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Tém tit

Tay may linh hoat (FLM) hién nay dugc sir dung trong nhiéu linh vuc. Tuy nhién, viéc diéu khién tay may linh
hoat kha phirc tap do tinh chit linh hoat ciia hé thong va thiéu thong tin vé d6 1éch cua tay may. Bo diéu khién
loai bo nhidu chu dong (ADRC) dang dugc quan tim nghién ctru dé thay thé cho bo didu khién PID truyén
thong. Nho cac uu diém nhu dé chinh dinh, cho d4p @mg nhanh va tinh bén virng khi tham s0 qua trinh thay doi,
ADRC c6 tiém ning trong img dung diéu khién tay may linh hoat. Bai bao nay dé cap viéc thiét ké bo diéu khién
ADRC cho bai toan diéu khién vi tri cho tay may linh hoat mét béc tu do. M6 hinh tay may mot bac tu do duge
xdy dung thong qua phuong trinh Euler-Lagrange, tao tién d& cho viéc tinh toan céc tham sé cta bo diéu khién
ADRC. Cac két qua mod phong cho thay dap tng tt cua hé kin.

Keywords

Flexible link manipulator, active disturbance rejection, extended state observer, Euler-Lagrange

Abstract '

Flexible Link Manipulators (FLM) have been used in
many fields. However, the control of FLM is
complicated due to the nature of flexibility in the
system and unavailable information of link
deflections. Active Disturbance Rejection Control
(ADRC) has recently been interested in as an
alternative to traditional PID controller. Due to its
simple tuning, fast response, and robustness against
process parameter variations, ADRC has a great
potential to tackle FLM control problem. In the paper,
an ADRC approach is applied to position control
problem of IDOF-FLM. The system model is derived
based on Euler-Lagrange equations formulating a
foundation for calculating ADRC parameters.
Simulations results show good performance of the
closed-loop system.

Abbreviation

FLM Flexible Link Manipulator

PID Proportional Integral Derivative
ADRC Active Disturbance Rejection Control
ESO Extended State Observer

1. Introduction
Currently the demand for industrial robots is
increasing in complex production processes with
purpose of improving the productivity, the working
conditions, the quality and the competitiveness of the
products. The modern industrial robots also have
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strong adaptability, intelligence with simple and
flexible control structures. Therefore, robots are
applied in many other fields such as aerospace,
construction, medical, etc. Due to multidisciplinary
demand, the robot must be flexible, operate with high
precision and consume less power. In order to build
power and high efficient robot manipulators and to
increase the operation speed, the focus is switched
towards development of light weight manipulators.
The Flexible Link Manipulator (FLM) is one of a
number of types of manipulators that meet the design
trend. Flexible link manipulators are assumed to have

rigid joints and flexible links. The links are
considered to have low stiffness because of
lightweight materials.

The control of FLM is complicated due to the
nature of flexibility in the system, depends on the
dynamics and inertia of the object. The requirement
for the controller is to make the manipulator to track
the desired position in expected time with minimum
vibration of the flexible structure. The oscillations of
link only decrease when model has high stiffness, or
the movement of the system is very slow. Therefore,
it is necessary to use a suitable control method for
controlling the system. Recently, there are several
control methods for FLM system such as PID control
[1], feedback linearization approach [2], sliding mode
control [3], and adaptive control [4]. Most of the
approaches in the literature require measurements of
all state variables and the robustness is often highly
model dependent.

In recent years, Active Disturbance Rejection
Control (ADRC) is interested in to replace the
traditional PID controller. This concept was originally
proposed by J. Han [5, 6] but only become transparent
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to application engineers since a new parameter tuning
method is proposed in [7]. This control method shows
several advantages for disturbance rejection and for
process with inaccurate parameters. ADRC is a
powerful control method where system models are
expanded with a new state variable, including all
unknown kinetic and disturbance, that commonly
happens in system formulation. The new state is
estimated by using the Extended State Observer
(ESO). An application of ADRC for rigid coupling
motion control system can be found in [8]. In
addition, [9] and [10] deal with flexible system
control problem with the assistance of ESO to provide
estimation of unmeasured state. However, the control
design process is complicated for engineering
applications since the requirement of many
differential actions. In [11, 12 and 13], the authors
referred to decoupling control for multivariable
system using ADRC. The ADRC tracking
performances is also studied on three-axis didactic
radar antenna control system through the frequency
domain analysis [14]. These studies show the
advantages and potential of ADRC approach in
system control.

Thanks to simple control structure and good
performance, an application of ADRC for 1DOF-
FLM position control is considered in the paper. This
paper is structured as follow. The 1DOF-FLM is
presented in section 2. In section 3, we present the
general idea of second-order ADRC as well as the
parameters tuning procedure of the ADRC.
Subsequently, the application of ADRC for 1DOF-
FLM and some simulation results are given in section
4, followed by several concluding remarks.

2. System description

The system under consideration is a homogeneous
material flexible link, mass evenly distributed,
coupled to a motor shaft as shown in Fig. 1. The link
is driven by a motor shaft to reach the desired
position. Due to flexible nature, the flexible link at a
given deflection results in an end-point displacement
D as shown in Fig. 2 [3].

Fig. 2 Schematic diagram of flexible link
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Tip deflection angle « is assumed to be small.
Hence, the following hold:
D

o=—

()

Link stiffness K, provides restoring force. In
controlling the tip of the link, it is sufficient to use a
simplified model that will adequately describe the
motion of the end-point. The equation of rotatory
spring is:

S @ = —K (2)
Otherwise:
i =—wa 3)

where w, is damped natural frequency. Combining
equations (2) and (3) results in:

4)

stiff
length of the link L, mass of the link M and the
rotating about its endpoint with moment of inertia
given as:

2
Kstif)" = wc Jlink

The link is modeled as a link having stiffness K

M
J, link — 5

5
3 6]
The system dynamics is obtained using the Euler -
Lagrange formulation. The potential energy in the
system is:
V=P.E,

spring

(6)

The kinetic energies in the system arise from the
moving hub and flexible link and is calculated as:

T :TI +Tz :K'EHub JrK'ELink

1 2
= EK”WQ

1., 1 - (7
= EJeqez + EJlink (0 + a)z
Forming the Lagrangian as bellow:
L=T-V
1 32 1 A N2 1 2 (8)
— EJqu +5Jlink (9 + Oé) —EKSW].OK

The two generalized co-ordinates are « and 6 .
The Euler-Lagrange equations are:

6 (6L) 6L .
—|—|—-—=T17,—-B,0 9
&[59] s ©
L L
L L Y (10)
ot\éa) da
Solving equations (9) and (10) gives:
o0+ J4y 0+c)=T,—B,,0 (11
K, pa+J, (0 +3)=0 (12)
Rearranging (11) and (12) yields:
. T B . K _ .«
=L gy s (13)
eq Jeq Jeq
B . T
a=—K,, L+L at+—L0-—— (14
) Jlink eq Jeq eq

With the actuator model as in [3], we arrive at the
following equations:
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0 =—pb+p,a+p, (15)
d:plé—p4oz—p3Vm (16)
where:
K?K K +B R K.
o nmng g i m Nt + eq”m p, = stiff
p] Jequ ’ ’ Jeq
NN, K K, 1 1
Dys=——F——, D4 :Ksiﬁ” —t+—
R,J,, t oo Tk

The parameters of the FLM are given as [15] and

[16]:

Symbol  Meaning Value (Unit)

L Length of link 0.381 (m)

M Mass of link 0.065 (kg)

w, Damped natural 6n (Hz)
frequency

‘][ - Moment of inertia of 0.0031452(kg.m?)
link

K Stiffness of link 1.1175 (N.m/rad)

Q Tip deflection (rad)

0 Position of link angle (rad)

Vi DC input voltage ~)

Iy DC input current (A)

Ln Motor armature (H)
inductance

Ry Motor armature 2.6 (Q)
resistance

En Equivalent back emf )

6, Motor shaft position (rad)

Kn Motor back emf constant  0.00767 (V.s/rad)

K, Gear ratio 70

K Motor torque constant 0.00767 (N.m/A)

In Motor inertia 3.87 X107

(kg.m’)

Jeq Total system inertia 0.0023 (kg.m?)

Tw Motor torque (N.m)

T, Load torque (N.m)

n Gearbox efficiency 0.85

g
n Motor efficiency 0.87
m
Beg Viscous damping 4 %107

coefficient

With system’s parameter values presented above,

one gets p; =37.5147, p, = 487.5357, p; = 66.6224, p,
=842.8414.

3. Active Disturbance Rejection Control
3.1 General ideas
The concept of ADRC was pioneered by J. Han [5]. A
second order plant is considered here to establish the
concept of ADRC:

()= f(t,3,y,w)+ byu(t) (17)

where u is the control input, y is the output and w is
the disturbance. According to Han, the generalized

term [ (t, v, y,w) is insignificant while only its real-

time estimate f is important. Therefore, an extended
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state observer (ESO) is constructed to provide f such

that we can compensate the impact of f’ (t, ¥, y,w)

on the model by means of disturbance rejection. This
allows the control law to be constructed as:

u=to=J (18)
b()
to reduces the plant in (17) to a form of:
(1)~ u, (19)

which can be easily controlled. In general, this
concept is applicable to higher order systems. It
requires little knowledge of the plant, the only thing
required is the knowledge of the order of the plant and
the approximate value of parameter b, The
convergence of ESO is extensively discussed in [17].

3.2 The Extended State Observer and the Control
Law

The ESO was originally proposed by J. Han [5] and
made practical by the tuning method proposed by Gao
[7], which simplified its implementation and made the
design transparent to engineers. The main idea is to
use an augmented state space model of equation (17)

that includes f(t,)'/,y,w) (from now on f'is used to
denote f (t, ¥, y,w) where applicable) as an

additional state. In particular, let x; = y, x, =) and

x;=f.
The augmented state space form of equation (17)
is

x,(2) 0 1 0)fx(@ 0 0
LO[=10 0 1||x,@)|+]|b, |u@)+]0| /(1)
X, (1) 0 0 0){x( 0 1
e r— ——
A B
x,(2)
Y0 =(1 0 0)lx0
N/
¢ x;(7)
(20)
The state observer can be formulated as:
5O (0 1 0)(2@) (0 I
LO=[0 0 1||%0)|+|b |u@)+|L |(»(O)—%®))
50 100 0%®) |0 A
—4 1 0){x@®] (0 A
=|-, 0 1{|X@)]|+|b |u@®)+|L|¥(@)
-, 0 0/|x%@®) (0 A
A-LC T
(21)

where /;, [, and [; are observer parameters to be
determined, provides an estimate of the state of
equation (20). X,, X, and X, will track y, y and f

respectively.
Then the control law
u="2"25 with uy = K,.(r— %) — K,,.,(22)
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reduces equation (17) to equation (23), that is:
V() =uy = Kp(r(t) — y(1) — Kp.3(1) (23)

where r is the set point.

Process

Observer

Fig. 3 ADRC for a second order plant

Taking the Laplace Transform of (23), one has the
close-loop transfer function as follows:
Y(s) K,

G,(s)= ~
ot (5) R(s) s*+K,s+K,

24

3.3 Tuning procedure

According to [18], the ADRC’s parameters can be

chosen to tune the closed loop to a critically damped

behavior and a desired 2% settling time Ty... The

tuning procedure is summarized as follows:

o Get the desired settling time Ty, ,.

e Choose Kp and Kp to get a negative-real double
pole, s 5 = s :

2 6
s K, :(SCL) , K, =—2.5" with s = ———

settle

25
. (Sinz:e the observer dynamics must be fast enough,
the observer poles SIEEO must be placed left of the
close-loop pole s°%, for suggestion:
sty =50 ~(3..10).s" (26)
e The observer parameters can be computed from its
characteristic polynomial:

det(sI —(4—LC))

§* s> +Ls 41 (27)

1

3
ESO
(3=5)

Then
[, =-3.5501 = 3.(SESO)2 = (sESO)3 (28)

4. Application of ADRC for FLM

4.1 Controller design
Applying the ADRC theory presented in previous
section, we rewrite Equation (15) as follows:

0() = f (&) +byu(t)
Where f(¢) = —plé(t) + p,a(t)
disturbance and u(¢) is input control as V,,,. We get:
by=p;=66.6224

known as

—6 _

Choose: T.

. CL
senie =1 (s) . Hence, 57 =~

Settle
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K,=(s") =36, K, =-25"=12
s =105" =60

I, = 35" =180

1, =3(s"°)’ =10800

L, =—(s") =216000

- 10 —180 1 0
A—LC=|—-, 0 1/=|-10800 0 1
-, 0 0] |-216000 0 O
0 0 180
B =|b|=166.6224|; L =| 10800
0 0 216000
Input by | Control | ¥ o ; “ [ oupu
Theta_ref Parameter P Process [5| Abha

Output
Theta

Fig.4 ADRC for FLM

4.2 Simulation

From the calculated data in Section 2 and control
parameters of the ADRC, use the Matlab-Simulink
software to simulate controller and we achieve the
results as shown below.

Fig. 5, Fig.6 and Fig. 7 show the simulation results
of the ADRC controller for FLM. The results show
that the link position 6 reaches the desired value with
settling time of 1s and an overshoot is of 2%. The
maximum oscillation amplitude of the link’s tip is
about 1 degree.

30 T T T T T T T

w;AJggkgjgngggg
|
|

el A S FE R |

.5 4
Time (seconds)

Fig. 5 Output angular displacement

1

o
o

o

05

alpha (degree)

Time (seconds)

Fig. 6 Tip displacement
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Fig.7 Control input

In order to test the robustness of the system, Fig. 8
and Fig. 9 show the evolution of @ and o when we
increase link mass M from 0.065kg to 0.13 and
0.195kg and the ADRC parameters as in section 4.1.
The link still arrives the defined position with settling
time is of Is. In fact, changing link mass M can be
considered as varying stiffness when link geometry is
constant. Hence, the oscillation amplitude of the
link’s tip decreased due to increased stiffness.

30 ; ; ;
| | |
25 -~ 4 j\ | L
4 | | === ADRC: +200%m
o0k -4 I i
o I | ADRC: +100%m
o | | —
Sosp-f---- R R
B | | |
20 f-- T 1T T
sy T deoeeo_ o]
l l l
0 | | |
0 1 2 3 4

Time (seconds)
Fig. 8 Output angular displacement under variations of
the mass of link

=== ADRC: +200%m
ADRC: +100%m H
@ = ADRC
e
o S
3 I
o2 |
2054 F - Aty
Q. |
® |
,,,,,,, o]
|
|
1
3 4

Time (seconds)
Fig. 9 Tip displacement under variations of the mass of
link

5. Concluding remarks
This paper has initially approached the position
control problem of 1DOF-FLM based on Active
Disturbance Rejection Control. From the positive
performances in term of reference tracking and
vibration reduction of the closed-loop system, one can
observe that the use of ADRC method has advantages
such as less dependence on the modeling and simple
implementation. ADRC can be considered as a
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promising practical method, not only for robotic
engineering, but also for many other systems that
share the flexibility nature such as crane systems and
liquid transfer process. The future work will dedicate
to apply ADRC control for multi-link manipulators.
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