic tangent function were also
proposed in [18] to deal with the phenomenon. Additionally,
in [19], a controller for asymmetrically constrained inputs
was designed by converting a system with asymmetrically
constrained inputs into a system with symmetrically con-
strained inputs. In [20], a constraint controller was built based
on the asymmetric barrier Lyapunov function. However, the
proposed algorithms mentioned above do not minimize any
cost function, which means they are not optimal. Therefore,
the goal of robust optimal control is important and equally
challenging.

The robust optimal control problem in an Hs, control
manner is solved if the optimal control law and the external
disturbance compensation law are determined. Generally,
the laws depend on the solution of the Hamilton-Jacobi-
Issac (HJI) equation [21]. Unfortunately, solving the HIJI
equation is a challenge since it is a higher-order nonlinear
differential equation and has no analytical solution. Recently,
ADP, a reinforcement learning (RL) version, has become
a useful method for approximating online solutions of HIJI
equations [21], [22]. Robust optimal control algorithms were
designed for robots in [23] and [24], but they used function
approximations with double NNs. On the contrary, in [25],
the H,, optimal controller was designed based on ADP
combined with the zero-sum game theory and implemented
with only one NN, but the input constraint problem was not
mentioned. In [26], the saturated optimal tracking controller
using RL was offered for a robot manipulator, but the external
disturbance rejection was not mentioned. The robust optimal
control algorithm was introduced in [27], where rejecting
disturbances was offered but dealing with saturated inputs
was not considered. In our previous work [28], we designed
an H, optimal controller for single-wheel robots with input
constraints but did not address the asymmetrically saturated
inputs. In addition, an H,, optimal control algorithm
with asymmetrically saturated inputs was proposed in our
previous work [29]; however, the algorithm only considers
nonholonomic mobile agents. In [30] and [31], optimal
control algorithms with asymmetrically saturated inputs
were designed, but the algorithms did not consider external
disturbances and were only applied to affine nonlinear
systems. We designed a constrained optimal controller for
robot manipulators with asymmetrically saturated inputs
based on ADP in [32]; however, the algorithm did not
consider external disturbances and was only performed on
simulations.

To the best of our knowledge, the problem of Hy
optimal control for robot manipulators with asymmetric input
saturation and external disturbance has not been solved.
Although, the H,, performance indexes of the manipulators
can be easily obtained by combining the zero-sum game
theory and ADP, the indexes cannot be robust stable under
asymmetrically saturated inputs. Therefore, this paper is the
first work using the ADP method to design a constrained
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Ho optimal controller (CHOC) for robot manipulators with
asymmetric input constraints and external disturbances. The
main contributions of this paper are shown as follows:

1) Different from the works in [24], [25], [26], and [27],
we design a new feedforward controller to convert
the robust optimal tracking control problem with
asymmetric input saturation for robot manipulators into
a robust optimal control problem for affine nonlinear
systems.

2) Unlike the work in [24], we design a robust optimal
control method based on ADP and game theory
to determine the optimal control and disturbance
compensation laws. Furthermore, the RL algorithm
uses only one NN instead of two for an online estimate
of the solution of the HJI equation to reduce the
computational complexity.

3) Instead of using only the persistent excitation (PE)
condition, we apply the concurrent learning (CL)
technique to avoid affecting the actuator and ensure fast
convergence.

The remainder of the article is organized as follows: Section I1
presents the robot manipulator’s dynamics and the control
objective. Section III provides the design of the feedforward
controller and the CHOC. Section IV shows the simulation
and experimental results. Finally, Section V gives the
conclusion of the paper.

Il. PROBLEM FORMULATION

A. KINEMATIC AND DYNAMIC MODEL OF ROBOT
MANIPULATOR

Consider a model of an n-link robot manipulator with
asymmetric input constraints and disturbances described by
the following kinematic and dynamic equations [33], [34]:

P(xp, yp, zp) = F(8), (1
8 = I(xp, yp, zP), @)
H(8)S + C(8,8)8 + G(8) + F() =t — 14, 3)

where xp, yp, and zp are the position values of X,
Y, and Z, respectively, in the OXYZ coordinate system,
P = [xp,yp, zp]T represents the endpoint position in the
workspace, 6 € R g joint variable, F(§) : R" — Riisa
function of forward kinematics, I(xp, yp, zp) : R3 > R"isa
function of inverse kinematics, H(8) € R™" is a symmetric
and positive definite inertial matrix, C(8,§) € R™" is the
Coriolis-centripetal matrix, G(8) € R"™*! is gravity vector,
F(é) € R"™! is the static friction vector, 7y € R"*! is the
disturbances vector, and T = [11, 12, . .., 7o) € R"™!is the
control inputs vector. T is bounded by

leTiSXLi:],z»"',ny (4)

with [x1] < |xal- .
Property 1: The matrices H(S), C(§, ), g_(a), T4 are
bounded by Mmin < THOI < mmax, ||C(8» A < cmaxs

IGOONI < gmax> lTall < dmax, Where mimin, Mmax, Cmax,
Zmax. dmax are positive constants.
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FIGURE 1. Control structure diagram.

Remark 1: Property 1 is practical by § and § are bounded.
Due to the physical limitations of the electrical drive
circuit and motors, the control inputs are constrained.
The case of asymmetric input constraints occurs when
the actuator is partially reduced in efficiency, changes
in the mechanical structure, and the faulty power drive
circuit.

In preparation for the CHOC design, the system (3) is
represented as a strict-feedback nonlinear system, i.e.,

6 = F5(8) + GOy
= Fy . 9)+ Gy (6, 9)T + Ky 8, 97

where F5(8) = Onxi1, Gs5(8) = I, ¥ = 6§, Fy(S,¢) =
—H'O)CE, Y +G©B) + F@) € R™, Gy, ¢) =
HI(S) € R Ky (8, ) = —H™(8) € R,

Remark 2: Fy (8, V), Gy, ¥), and Ky(8, ) are
bounded by [[Fy(, ¥) < myl (cmax + gmaoll¥ll,
1Gy (8, ¥l < myiys 1Ky (8, W)l < myi,.. The upper bounds
of Fy (8, v¥), Gy(8, ), and ICy (8, ¥) are only intended to
demonstrate stability for closed-loop system and are not used
in the control law. Therefore, determining the values of the
upper bounds of Fy (8, ¥), Gy (8, ¥), and Ky (8, ) is not
necessary.

&)

B. CONTROL OBJECTIVE

The controller’s objective is to control the tracking of
the desired trajectory in the workspace, ensuring that
lim |lep|| = lim ||P—Py]| = O when the external
1—00 11— 00

disturbances are zeros, with Py = [xpg, ypa, zpal” being the
desired position in the workspace. In the first step, we use
inverse kinematic equations to convert the desired trajectory
in the workspace to joint space. The CHOC is implemented
in the second step to ensure tracking the desired trajectory for
robot manipulators with asymmetric input constraints in the
joint space, i.e., providing tlggo ||8(t) — 8ref(t)|| = 0 when the

external disturbances are zeros, where 8,7 () € R"*! is the
reference trajectory in the joint space. However, the external
disturbances are non-zeros; thus, the objective is to design
the control law to make the tracking errors Ly-bounded [35].
We use forward kinematic equations to convert the trajectory
from joint space to workspace. These steps are described in
Fig. 1.
Assumption 1: 8¢ (t) is smooth and bounded.
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IIl. ASYMMETRICALLY CONSTRAINED H., OPTIMAL
CONTROL

This section designs an CHOC for the robot manipulator.
First, the feedforward control law is designed to convert
the problem of Hy, optimal tracking control for the robot
manipulator into an issue of H, optimal control for an affine
nonlinear system. Then, the asymmetrically constrained H
optimal control law is designed based on ADP method
combined with the game theory.

A. FEEDFORWARD CONTROL
In this section, we design feedforward control inputs, then
transform the system (5) into an affine nonlinear system,
known as an augmented system. The design steps are
developed based on the backstepping technique [36].

Step 1: Define the tracking error as es = 6 — 8yer, €y =
¥ — Yer. Then, the dynamics of the position tracking errors
are presented as

&5 = —brf + G5Oy + Gs()Wfsr + Gs(B)ey,  (6)

where ¥,r = w;kef + wfef are the virtual control inputs, I/f;"ef
are the virtual optimal control inputs, w;’ef are the feedforward
virtual control inputs designed as

Ve = Gy ') res + Kiey — Kaes). @)
By substituting (7) into (6), the dynamics (6) is rewritten as

¢s = G5 (8 + Kiey — Kaes + Gs(8)ey
= Foles, ey) + Yy + ey, @)
where .7-_'5(e3, ey) = Kjey — Kses, K; and K are the positive
definite matrices.

Step 2: The dynamics of the angular velocity tracking
errors are calculated as follows:

ey =~ + Fy S, ¥) + Gy (8, ¥)T* + Gy (8, ¥)r°
+Ky@, )T, (9)

where T = t* + 1%, t* are the actual optimal control inputs,
¢ are the feedforward actual control inputs designed as

=G (8, V) ey + Fyles, ey) — Fy (8, 9) — es
— K3zes — Kyes). (10)
By substituting (10) into (9), the dynamics (9) is rewritten as
ey = Fyles. ey) + Gy (8, ¥)t* — e5 + Ky (8, ¥)ta, (11)

where fw(eg, ey) = Fyles, ey) — Kzes — Kaes, K3 and Ky
are the positive definite matrices.
Lemma 1: Consider the following augmented system:

Z = Foyles, ey) + Goy (S, )™ + Ksy (8, ¥)d,  (12)
where
Z = [€§,€£]T, Fsy(es, ey) = [F(es, ey), f$(€5,€¢)]T,
Gsy (8. ) = diag[Gs(®), Gy, V)], Ksy (S, ¥) =
diaglOnxn, Ky @S, W1, w* = e, o117, pt =
Wi, e n = W1 = wt o+ o
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d = [0Oixn, th]T. Suppose the feedforward virtual
control inputs are presented as (7), and the feedforward
actual control inputs are presented as (10). Then, the Hyo
optimal control issue for the dynamics (5) and dynamics (12)
are equivalent.

Proof: For dynamics (5), we select the Lyapunov
function form

1 1
31 = 56;63 + Eeiew. (13)

Taking derivative of (13) and combining (8) and (11) yields

~

31 =ef Fisles. ey) + el Fyles. ey) + €5 Uies
+ ), Gy (8, YT + e, Ky (8. ¥)1a + €] ey — el es.
(14)

It can be seen that e§e¢ = 6565. Thus, (14) becomes

31 = ZT(Fsy(es, ey) + Goy (8, v)u* + Ksy (8, ¥)d).
(15)

For dynamics (12), we select the Lyapunov function form

~ _Lor

Taking derivative (16) and combining (12), one has

3o = 2T (Fsy(es, ey) + Goy (8, Y™ + Ksy (8, ¥)d).
(17)

It can be easily seen that, if ©* makes the dynamics (12)
stable, then 32 < 0. Through comparison of (17) and (15),
3 < 0 implies 31 < 0. It can be concluded that the
dynamics (5) is also stable. Therefore, the H, optimal control
issue of the dynamics (5) is converted to the Hy, optimal
control issue for dynamics (12).

This completes the proof. ]

Remark 3: The feedforward virtual control inputs and the
feedforward actual control inputs are designed as (7) and (10),
and constrained by

x1 — vi tanh(1
X1 — v1 tanh(1

fe[ X2 — v tanh(1) (18)

)
) < X2 — vz tanh(1)

//\ N

a
l

where i =1,2,---,n, |[vi| < |x1l, lval < |x2|. We can see
that if w;:ﬂ and 7;* are designed to satisfy the constraint v; <
i < V2, V1 < 7 < 1y, then vy and 7; will be limited by

X1 =< Vref < X2, X1 < Ti < X2

B. Hy, OPTIMAL CONTROL

This section designs the asymmetrically constrained Hoo
optimal control law for dynamics (12) based on the ADP
method combined with the game theory [22]. To derive the
controller, we give the following definitions.

Definition 1 [37]: Consider the £ = F(Z,n), Z €
R"™ with Zjy being the equilibrium point. Zy is said to
be ultimately uniformly bounded (UUB) if there exists a
compact set O € R" so that for all Zy € O, there exists a

67812

bound C and time T(C, Zp) such that || Z — Zy|| < C for all
t>t+T.

Definition 2 [21]: The system (12) has L,-gain less than
orequal p Vd € Lp[0,00], 0 < T < oo if the following
expression is satisfied:

T T

/ (ZTOZ + F(w)dr < p* / ddydr,  (19)
0 0

where © is the positive definite matrix, f (u) is the energy
cost function and non-negative, p is an estimate of u* at
time 7, and p > 0 is the attenuation level of the disturbance.
Based on the condition (19), the cost function is presented
as
o0

V(2)= /K(t)dr, (20)
t
where k(1) = ZTOZ + F (u) — p*d"d.
By the control inputs are asymmetrically saturated, the
energy cost function is chosen as [30] and [40]

® -T 2s—v2—v1
F=@—v) [ tanh™" (=————)Ras,
V]
2

V2 — V]
21

where R = diag(Ry, ..., R,) > 0. Defining 0 = (v2 4+ v1)/2
and ¢ = (v» — v1)/2, (21) is rewritten as

1 _
F(w =2¢ / tanh~7 (%)Rds. (22)
e

We apply integral by parts and perform some conversion
steps. We can derive that

_ 2
Bl
g
23)

F(w) =2gtanh—T<“T_Q)Rw — 9)+¢2Rin(I —

withR=[Ry, ..., R, 1=11,..., 117 e R*<L,
Consider the Hamilton function, which has the following
form:
H(Z,pn.d,Vz)=2TOZ+F (u) - p°d"d
+VI (Fosy + Gsym + Ksyd), (24)

with Vz = 8V(Z)/8Z. The optimal value function V*(Z) is
determined by using zero-sum game theory:

V¥Z) = minmax/<>Q k(t)dT. (25)
1% d 0

ADP and the zero-sum game theory are used to find the
optimal value V*(Z) that satisfies the Nash condition

o0 o0
V¥Z) = minmax/ k(t)dt = maxmin/ k(t)dr.
12 d 0 d ®oJo
(26)

Then, the saddle point (u*, d*) exists, where u* is the
optimal control law, d* is the disturbance compensation law.
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To ensure the Nash condition (26), the following Isaacs
condition must be satisfied:

min m;lx H(Z, pn,d, VE) = m;x min H(Z, u, d, V%).
13 "
27

The saddle point (u*,d*) is determined through
the stationary conditions 0H(Z, u,d,V%)/op = 0,
OH(Z, u,d,V%)/dd = 0. Hence, we obtain u* and d* as
follows:

1
p=—g tanh(zR—lg,{wvz) +o. (28)
1
d* = ZK‘ST‘”VE’ (29)

where V% = 0V*(2) /3 Z.
Substituting (28) and (29) into (24), we obtain the HJI
equation as follows:

H*Z, M*vd*’vz) — ZT®Z+F (M*) _pzd*Td*
+VE (Fsy + Gsyn™ + Ksyd*) =0.
(30)

If V*(Z) of the HJI equation (30) is found, one can
determine pu* and d*. The minimal positive definite smooth
solutions V*(Z) always exist [21]. However, it cannot be
obtained by analytical methods. Therefore, we need to
estimate the solution of equation (30). With the requirement
of a simple online approximation algorithm, a simple NN is
applied and presented as follows:

VH(E) = @ ((2) + e(2), (31)
1L(2) | 9e(2)

dZ 3z
where NN has a structure with one hidden layer and one
output, @ € R is the weight vector, £(Z) : R? — R is
a smooth function vector and a completely independent basis
set that satisfies Assumption 2, /¢ is a number of hidden cells,
&(Z) is the approximation error.

Assumption 2 [39]: [ (D) = s, ezl =
10 (2)/dZ] = sve, e @) = e llezll =
l0e (Z) J0Z|| < sve, where s¢, Sv¢, e, Sve are positive
constants.

The Hamilton function (24) becomes

H(Z, w* d* ol tz) = ZTOZ + [ (u*) — p?d*T d*
+ wTé‘g (JE(W + Gsy ™ + /C,wd*)
= ¢y, (33)

Vi =w otz +ez, (32

where ey = —82(}:51# + Gsy ™ + Ksyd™).
As @ are unknown, the value function is given as follows:

Vz)=aT¢(2). (34)

Using l>(Z) for (28) and (29), the approximate control laws
of (28) and (29) are expressed as

. . .
A=~ tanh(3-R™\G5£28) + o (35)
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g Vor 14
Similarly, the Hamiltonian function becomes
HEZ. f.d. & tz) = 2T0Z + F (i) — p*d"d
+ & T ¢z(Foy + Gsy it + Ksyd)
= &, (37
where ¢, is the Hamilton function approximation error.
From (33) and (37), we can obtain
te =~ (z(Foy + sy + Ksyd) +en,  (38)

where @ = @ — @. If we propose a parameter tuning
law to minimize E = %aeTae, then @ — w. Applying the
algorithm gradient descent combined with the CL technique,
the parameter tuning law designed as

a(\IJT\IJ——Fl)Z(\pTZﬁ + k(1))

w ZP W(t)

EL ) v + 1)

w=—

S(W) @ + k(1)

(39)

where k(1) = ZTOZ + (1) — p*d"d, ¥ = ¢z(Fsy +
Gsy L + ICgI/,cAi), o > 0 is the learning rate. We use the
CL technique in (39) to relax the PE condition and ensure
convergence fast. W(#;), k(t;) are stored in {W(#;), /c(ti)}f;l,
with {\D(ti)}f): | must be linearly independent, i.e. rank(W(t1),
V(t),..., W(tp)) = P.

The approximate error dynamics of the weights can be
determined as follows:

&= —ab@ 5 —E)—a > V) )5 — ),
(40)

with O = W /(W + 1), &)l = [en/(+¥TW)| <
sz, where sz is a positive constant.

C. PROOF OF STABILITY AND CONVERGENCE
The following theorem analyzes the stability and convergence
of the CHOC.

Theorem 1: Consider the tracking error dynamics (12)
with asymmetrically constrained inputs and disturbances. Let
Assumptions 1-2 be satisfied. Assuming the cost function is
defined in (20), the optimal control law is determined by (35),
and the disturbance compensation law is defined by (36),
where the on-line adjustment of the values is determined
by (39). Then, the tracking and approximation errors are
UUB.

Proof: Select a Lyapunov function as

|
33 = V*(Z) + ~trace (zaTsz) . (41)
—— 2
J31
J32

Taking derivative 31 along trajectories of Z = ]}W +
ggwﬂ + /C(s]/,d, we can get

331 = VI Z = VI (Fsy + Gsp it + Ksyd)
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=V (Fsy + Gsyp ™ + Ksyd®)
+ VT Gy (i — 1)+ VE Ksy(d —d*).  (42)

Observing (30) and (32), (42) becomes
Su=-2Tez-r () + p2d*T a*
+ Gsy (@;Tzw + 82) (o —pn™)
+ Ksy (;g,w n 83) @ — d%). (43)
Using Young’s inequality to (43), we can derive that
Ju<-2Tez-r (n*) + o*d*Ta*
+ 119w (2o o) [P =

e e

(44)

On the other hand, we can gain ZTO®Z > Ay, (©) 12112,
with A (.) is an eigenvalue of the matrix. Then, (44) is
rewritten as follows:

5 2. 25
F31 < = Amin O) [ Z]% + 0 HdH

1 2
oo (+2)[ 1=l
2

—F (u*).

(45)

1 T 2 ~ *
+ ZH’C‘S"’ (;Zw 4 ez) H + Hd —d

Applying inequality (x 4+ y)> < 2 (x2 + y2), we can derive
that

. ~l12
o1 = =i @) 1217 + 0|
1 2 5 .12
+5(|Gsuskm |+ [Govez )+ |26 ann )|
1 2
+ 26 tanh@)|* + 3 Koy | ez e

1 2 _
+51Gsvez ]+ 5 |y | Izl 10?

2
Sy T W (46)

where £ = %R‘lggwggfv, & = %R‘lggﬂ((gw + e2).
We can easily deduce that F (u*) > 0, (46) becomes

331 < =Amin @)V IZIP +mal &P +m, @)

where

n = %g(%ll/ max(szvgszzv + Sg) + 852 + %’ng max(%szvgszzv +
st + 57500 = 35Ky xSV 1@ < Swrs 5 > 0,
g&// max — 1Max {1, ml:liln}’ ]C&// max — mr:nln

Taking derivative Jj3; along (40) we have
. T - P -
I = e B +am! (Ve + D V)E(1), (48)
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FIGURE 2. Actual Scorbot-ER.

where 8 = WU7 + 3% W@)¥T () > 0. Applying
Young’s inequality to (48), we can deduce that

2

. - (07
J32 < —(@ = DA\in(B) & 1> + S P+ sz (49)

Observing (47) and (49), fjg becomes
33 < =Amin @) 1 Z1% = n3llF 1> + na, (50)

2
where 73 = (@ — DAwin(E) — m2, ma = n1 + 4 (P + s,
12
J3 < 0, if and only if

14
12l > [ =5z
)\min (®) (51)

. 4
o> |2 =5,
n3

It can be concluded that if the tracking errors || Z]| or the
approximation errors ||@ || exceed stable regions, then 33 <
0, i.e., the tracking errors or the approximation errors are
pulled inside the stable regions. In other words, the tracking
and approximation errors are UUB [37] (see Definition 1).
This completes the proof. [ ]

IV. SIMULATION AND EXPERIMENT

This section verifies the performance of the CHOC through
simulation and experiment. The results are compared with the
robust adaptive controller (RAC) [8].

Consider the Scorbot-ER robotic manipulator [38], illus-
trated in Figs. 2, 3, where /y = 0.35m, [, = 0.025m,
I, = 0.222m, I3 = 0.222m. The position of P is determined
by

Xxp (I3c0883 + Ipcos8y + 1,)cosd
P=|yp| =] (lzcosd3 + rcoséy + I.)sind; | . (52)
Zp [3siné3 + Ip sindy + 14
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FIGURE 3. The scheme of Scorbot-ER.
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FIGURE 4. Evolution of NN weights.

The matrices of the components in the dynamics equation
have the following form:

_H11 0 0
HGS=| 0 o6 lhop cos(83 — 87) |,
i 0 Doy cos(83 — 62) o7
(53)
) (A1) + Azss A1y A231_
C(@s,98) = —A](?] 0' —A383 |, (54)
| —A»é; A3b) 0
[ o814+ o11sgn(ér)
F(8) = | 0982+ 0125gn(82) |, (55)
| 01083 + 013 sgn(83)
G(8) = [0 o1gcoss, orgcos 63]T, (56)

where Hiy = Hinn + Hie + His + Hiugs Hin =
201l,c088y, Hi1za = 202, + lhcoséy)cosds, Hiiz =
0.503 cos(262), Hiia = 0.504c0s(283) + o5, A1 =
—(o1l.sindy + o2lrsindy cosd3 + 0.503sin(267)), Ay =
—(02(l, + bcosdy)sinds + 0.504sin(283)), A3z =
boysin(d3 — 83), o1 = o4 = o7 = 0.006, oo = 0.002,

03 = o5 = o = 0011, 08 = 09 = o019 = 0.52,
o11 = 0.019,012 = 013 = 0.018,5(0) = [0.01, 0.01, 0.0117,
5(0) = [0,0,017, x1 = —0.8, x2 = 0.9. The desired
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trajectory of Py is described as follows:

xp, 0.36 + 0.05 sin(0.087¢)
Pi=|yp, | = 0.05 cos(0.087 1) . &)
ZpP, 0.4

A. SIMULATION

The parameters of the CHOC are selected as K1 = K> =
K3z = K4 = diag[10, 10, 10], the initial weights are zeros,
©=1¢eR>* R=1¢€cR> ¢ = 100, v, = 0.15,
vi = —0.1, p = 0.5, x2 = 0.9, x1 = —0.8, the activation
function is

2 2
{(e) = ey, es1es2, es1€53, es1€y1, es1€y2, €s1€y3, €5,
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FIGURE 8. Angular velocity tracking errors of CHOC and RAC in joint
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2
€52€53, €52€y1, €826y 2, €52€y3, €53, €53€y 1, €53€y2,

2 2 2 1T
€536y 3, €y 1, Ey1€y2, €y 1ey3, €y, ey2eys, €3],

the sampling period 7 = 0.0ls. The control law of RAC
is given as T = f(z) + Kgs — v, where f(z) is RBFNN

and is an approximation of f(z), f(z) = H (Sref + K5é3) +
C (8ref +Kses) + G + F, Ks = Ke = diag[10, 10, 10],
s = es + Kses, v = —K7sgn(s), K7 = 0.2. We change the
model parameters at the 60th second for both control laws,

i.e., the values o1, 02, ..., 012, and 013 are changed to double
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FIGURE 10. Tracking errors of CHOC and RAC in the workspace: (a) CHOC;
(b) RAC.

the initial values. Fig. 4 presents the convolution of the NN
weights, where the weights converge after 10s. At the time
of load change (60th second), the weights change to adapt to
the load change and then continue to converge. The results
of comparing the trajectories of the positions of CHOC and
RAC in joint space are illustrated in Fig. 5. Fig. 6 shows
CHOC and RAC’s angular velocity tracking trajectory. The
position and angular velocity tracking errors of the controllers
in joint space are illustrated in Figs. 7, 8. The comparison
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FIGURE 12. The optimal control inputs of CHOC.

results show that CHOC’s ability to track trajectories in the
joint space is better than RAC’s. CHOC’s position tracking
error does not exceed 12.10™* rad. When the load changes
suddenly, the position tracking error increases but does not
exceed 4.1072 rad and then returns to the value 12.10~* rad
(see Fig. 7). In addition, Fig. 8 shows that CHOC’s angular
velocity tracking error has a smaller value than RAC.

The position trajectories in the controllers’ workspace
are shown in Fig. 9. The tracking errors in the controllers’
workspace are shown in Fig. 10, which indicates that the
tracking errors of CHOC are smaller than RAC. The tracking
error of CHOC in the workspace is less than 0.6 mm for the
X-position, 0.45 mm for the Y-position, and 0.6 mm for the
Z-position (see Fig. 10). The position of point P of CHOC
and RAC are illustrated in Fig. 11, where Fig. 11a shows
the results during the learning process, and Fig. 11b shows
the results after convergence. The control inputs of CHOC
are presented in Figs. 12 and 13a, where Fig. 12 shows the
optimal feedback control inputs and Fig. 13a illustrates the
actual control torque inputs. The control torque results of
RAC are presented in Fig. 13b. Fig. 12 shows that the optimal
control inputs are within the allowable asymmetry limit and
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FIGURE 14. Experimental results of the trajectory tracking of CHOC and
RAC in the workspace: (a) Position xp; (b) Position yp.

change value when the minimum and maximum thresholds
are reached, which leads to the actual control torques not
violating the asymmetry constraint (Fig. 13a). Since RAC
does not handle the influence of input constraints, the control
torques fluctuate enormously in the early stages (Fig. 13b).
After the algorithms converge, the actual control torques of
CHOC reach the optimal value while the torques of RAC do
not (Fig. 13). The simulation results show that CHOC has
better control performance than RAC.

B. EXPERIMENT

In this section, we present experimental results on Scorbot-
ER. Scorbot’s hardware is set up as follows (see Fig. 2):
The drive motor of the robot joints is a DC motor with a
built-in gearbox with a gear ratio of 127.7:1. In addition,

67817



IEEE Access

D. N. Duc et al.: ADP-Based H, Optimal Control of Robot Manipulators

0.01F P ———
B 0 em SR, A
< -0.01 10 , x10° 1
) -0.02 10 0 ]

' -20 -5
003 60 80 100 60, 80 100
40 60 80 100
Time (s)
(a)
0.01L \ ewp eyp er| |

g - v e S e M
0 iy il it i '

2

0

5 0.01 *—‘
002y 71% 2 -0.0(1) LI,
.0.03 60 80, 100 60, 80 100, 60 , 80 100
20 40 60 80 100
Time (s)
(b)

FIGURE 15. Experimental results of the tracking error of CHOC and RAC in
the workspace: (a) CHOC; (b) RAC.

|— P4 ----CHOC - - - RAC]

0.4
0.35
-0.05 03 x(m)

FIGURE 16. Experimental results: Position of point P of CHOC and RAC
after convergence.

the motors are equipped with optical encoders to measure
the angular velocity and angular position of the joints. The
control algorithms are implemented on the STM32F407
microcontroller. To interface the STM32F407 with the
motors, we use the L.298 driver circuit.

For the CHOC and RAC algorithms, we use convergence
weights from simulation to make real-time learning faster.
The position tracking trajectories in the workspace of CHOC
and RAC are presented in Fig. 14. The position tracking
errors of CHOC in the workspace are shown in Fig. 15a,
indicating that the tracking errors are significant in the
early stages and small as the algorithm converges. Fig. 15b
shows tracking errors of RAC in the workspace. Comparing
the tracking errors of CHOC and RAC, we quickly see that
the tracking errors of CHOC are smaller than RAC. Fig. 16
presents the position of point P of CHOC and RAC after
convergence, showing that CHOC’s tracking performance is
better than RAC’s. Through experimental results, the control
effectiveness of CHOC has been verified.

A video illustrating experimental results can be found at
the following URL: https://www.youtube.com/watch?v=A-
S4Chi5798.
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V. CONCLUSION

The Hs, optimal control algorithm has been proposed
for robot manipulators with asymmetric input constraints
and disturbances. The feedforward control is proposed
to transform the Hy optimal control problem for robot
manipulators into the Hy, optimal control problem for
the affine systems. The constrained optimal control and
disturbance compensation laws have been built based on
ADP and the game theory. The proposed control algorithm
has been analyzed to show that the closed-loop dynamics
is UUB stable and the control parameters converge to
the near-optimal values. The performance of the proposed
algorithm has been verified through comparative simulation
and experimental results. CHOC can be developed to be
applied to multi-agent systems, such as decentralized control
of robot manipulators or some multiple robot manipulator
operations. Future work will focus on decentralized optimal
control of robot manipulators and distributed optimal control
for multi-robot systems.
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