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Abstract. The paper studies a robust adaptive fast terminal sliding mode con-
troller (FTSMC) based on a radial basis function neural network (RBF NN) for
a dual-arm robot manipulator system that coordinates the motion of the general
object. First, kinematics, a general dynamic model of the system consisting of
manipulators and the object, is inferred about the position and direction of the
object as the states of the derived model. Second, an FTSMC method is designed,
followed by the construction of two RBF systems: one approximates uncertain-
ties and external disturbances, and the other estimates the force applied to the
object according to the object’s uncertainty model. Next, the Lyapunov theory is
employed to demonstrate the stability of the closed-loop system and derive the
adaptation laws for RBF NN. Finally, simulation results of the dual-arm robot
system with three degrees of freedom (3-DOF) manipulators are presented to
illustrate the effectiveness of the proposed method.

Keywords: Dual-arm robotic - Fast terminal sliding mode controller (FTSMC) -
Radial basis function (RBF) neural network

1 Introduction

Nowadays, dual-arm robot manipulator robots are increasingly being applied in many
different fields. Challenges in cooperative control include synchronizing position and
controlling the force applied to an object. If too much force is applied to the object may
deform its shape, or if the robot does not follow the predetermined path well, it can
endanger the operator due to sudden movements. Therefore, it is necessary to design
an efficient controller for this system to control position, orientation, and force with an
uncertain dynamic model.

The problem of control under the kinematic uncertainty of the system has been
solved by proposing the application of advanced control theories such as the sliding
mode control in [1, 2] designed a controller for the robot to improve trajectory tracking
quality. An adaptive controller for a dual-robot to hold an object with an unknown center
of mass and moment of inertia has been proposed in [3]. A hybrid adaptive controller has
been proposed in [4] to improve the efficiency of motion tracking and force adjustment
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when a cooperative dual-arm robot grasps an unknown object. In [5], a non-chattering
robust sliding controller enhanced by a fuzzy logic unit to track the desired trajectory
with high accuracy and safely transport the object. In addition, terminal sliding mode
control (TSMC) is proposed by [6, 7] to improve the design of the sliding surface and
lead to the tracking errors converging to zero in a finite time. In [8, 9] the authors present
fast terminal sliding mode control (FTSMC) for nonlinear systems and demonstrate the
convergent feature of the controller superior to the conventional sliding mode control.

An adaptive hybrid position/force controller using fuzzy backstepping has been pro-
posed in [10], the fuzzy logic approximation properties are used to estimate the unknown
dynamics of the system. The controller ensures that and the tracking errors of both posi-
tion and force converge to the desired small value by selecting the appropriate design
parameters. In [11] proposed an adaptive neuron force/position controller, the controller
achieves the desired trajectories of the object and internal force tracking. A feedfor-
ward neural network is used to learn the unknown dynamics of the system with updated
law based on Lyapunov stability analysis. Some research for the combined dual-arm
robot system has solved two problems simultaneously: uncertain dynamic and uncer-
tain environment. The neuron impedance controller has been proposed in [12] with two
control loops, a position control loop and a force control loop to guarantee the desired
trajectory and cooperation force. Several other powerful approximation techniques are
based on differential equations or polynomials to estimate the uncertainty dynamic and
disturbances of a multi-manipulators system moving an object [13, 14]. The robust adap-
tive controller proposed in [15] to deal with the problem of uncertain base coordinates,
uncertainty model, and external disturbance, using the RBF neural network to estimate
all kinds of these uncertainties.

Inspired by the analysis of previous studies mentioned above, in this paper, we focus
on developing a generalized model for the dual-arm robot manipulator. Besides, an
adaptive fast terminal sliding mode control is based on two neural networks to deal with
nonlinear elements, uncertainties, and external disturbances. Finally, simulation results
and conclusions are made to verify and show the achievements of this paper.

2 Dynamics of the Dual-Arm Robot-Object System

A dual-robot system under this study is illustrated in Fig. 1. The system consists of two
manipulators arranged sort by duality, each arm is a robot with n degrees of freedom.
The coordinate frames are defined as follows:

{OXY }: The reference coordinate frame, located at the origin of the first robot arm;
{oyXyYv}: An object frame, located at the mass center of the object.

E; (i = 1 —2) is the contact of the end-effector of the arm-robot ith with surface
of the object; z = [rng, ¢0TV0]T denotes the position r,,0 = [x, y, z]” vector and
orientation ¢,,0 = [V, @, 017 vector of the object frame concerning the reference
coordinate frame; zg,,, = ["I;ZI- oy’ ¢£_ OV]T denotes the position and orientation vector of
the object frame concerning E; frame.
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First arm-robot Second arm-robot

Fig. 1. Model of a dual-arm robot holding an object

The position and orientation of the object is determined through the homogenous
transformation matrices of the corresponding coordinate frames and represented as
follows:

v E; v
Ty =T, Tg . (D

From Eq. (1), the kinematic relationship between the object and the joint angles
of the manipulators are built. From there, the relationship between the object’s motion
velocity and the joint’s velocity is obtained [11]

t=Aiq; E=AG+Aiq
That means
g=Az ¢=AZ+ Bz, 2

where A = [(AT)T, A7 HT); B=[(-AT'AiATHT, (A7 'AA D)
The dynamic of the dual-arm can be formulated as in [10]

H@§+Cq.9q+G@+ta+J5@F =1, 3)
where ¢ = [qlT, qg]T is the joint angle (2n x 1) vector; T = [tlT, rg]T
denotes the torque (2rn x 1) vector applied to the joints; 74 = [rUTH, tgz]r
denotes bounded unknown disturbances; F = [FT, F2T ]T is the vector of

forces/moments on the object exerted by the manipulators at the end-effector; Jp(g) =
blockdiag[J1(q;), J2(q,)] represents the Jacobian analytical matrix of the manipulators;
H(q) = blockdiag[H;(q;), H2(q,)], Hi(g;) is the inertia matrix of the it manipula-
tor C(q,q) = blockdiag[Ci(q;, q;), C2(q,,q,)] denotes the matrix of Coriolis and
centrifugal; G(q) = [GlT qy1), G2T (qz)]T denotes the gravity vector.

The dynamic of the object also can be written in the following form [11]:

HZZ-FCz(ZyZ')Z'-ng:Fz, €]
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where H,, C,, g, have the same meaning for the object as Eq. (3); F, denotes the
force/moment vector applied at the center of the object by the two manipulators.

Sum of force/moment applied at the object is expressed through the force and moment
at the contact point generated by the manipulators at the end-effector: F, = E F, where
E is the grasp matrix at the contact point, so:

F=E"F,, (5)

where E* = ET(E ET)~! is the pseudo-inverse of grasp-matrix E.

3 Fast Terminal Sliding Mode Controller Design

First of all, we define a reference velocity of the object by

m

Zr =4 + yep + By (6)

where y = diag(y1, Y2, ¥3, Y4, V5, ¥6),.B = diag(B1, B2, B3, B4, Bs, Be).m, n(m > n)

are positive odd numbers, and 1 < 7 < 2. The desired force is generated by an estimated

reference model of the object as follows
Fd = BZ + GG 24 + & ()
The reference model of the object is estimated by using RBFNN
HZ, + C.(2.2/)2r + 8 = Wi $o(x) + £0. (8)
where g is the approximate error, so
A + Gz, 2% + 8. = W do®)

. T
The tracking errors are defined e, = [epl €p2 €p3 €p4 €ps €p6] =24 — 2.
The error between actual and reference velocities is given by.

m

S0 =2 — 2 = —é, — ye, — Pe, 9)

Consider that so = 0, we have:
ép +ve, + Bey = 00rép + yrepr + ﬂkeli =0 (10)
1
in whichk =1+6. Letu; = e;k then e = uy substitute this into (10) leads to

Vi = =y — B! (11)

Divide both sides by ;" into (11) leads to

1 duy L
nu " ‘—k = —yeul' — Br (12)
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Integral of both sides into (12) leads to

t 0 n—m—ld
/ dt, =/ pk Mk (13)
0 €

O~y — B
Thus,

Ik

(1n(=eep " © + i) —In i) (14)

T - mn

The desired force applied to the object is updated based on the estimates of the
dynamic parameters of the object. The desired force at contact points should satisfy the
relation given in (5)

d d
F* = E*F! (15)

3.1 Design Control Law

Define the reference velocity of the ith robot: g,.
The error between actual and reference velocities is given:

s=q—q,=Asg (16)

The dynamic of the dual-arm robot in Eq. (3), the matrices H(q), C(g), and vector
G(q) contain all the parameters of the manipulators such as length, mass, and moment
of inertia v.v. It is difficult to determine exact parameters due to errors in measurement,
and environment v.v. Therefore, it is assumed that the components in Eq. (3) are written:

H(q) = Ho(q) + AH(q), C(q,q) = Co(q, 9) + AC(q,q), G(q) = Go(q) + AG(g),
where Hy(g), Co(q, q) and Go(g) are nominal values and AH (gq), AC(q, ¢) and AG(q)
are the component uncertainty of the dynamics model. So The dynamic of the dual-arm
robot in Eq. (3) can be rewritten:

H@s=1—-J5@F —foq, q4r.4) — C(q. @) s — (Af (@ 4. ) + Ta),  (17)

WherefO(q’ ‘.]r’ ér) = HOér + COQ}“ + GO’ Af(q7 47 é) = AH é + AC{] + AG
The dynamic uncertainty and disturbances components are estimated using RBFNN.

D=Af(q.4{+1a=WT¢p® +e, (18)
where ¢ is the error approximation, so D is the estimation of the function D,
b=Wom (19)
So Eq. (17) as:
H@s+Cq. s+ W@ +e=1-Jf@F —folg.qr i) (20)

Now, position control and force control without the measurement of force at contact
points is proposed:

T = fo(q, Gr» 4r) + Wo®) +JLF? — K1(Aso) — Kasgn(s) — Kzsgn(so)  (21)
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3.2 Update Law for NN Weighs
Let an estimated error the dynamics of the object following is then obtained:
(Hi+ Ci+g.) — (ﬁzzr + 8+ ng) = F.— F¢ 22)
substitute Egs. (8), (9) into (22) as:
H.50 + Cz50 + Wy ¢o(x) + &9 = F. — F¢ (23)

The system is considered stable according to the Lyapunov stability principle, the
candidate for the Lyapunov function can be selected as

_lr L =7 i 1 7 I =7 1
V= Es Hs+ Etr(W r—w))+ ESO H.so + EU(WO Iy Wo) (24)
The following lemmas as [11].

Lemma 1 ATJBT = FE and ATJgE“‘ = I, where I is the identity matrix.

The time derivative (24) of the Lyapunov function becomes:
. 1 . ~ B 1 . ~ L
V=sTHs+ ESTHS +tuWT r~tw) +ngZs'0 + EngZSO + tr(WOT FO_IWO)
Using Egs. (20) and (23) and the matric H —2C and H, —2C, are skew-symmetric, s
sT(H —2C)s = 0and sg(HZ —2C;)so = 0. Using Egs. (15), (16) and due to properties
of matrices sg AT = (A 50)T, and using Lemma 1, the derivative of the Lyapunov is
determined as follows:
V< —@so)Kaso — 57| Kasentaso) - llel) — 4 s0)" W6 @
+uWT r='w) — ”sg ” (K3sgn(so) — leoll) — sSATITEY(F, — F)
+ 53 (F, — F3y — sTWT o) + (W ;7" Wo) (25)

According to the Lyapunov stability principle, the condition for stability of closed
dynamics is V < 0 then

(W F='W) — A s0)T W@ =0
and
(W Iy Wo) — sEWE pox) = 0
So, the updated law for the weights of the neural network may have the form:

W = —I'¢® (Aso)
V;V() = —Topo(x) sg (26)
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Now, the derivative of the Lyapunov function is as follows:
V = —@so)TKaso — 57| Kasentaso) = llel) — | sF | Kasgniso) — lleol) - @7)

If K> and K3 are selected, K > ||¢||; K3 > ||&o]| then vV <0.

It is possible to prove that the dynamic system is stable under the control input (21)
combined with the updated law (26). According to the Lyapunov stability principle, the
system is stable.

4 Simulation Results

In this section, numerical simulation tests are carried out to illustrate the effectiveness
of the proposed method. The dual-arm robot is specified, with each arm being a 3-DOF
manipulator that works in 2D space to preserve the computational time. The desired
position and rotation angle of the object are set out with initial and terminal values as
follows:

x0 = 0.54 (m); yo = 1.4(m); 6y = 0 (rad)
xr = 1.2(m); yr = 1.9 (m); 6y = 0.349(rad)

To ensure smooth motion, the quintic polynomial curve is employed to construct
reference trajectories from the initial pose to the terminal pose. Choosing the execution
time Ty = 2.0592 (s), the desired path is given by:

xg = 0.54 +0.7568° — 0.5508¢* + 0.107¢
ya = 1.4+ 057281 — 0.4173¢* + 0.0811#°
6, = 0.39997° — 0.29137* + 0.05667°

The parameters for proposed controller are chosen as.

Ky, = diag([100, 100, 100, 100, 100, 100]); y = diag([300, 600, 600]); B =
diag([100, 100, 150]) For the RBF system, the number of neurons in hidden layer is
1000, the center and width of Gaussian function are linspace(—2, 2, 1000) and 30 respec-
tively, the adaptive gains are I = 200; [ = 200. Since it is difficult to obtain accurate
system parameters, we assume the uncertainty accounts for 30% of total dynamic model.
Furthermore, the external noises acting on each arm are presented in Fig. 2. To clearly
show the advantages of the proposed method, the comparisons in terms of tracking
performance between the FTSMC controller and FTSMC integrated with the RBF neu-
ral network are implemented. From a qualitative perspective, Figs. 3 and 4 show the
object’s trajectory on the x-axis and y-axis, respectively. The rotation angle of the object
is presented in Fig. 5. The blue line, green line, and red dash line indicate the tracking
error of the NN-FTSMC, original FTSMC, and the reference path respectively. Although
the FTSMC method expresses robustness against disturbances, its performance is still
adversely impacted, leading to large errors in tracking trajectories, especially on the x
and y axis. On the other hand, with the support of the RBF approximation, the effects of
disturbances are compensated and adapted in the control signal. Therefore, the system
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can ensure both robust and adaptive properties. The tracking errors of the NN-FTSMC
are much lesser than the original FTSMC. It can be seen more specific in quantitative
results using the root mean square error (RMSE) metrics on tracking errors in x, y-axis,
and rotation angle as in Table 1. As compared to the original FTSMC controller, the
tracking errors of NN-FTSMC are improved significantly, with 75.7% on the x-axis,
59.01% on the y-axis, and 68.62% in the rotation angle.

Noises

Fig. 2. External disturbances
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FTSMC

2 2:9 3
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Fig. 3. The trajectory of the object in x-axis

NN-FTSMC
— = SP
FTSMC

0 0.5 1 1.5 2 2.5 3
Time (s)

Fig. 4. The trajectory of the object in y-axis

The total forces and moments acting on the center of the object are also illustrated in
Fig. 6. It can be seen that the sum of the forces and moments applied to the object at the
balance position is zero, which means the object is held stable at the balance position.
The sign function is substituted by the saturation function to alleviate the chattering
phenomenon; hence, the control inputs are applicable in real systems.
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Fig. 5. The rotation angle of the object

Table 1. RMSE comparison

2.5 3

Tracking error NN-FTSMC FTSMC Improvement (%)
X 0.003 (m) 0.0122 (m) 75.7
y 0.0042 (m) 0.0102 (m) 59.01
[% 0.0177 (rad) 0.0564 (rad) 68.62
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Fig. 6. Total forces and moments acting on the center of the object

5 Conclusion

This paper proposed a robust adaptive controller based on a neural network to control a
dual-arm robot manipulator manipulating a rigid object with uncertainties and external
disturbances. Since in practice, it is difficult to accurately determine the parameters of
the dynamic model of the system, so using two NN algorithms to estimate the model
uncertainty of the dual-arm robot, the external disturbance, and the applied force. The
stability of the closed-loop control system is proven stable according to the Lyapunov
stability theory. The online adaptive learning law is suggested to ensure a stable system by
using the Lyapunov principle. The simulation results on Matlab/Simulink have confirmed
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the stability, robust, fast response, the trajectory of the object convergence with the
error to zero, and the guaranteeing object holding stable at the balanced position of the
proposed controller.
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